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In this study, the origins of diastereoselectivity in the hydrogen bonding assisted Diels—Alder reactions
of chiral dienes with achiral dienophiles have been investigated with density functional methods. The
distortion/interaction model has been applied to shed light on the origins of selectivity. C9-Substituted
chiral anthracene templates (R = (CH;)(OCH;)(H), R = (CH;)(OH)(H), R = (CH;)(CH,CH;)(H) and
R = (-CH,-C(CH;)(OCHj;)(H)) are used to rationalize the role of a stereogenic center and H-bonding
on the product distribution ratio. Even though hydrogen bonding increases the reactivity of the diene,
the stereoselectivity is reduced because of the hydrogen bonding capacity of both diastereomeric
transition states. The interaction energies of the studied anthracene templates with N-methyl maleimide
at the transition state correlate linearly with an increase in reactivity. The selectivity is determined by
both favorable distortion and interaction energies. The n-facial selectivity induced by the presence of a
chiral auxiliary in 1-substituted 1,3-pentadienes (R1 = (CH;)(OCH;)(H) and R1 = (CH;)(OH)(H)) has
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also been modeled in order to rationalize the role of the stereogenic center and H-bonding on the
stereoselectivity of an aliphatic diene. In both parts, the product distribution ratios calculated from
Boltzmann distributions based on Gibbs free energies are in reasonable agreement with the
experimental results. Finally the role of OH-substituted five-membered pyrrolidine on C9 of anthracene
is investigated since the successful usage of the conformationally rigid pyrrolidines in asymmetric

synthesis is well known. Overall, both in the acyclic system and in anthracene, the facilitation due to

H-bonding is reflected in the interaction energies: the higher the difference in interaction energies in the
transition structures of the two diastereomers, the more selective the H-bonding assisted Diels—Alder

reaction is.

Introduction

The asymmetric Diels—Alder reaction is one of the most pow-
erful and widely utilized processes to access enantiopure six-
membered cycles. An exciting advance in asymmetric Diels—
Alder chemistry is the use of chiral dienes as stereodirect-
ing elements to yield cycloadducts with high enantiomeric
and diastereomeric excesses.'® The utilization of chiral dienes
opens up the possibility of stereoselectively functionalizing achi-
ral dienophiles by means of a Diels—Alder/retro-Diels—Alder
sequence.” The Diels—-Alder/retro-Diels—Alder strategy involves
a binding—transforming-releasing sequence, which can be re-
garded as a basic mimic of enzymes, nature’s complex homochi-

Department of Chemistry, Bogazi¢i University, Bebek, Istanbul, 34342,
Turkey. E-mail: aviye@boun.edu.tr

T Electronic supplementary information (ESI) available: Coordinates and
3D structures of reactants, transition states and products. See DOI:
10.1039/c10b06285a

i Current address: Department of Chemistry and Biochemistry, University
of California, Los Angeles, California 90095-1569, USA.

§ Current address: Department of Chemistry, Quantum Theory Project,
University of Florida, Gainesville, Florida 32611-8435, USA.

ral templates for stereoselective transformations. The sequence
(Scheme 1) starts with the cycloaddition of the achiral dienophile
with the chiral diene template to give a diastereomerically pure
cycloadduct. The stereocenters on the cycloadduct allow enantios-
elective functionalization of the dienophile subunit, which finally
is released in the cycloreversion step.

The Diels—Alder/retro-Diels—Alder methodology has received
substantial interest and has been successfully employed towards
the synthesis of many complex bioactive molecules in their
enantiomerically pure forms.>* Cyclopentadiene derivatives have
found extensive use as chiral diene templates for stereoselective
transformations of various dienophiles.* More recently, chiral 9-
substituted anthracene templates have been successfully employed
for the preparation of o,B-butenolides and a,B-unsaturated lac-
tams with high enantiomeric excess.** The selection of the appro-
priate diene template is of significant importance, as all the addi-
tions to the 4m system should take place with excellent enantio-,
diastereo- and regioselectivity. The stereochemical outcome of the
sequence is vastly determined by the levels of selectivity obtained
in the initial Diels—Alder cycloaddition step. An understanding
of the key factors that determine the reactivity and selectiv-
ity of asymmetric cycloadditions of chiral dienes with various
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Scheme 1 Stereoselective functionalization of the dienophile using a

chiral anthracene template.®

dienophiles is particularly important to increase the efficiency of
similar transformations that find extensive use in the synthesis of
complex bioactive molecules.

Due to the usefulness and wide application area of asymmetric
Diels—Alder chemistry, a lot of effort has been devoted to exploring
the origins of selectivity in a variety of asymmetric Diels—Alder
reactions. Among the numerous studies of Houk on Diels—-Alder
reactions,” one can cite stereoselective cycloadditions that probe
substituent effects in aryl-aryl sandwich complexes,” the Diels—
Alder reaction of terminal-substituted dienes and dienophiles
yielding exo selectivity,”® the Diels—Alder reactions of cy-
clopentadiene and 9,10-dimethylanthracene with cyanoalkenes,’”
the cycloadditions of 1-methoxy-4-trimethylsiloxy dienes with
acrylonitrile’™ and the predictions of the stereoselective antibody
catalysis of several different types of Diels—Alder reactions.”s®
Houk and co-workers. have recently described the computational
design and experimental characterization of enzymes catalyzing
a bimolecular Diels—Alder reaction with high stereoselectivity
and substrate specificity.™ A computational comparison of the
Diels—Alder reaction of maleimide and anthracene in water and
the active site of the ribozyme Diels—Alderase is reported by
Bruice and Zhang.® Beside the catalytic effect of an hydrogen
bond between the diene and dienophile in the transition state,® the
importance of hydrogen bonding in controlling the stereochemical
outcome of the Diels—Alder reactions has also been proposed by
various groups.’® Meijer and co-workers have recently studied the
diastereoselective cycloadditions and transformations of N-alkyl
and N-aryl maleimides with chiral 9-anthrylethanol derivatives
both experimentally and computationally.” We now show that
the effect of the stereodirecting group on the interaction energy
between the diene and the dienophile at the transition state is
responsible both for the rate enhancement and the stereochemical
outcome of the reaction.

We have recently studied the Diels—Alder reactions of C9-
substituted chiral anthracenes with maleic anhydride using DFT
and identified the key interactions in the transition state.® Here,
we use DFT calculations and the distortion-interaction model*
to explain the origins of the chiral induction in Diels-Alder
reactions of chiral dienes with achiral dienophiles. In the first
part, we describe the cycloadditions of C9-substituted anthracenes
and maleate derivatives and explain the stereochemical nature
of the Diels—Alder reaction, the importance of the location of
the stereocenter as well as the effect of hydrogen bonding on
the stereoselectivity. In the second part, the mechanistic aspect
of the m-facial selectivity is compared to the stereoselectivity
induced by a C9-chiral auxiliary substituted anthracene. In part
three, the common features of both parts are highlighted by
making use of the asynchronicity in the transition structures,
the kinetic barriers and the thermodynamic character of the
reactions. Finally part four includes the investigation of the
role of a rigid five-membered chiral auxiliary substituent on C9
of anthracene inspired by Rawal and co-workers,! in order to
inquire whether the diastereoselectivity of the reaction increases
by hydrogen bonding in the reaction of (2R,5R)-1-(anthracen-9-
yI)-5-methoxypyrrolidin-2-ol and maleic anhydride.

Computational methodology

Computational studies on similar reactions in the last decade have
been considered in order to assess the methodology used in this
study. The pseudo-intramolecular Diels—Alder reaction between a
2-substituted furan and N-maleimide has been analyzed using
the B3LYP functional with the 6-31G(d,p) basis set.”*® In the
study of halo substituent effects on intramolecular cycloadditions
involving furanyl amides B3LYP/6-31G(d) is claimed to yield a
trend similar to the highly accurate CBS-QB3 level of theory."*®
Nevertheless, the same group has used CBS-QB3 computations
to explore the halogen effect on the reactivity and reversibility
on Diels-Alder cycloadditions involving furan.’* B3LYP/6-31G*
has also been employed in the Diels—Alder reaction between
acetylenedicarboxylic acid and 1,3-bis(2-furyl)propane.™*

Based on the widespread usage of B3LYP' for Diels-Alder
reactions, on its cost-effective character, and on the large number
of conformations explored in this study, optimizations have
been carried out with B3LYP/6-31+G(d) in Gaussian 03." A
conformational analysis of the dienes, of their transition structures
with NMM and MA and of their adducts has been carried out with
PM3 and all the geometries corresponding to local minima (3"
where n is the number of single bonds) have been reoptimized
with B3LYP/6-31+G(d); the conformations with this method
are displayed in Figures S1-S4.1 A frequency analysis has been
performed in order to identify the nature of the stationary points
and also to have zero point energies and thermal corrections.
Transition states were identified by the presence of a single
imaginary vibrational frequency. IRC calculations with B3LYP/6-
31+G(d) have been carried out in order to justify the nature of the
reactants and products.”’

The stationary points located with B3LYP/6-31+G(d) were
further optimized with BMK/6-31+G(d) in Gaussian 09" in
order to confirm the geometries and energetics of the systems
of interest. The BMK (Boese-Martin for kinetics) functional
has an excellent performance for barrier heights. BMK has a
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combined penalty function (involving about 500 systems) in which
barrier heights were assigned large weights." Energetics have also
been evaluated with M06-2X/6-31+G(d)* utilizing the B3LYP/6-
31+G(d) geometries. The M06-2X functional is a high nonlocality
functional with double the amount of nonlocal exchange (2X),
and it is parametrized only for nonmetals.” Based on Gibbs free
energies of activation at the B3LYP/6-31+G(d), the BMK/6-
31+G(d) and MO06-2X/6-31+G(d)//B3LYP/6-31+G(d) levels,
the population of the diastereomers has been evaluated by using
the Boltzmann distribution at 80 °C for reactions of anthracene
derivatives and at 25 °C for reactions of 1-substituted-1,3-
pentadienes. Stereoselectivities predicted at the BMK/6-31+G(d)
and M06-2X/6-31+G(d)//B3LYP/6-31+G(d) levels agree well
with the B3LYP/6-31G(d) results (Table S1, Table S2). We discuss
the B3LYP/6-31G(d) results in the text; the BMK/6-31+G(d) and
MO06-2X/6-31+G(d)//B3LYP/6-314+G(d) results are displayed in
the supporting information.

Single point solvent calculations were carried out with the
Polarizable Continuum Model (PCM) using the integral equation
formalism variant (IEFPCM) and the bondi cavity model in
Gaussian 03.2'* Benzene is used as a solvent to reproduce the
experimental conditions (¢ = 2.2706). We used the ideal gas
approximation and assumed 7 = 298.15 K and 1 atm (gas
phase) or 1 M concentration (solution). The computation of
free energies of activation in solution was done according to
typical procedures based on thermodynamic cycles. Accordingly,
solvation free energies include a correction to account for a change
in reference state (This change is RT1n(24.5) and 1.89 kcal mol™
at 298.15 K).2ed

The distortion—interaction model is used to analyze the energy
barriers: this method is a fragment-based approach used to
understand chemical reactions and the associated barriers.’* The
starting point is the two separate reactants, which approach
from infinity and begin to interact and deform each other.
The distortion—interaction model partitions the activation energy
(AE,*) into distortion energy (AEg'), and interaction energy
(AE,,}) between distorted fragments, where the former is associ-
ated with the strain caused by deforming the individual reactants,
and the latter is the favorable interaction between the deformed
reactants.'?

AEy = AEy* + ALy,

All energies are reported in kcal mol” and distances in
angstroms.

Results and discussion

1. Stereogenic center and hydrogen bonding effects on the
Diels—Alder reactions of anthracene derivatives

The diastereoselective addition of an alkene occurs across the 9 and
10 positions of the anthracene moiety, the selectivity of which is
controlled by the stereogenic center pendant from the anthracene.
The effect of the dienophile on the selectivity of the reaction
is monitored experimentally by altering the dienophile from N-
methylmaleimide (NMM) to maleic anhydride (MA) (Scheme 1).
The role of H-bonding can be elucidated by comparing reactions
1 (R =(CH;)(OCH;)(H)) and 2 (R =(CH;)(OH)(H)). In reaction 3
(R =(CH;)(CH,CHj;)(H)) the stereogenic center bears alkyl groups

only. In reaction 4 (R = (-CH,-C(CH;)(OCH;)(H)) the stereogenic
center is moved one carbon away from C9 and is not directly
attached to anthracene.

Reaction of 1 with NMM and MA. The reaction of the chiral
compound 1 with NMM yields diastereomer A preferentially via
TSIN-A (Fig. 1) where the oxygen (-0.419) of NMM and the
hydrogen of the methoxy group (0.234) favorably interact with
each other (2.73 A) and stabilize this structure: TSIN-B is 3.3
kcal mol™ higher than TS1/N-A. Even though the O (-0.418)---H
(0.263) stabilizing interaction is stronger (2.50 A) in TS1/V-B than
it is in TS1N-A, TS1N-A is earlier, more synchronous and less
distorted than TS1N-B. In the case of TS10-A, the carbonyl
oxygen (—0.372) on MA interacts with the H on the methoxy
group (0.230) of anthracene (2.82 A) allowing a sterically less
hindered approach of the dienophile to the diene (Fig. 2). TS10-
B is less synchronous and 3.6 kcal mol™ higher in energy than
TS10-A. The latter has two stabilizing interactions between the
carbonyl oxygen of MA (-0.372) and the H of ~-OCHj; (0.230)
and also between the oxygen of the methoxy group (-0.166)
and the hydrogen of the MA (0.275). In TS10-B the latter
interaction is absent and this destabilizes this structure. The
CH - - - Ointeractions described in these species have been analyzed
by Scheiner and co-workers? who have categorized them as true
H-bonds. The latter claim that the CH- - - O interaction behaves
very much like a conventional OH - - - O H-bond in most respects,
including shifts in electron density that accompany the formation
of the bond and the magnitudes of the various components of
the interaction energy. The more favorable interaction energies of
TS1N-A and TS10-A compared to TS1IN-B and TS10-B also
show the importance of CH - - - O interactions in stabilizing these
transition states.

The role of Cieplak effects, the 6. x — ©;* and/or 6; — oc x*
hyperconjugative interactions, contributes to the diastereoselectiv-
ity of reactions 1.2*23 The large preference of TS1N-A (TS10-A)
over TS1N-B (TS10-B) can also be attributed to the antiperipla-
nar location of the CHj; group to the critical bond in the transition
states. The preference for the dienophile attack to the diene face
bearing the methoxy group is consistent with experimental data
from other Diels—Alder reactions.”® The influence of Cieplak
effects can be clearly inferred from the significant lengthening
of the anti C—C bond (relative to incipient C---C bonds) in
the transition structures (d(H;C-C),,; = 1.543 A in TSIN-A as
compared to d(H,C-C),,, = 1.531 A in TSIN-B; (d(H,C-C),,, =
1.543 A in TS10-A as compared to d(H,C-C),,, = 1.536 A in
TS10-B) and allows explanation of the synchronicity variations.
In compounds TS1N-A/TS10-A electron donation from the
methyl group towards the critical bond in the antiperiplanar
position shortens the C-C critical bond as compared to their
counterparts TS1/V-B/TS10-B. The higher distortion in B type
transition structures — more asynchronous later transition states
— as compared to A type transition structures can be attributed
mainly to the Cieplak effect. Also note that interaction energies —
mainly CH - - - O interactions — play a substantial role in stabilizing
the transition structure TS1N-A (TS10-A) as compared to TS1/V-
B (TS10-B). A type transition structures have more favored
distortion and interaction energies compared to B type.

Reaction of 2 with NMM and MA. In this reaction, in the
case of NMM, TS2N-A and TS2N-B are both stabilized by
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with NMM (1V, 2N, 3N and 4N). (B3LYP/6-31+G(d), gas phase).

H-bonding interactions. The O---H distance is shorter in the
most stable transition state TS2N-B (1.87 A) than it is in TS2N-A
(2.25 A), however TS2N-A is more synchronous. In the case of
reaction 2 with MA, TS20-B is stabilized via a H-bond between
the hydroxyl H (0.546) and the O of MA (—0.440) at a distance
of 1.92 A. In TS20-A, the H-bond between hydroxyl H (0.510)
and the O of MA (-0.451) can be considered relatively weaker
than in TS20-B as can be seen from the larger O--- H distance
(2.36 A) and less favorable interaction energy. Despite the stronger
H-bonding interaction in TS20-B than in TS20-A, the latter is
sterically favored and also more synchronous. Steric repulsions
between the H’s of the methyl group with the H’s of MA in one
case and with the H’s of anthracene in the other destabilize these
structures (Fig. 2).

In the experimental study carried out by Atherton and Jones*™®
the product obtained for reaction 2 was found to be the opposite
diastereomer to the one obtained in reaction 1. The cycload-
dition of maleic anhydride occurred with the opposite sense of

-10.1 -11.9
30.8 32.4 -
AEq* 205
, 20.7 P
i1 i

Transition state geometries, distortion (AEg*, red), interaction (AE,,*, green) and activation energies (AE,*, black) for the cycloadditions of 1-4

diastereoselection to that obtained when the Diels—Alder addition
reaction is carried out with the O-methyl carbinol derivative. The
reversal of the diastereoselectivity coupled with the increase in rate
observed was explained by considering hydrogen bonding between
the alcohol group of the auxiliary and the carbonyl oxygen of
maleic anhydride. This was claimed to tether the approach of the
dienophile and to override the inherent preference of these systems
to undergo cycloaddition with the carbonyl group oriented away
from the alkoxy substituent to avoid electrostatic repulsion.

Our results agree with the experimental predictions in both
aspects; the presence of H-bonding stabilizes the transition
structures of reaction 2 and lowers the barrier as compared to
reaction 1. The interaction energy is substantially larger in TS20-
B (18.3 kcal mol™) than in TS10-A (16.1 kcal mol™). Of the
2.5 kcal mol™ difference that favors TS20-B over TS10-A only
0.3 kcal mol™ arise from the differences in the distortion of the
substrates to the transition state geometry. The larger interaction
energy (2.2 kcal mol™) in TS20-B as compared to TS10-A reflects
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Fig. 2 Transition state geometries, distortion (AEy*, red), interaction
(AE,*, green) and activation energies (AE,*, black) for the cycloadditions
of 1 and 2 with MA (10 and 20). (B3LYP/6-31+G(d), gas phase).

the stabilization of the latter by hydrogen bonding. However the
identity of the dienophile - MA/NMM - does not seem to play a
major role in the energy barriers even though in the case of MA
distortion and interaction energies are higher.

Reaction of 3 with NMM. The most stable transition states
for reaction 3, TS3NV-A and TS3N-B (Fig. 1), are isoenergetic
and are stabilized by long range -CH,CHj; - - - O—C interactions
between the methyl group (0.254/0.252) and the carbonyl oxygen
(=0.414/-0.419). This reaction is similar to reaction 1, where
the methoxy substituent on the C9 is replaced by an ethyl
group. The barriers for the Diels—Alder reaction are slightly
higher for reaction 3 than for reaction 1 because the stabilizing
methoxy/O-MA/H interaction in TS1/N-A is replaced by a

repulsive H - - - Hinteraction in TS3N-A. This can also be observed
in the less favorable interaction energy of TS3/N-A (-10.9 kcal
mol™") compared to that of TSIN-A (-12.3 kcal mol™). Also
note that reaction 3 is not as selective as reaction 1 because of
the absence of electrostatic interactions stabilizing either one of
the transition structures of diastercomers A or B. Similarly, the
distortion and interaction energies in TS3/V-A and TS3/NV-B are
very close.

Reaction of 4 with NMM. The reaction between compound
4 and NMM proceeds via TS4N-A and TS4N-B to yield di-
astereomers A and B (Fig. 1). In these transition states NMM
approaches the dienophile between the H’s from the least crowded
part of anthracene. The stereogenic center, even though identical
to the one in compound 1, is placed one carbon away and is not
as discriminative between A and B as in reaction 1V. Interaction
and distortion energies are quite similar in the case of these two
diastereomeric transition structures.

For cycloadditions of 1-4 with NMM, the interaction energies
(AE,}) are significantly different, while the distortion energies
(AE ') remain very similar (Fig. 1). The distortion/interaction
model shows a linear correlation between the interaction energies
of anthracenes 1-4 with NMM (AE;,}) and the activation energy
(AE,") (Fig. 3, R*=0.92, (AE )= 1.11(AE,,}) + 33.4). This suggests
that the reactivity of anthracenes with different chiral auxiliaries
towards a given dienophile is mostly determined by the interaction
energy between the diene and the dienophile in the transition state.

22 4
y=1.11x+33.4

21 4 R?= 0.92 TS4N
>
>
@ 20 TS3N
g% 19
g4
2 18-
S
< 17 -

¢ Ts2N
16 -+ T
-15 -14 -13 -12 -11

Interaction energy (AE;¥)

Fig. 3 Correlation between activation energies (AE,*) and inter-
action energies (AE,}) for the cycloadditions of 1-4 with NMM
(B3LYP/6-31+G(d)).

The Boltzmann distributions of diastereomers A and B based
on Gibbs free energies of activation have been calculated for
reactions 1, 2, 3 and 4 (Table S1t). For reaction 1 with NMM
and MA the experimental ratio is quite well reproduced in both
media. Similarly for reactions 2, 3 and 4 the calculated results
mimic reasonably well the corresponding experimental findings.
TS10-A/TS10-B as well as TS20-A/TS20-B have higher dipole
moments than the others and their abundance in solution is
triggered by the solvent. Note that in the case of reaction 20 the
agreement with experimental findings is excellent as the presence
of the solvent is taken into account.

2. Stereogenic center and hydrogen bonding effects on the ©
facial selectivity

One of the key features of the Diels—Alder reaction that generated
considerable interest relates to the dramatic changes in the

This journal is © The Royal Society of Chemistry 2011
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Scheme 2 Diels—-Alder Reaction of 1-substituted 1,3-pentadienes with NPM. (5: Z = CH;, 6: Z = H).

product selectivities depending on the nature of the reactants. The
ubiquitous example of selectivity in the Diels—Alder reaction when
one of the reactants is acyclic is the endo/exo stereoselectivity
observed in [4 + 2] cycloadditions.** While the endo approach
is favored in general, due to the presence of secondary orbital
interactions its preference is not unambiguous in all cases.”
The m-facial selectivity can be induced by linking the diene or
the dienophile to a chiral auxiliary.?® Experimental studies by
Tripathy et al®* have demonstrated that steric and electronic
features of both the diene and the dienophile influence the -
facial selectivity of the Diels—Alder reaction. The term like in
these reactions describes the dienophile approach on the re face of
the double bond with an adjacent R-configuration allylic center,
or vice versa e.g. si face with an S-configuration center. The
reactions with the (CH;)(OCH;)(H) and (CH;)(OH)(H) groups
on the stereogenic center of the diene with N-phenyl maleimide
(NPM) as the dienophile are modeled in order to compare the
facial selectivity to the selectivity induced by a C9-chiral auxiliary
substituted anthracene (Scheme 2). The conformational study of
the dienes 5 and 6 has revealed the fact that they both exhibit
zigzag-like chain structures (Fig. S17).

Reaction of 5 and 6 with NPM. The dienophile NPM can
approach the 1-substituted 1,3-pentadienes from either face — ©
facial selectivity — and can yield exo and endo products (Scheme
2). This leads to like—endo, like—exo, unlike—endo and unlike—exo
transition structures (Fig. 4). Notice that for reaction 5N the
transition structures yielding the endo products are preferred over
the ones that would yield the exo products, since the favorable
interactions between the methyl group and the oxygen of NPM
which are present in the former structures are weaker in the latter.
The unlike—endo structure, TS5 -endo, has the lowest barrier: the
dienophile, NPM approaches the diene between the hydrogen
and the methoxy group. Unlike—endo, TS5 -endo, is preferred to
like—endo, TS5-endo. Both structures are stabilized by CH;-O
interactions; nevertheless in the latter the diene loses its intrinsic
stabilizing interactions in order to reach the dienophile. The
Boltzmann distribution of TS5-endo to TS5-endo in solution
yields qualitative agreement with the experimental one (Table
S21).2® The overlap of the secondary orbitals is favored in the
endo cyclization: in TS5 -endo the orbital with the lone-pairs on N
(NPM) overlaps with the orbital of the same sign on the diene, but
this stabilizing secondary orbital interaction is lacking in TS5'-
exo (Fig. S5a). The secondary orbital interaction (SOI) model has

been widely employed as a conceptually effective framework in
explaining the kinetically controlled endo-addition in the Diels—
Alder reaction.”” However, this interpretation has also become a
subject of considerable controversy.

A combination of effects such as electrostatic, steric, hydrogen
bonding, as well as solvent effect can alternatively be invoked to
explain the selectivity.?® The preference for TS5’-endo (rather than
TS5’-exo) can be attributed to the syn methoxy approach of NPM:
this is similar to the syn preference in the reactions of a number
of 5-substituted cyclopentadienes with several dienophiles.”” The
frontier orbitals in both cases favor the electron flow from the
HOMO of the diene to the LUMO of the dienophile: this can
be confirmed by the signs of the overlapping orbitals of primary
reacting sites (Fig. S5at); by the Epumonwr — Enomo.diene difference
(0.1099) which is favored over the E\yyo.giene — Enomo-nmp difference
(0.2121) (Fig. S5b); and by the magnitudes and signs of the HOMO
of the diene (5) and the LUMO of the dienophile (NPM) (Fig.
S5c). The same discussion follows for the reaction between 6
and NPM: TS6’-endo is the equivalent of diastercomer A where
NPM approaches the diene between the hydroxyl group and
the hydrogen with a H-bonding distance of 1.95 A (Fig. 4). As
in reaction 5 with NPM, TS6’-endo is preferred over TS6’-exo
because the NPM ring is distorted at the expense of forming a H-
bond in the latter. The Gibbs free energies of activation of the best
conformations in “/ike” and “unlike” are similar with B3LYP/6-
31+G(d): the experimental trend is qualitatively reproduced with
BMK/6-31+G(d) in solution. Also note that interaction energies
account for the preference of endo transition structures (TS5'-endo
and TS6’-endo) as compared to exo ones (TS5’-exo and TS6’-exo)
(Table S21).

3. Kinetics versus thermodynamics

Critical distances, asynchronities (Ad, A), activation barriers
(AE,*), Gibbs free energies of activation (AG,!), and heats of
reaction (AH,,,) for reactions 1-6 are summarized in Table 1.
All the reactions considered in this study are exothermic: the
facilitation due to H-bonding is not reflected in the magnitude
of the exothermicities, the reactions are kinetically controlled.
The transition states are reactant-like, and the barrier height is
obviously not decided by the exothermicity of the overall reaction
but rather by the energetics in the early stage of the reaction.
The hydrogen bonding effect can be monitored by comparing
TSIN-A with TS2N-B, TS10-A with TS20B, TS5 -endo with
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Fig. 4 Transition state geometries, distortion (AE*, red), interaction (AE,,*, green) and activation energies (AE,*, black) for the cycloadditions of 5

and 6 with NPM (B3LYP/6-31+G(d)).

TS6’-endo. H-Bonding facilitates the Diels—Alder reaction: for
reactions 1N/2N the barriers are 20.2/16.5 kcal mol™, for
reactions 10/20 they are 19.4/16.9 kcal mol™ and for reactions 5—
6 the barrier decreases from 17.5 kcal mol™ to 14.3 kcal mol™'. The
transition states that contain a hydrogen bond display a moderate
asynchronicity (Ad) as compared to the counterparts that lack
this feature. The value of Ad is 0.23 for 1N versus 0.44 for 2N,
0.25 for 10 versus 0.52 for 20, 0.09 for 5 versus 0.14 for 6. Such a
situation is consistent with the increase in asynchronicity reported
for the butadiene + acrolein reaction when a water molecule is
coordinated to the dienophile.*® TS3N-A is asynchronous possibly
due to the long range stabilizing (CH; - - - O—C) and destabilizing
interactions (CH,---H) which counterbalance and keep these
two parts away from each other. In the case TS5 -endo/TS6'-
endo the stabilization by hydrogen bonding amounts to 2.5 kcal
mol™, this is comparable to the difference in Gibbs free energies
of activation (Fig. 4 and Table 1). Overall, both in the acyclic
system and in anthracene the facilitation due to H-bonding is
reflected in the interaction energies. Note that the lower barriers
due to H-bonding in the case of reaction 6V are in agreement with
the slightly more exothermic character of the latter as compared

to SN (Table 1). Also due to a decrease in steric interactions
between the two moieties, the transition structures for 5 and 6 are
more synchronous than the ones for reactions 1-4. A reasonable
agreement between experimental and calculated diastereomeric
percentages has been reproduced with B3LYP/6-31+G(d) (Fig. 5).

100 - y=1,1216x 1IN
001 4 R?=0,8832 10 .--
80 4 5 o
a 6 -
$ 70 | &
- et
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g 50 - 4N
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Fig.5 Correlation between % A., and % A, (4 = diastereomer adduct
in reactions 1-6) (B3LYP/6-31+G(d)).
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Table 1 Critical distances, asynchronities (Ad, A), activation barriers
(AE,*), Gibbs free energies of activation (AG,*), and heats of reaction
(AH,,,) for reactions 1-6 (B3LYP/6-31+G(d))

Critical distances

(asynchronicity) AE,} AG,} AH,,,

TSIN-A 2.37
2.14
(0.23)
TS10-A 2.35 19.4 374

2.10
(0.25)
2.50 16.5 36.0
2.06
(0.44)

2.52 16.9 359
2.00
(0.52)
TS3N-A 2.51

2.06
(0.45)
TS4N-B 243 20.5 38.8
2.07
(0.36)
TS5-endo 2.21 17.5 32.1
2.30
(0.09)
2.32 143
2.18
(0.14)

20.2 38.4 -15.6
-13.2
TS2N-B -17.1
TS20-B -12.9
20.6 39.9 -15.5
-13.5
-29.5
TS6-endo

29.6 -30.8

4. Canrigid auxiliaries assist the selectivity via hydrogen
bonding?

Hydrogen bonding due to the presence of the hydroxyl group
on the auxiliary increases the reactivity in spite of yielding poor
diastereoselectivity as in TS2N (27:73), TS20 (38:62), TS6
(46: 54) in benzene. Inspired by the diastercoselectivity study of
chiral amino siloxy dienes in the Diels—Alder reaction by Rawal
and co-workers,! where a rigid five-membered pyrrolidine scaffold
is used as an auxiliary, a computational study on (2R,5R)-1-
(anthracen-9-yl)-5-methoxypyrrolidin-2-ol has been carried out.
Analysis of TS70-A and TS70-B (Fig. 6) has revealed the fact that
both structures are stabilized by O-H - - - O bonds of 1.83 A (a =
161.65°) and 1.86 A respectively (o = 175.0°). Electron donation
from the methyl group of CH;O to the anti C-N bond of the
pyrrolidine ring shortens this C-N bond (1.45 A) as compared to
the one in the proximity of the OH group (1.49 A). The selectivity
in this reaction is due to the tilting of the pyrrolidine ring, which is
perpendicular to anthracene in the reactant, by 21.1° in TS70-A
(u=7.9 D) in comparison to 33.4° in TS7TO-B (u = 6.7 D), the
former is further stabilized in benzene and the selectivity amounts
to 75:25 in solution whereas it is 71:29 in the gas phase. The
selectivity of this reaction is expected to increase in a more polar
solvent because of the higher dipole moment of TS70-A.

Even though the activation barriers for reaction 70 are lower
than the ones for reactions 1-6, distortion energies are the highest
due to the asynchronous nature of TS70-A and TS70-B (Fig. 6).
The interaction energies are also more favorable compared to
reactions 1-6. The stercoselectivity is vastly determined by the
more favorable interaction energy of TS7O-A (—24.5 kcal mol™)
relative to TS70-B (-21.7 kcal mol™), which compensates the
slightly higher distortion energy of TS70-A.

-24.5
38.9 -21.7
ST .8
! v § AEqE
T AE* ] 4k
1 . 144 1 : 156

Fig. 6 Transition state geometries, distortion (AEy*, red), interaction
(AE,*, green) and activation energies (AE,*, black) for the cycloadditions
of 7 with MA. (B3LYP/6-31+G(d).

A plot of interaction energies of the lowest energy transition
states for reactions, 10, 20 and 70, versus the activation energies
shows a linear correlation (R*=0.93, (AE,*) = 0.55(AE,,}) + 27.8).
The differences in the slopes of the curves for NMM and MA
(1.11 vs. 0.55) suggest that the reactivity of the cycloadditions
of anthracenes with NMM are more sensitive to changes in the
interaction energies compared to their reactions with MA.

Conclusions

The nature of the substituents on the stereogenic center plays
an important role in the stereoselectivity of the Diels—Alder
reaction. The steric and electronic effects induced by the -OCH,
group on the stereogenic center allow efficient diastereomeric
selection, in agreement with Jones’ recent claim that 1 can
function as an effective chiral auxiliary, allowing efficient recovery
and recycling without no loss of enantiomeric excess."" In this
study the discrimination among the stereoisomers is the best for
reaction 1 as well. H-Bonding via the OH substituent on the
stereogenic center in reaction 2 diminishes the stereospecificity.
Modification of -OCHj; to —OH results in stronger interactions
with the dienophile, hence a more facile cycloaddition occurs
as can be seen from the decreased activation barriers. The
stereogenic center on C9 [-C(H)(OCH;)(CH;)] induces a very
strong stereoselection; nevertheless this group does not play
the same role when attached on a C atom away from C9.
The methodology used (B3LYP/6-31+G(d), BMK/6-31+G(d)
and M06-2X/6-31+G(d)//B3LYP/6-31+G(d)) to determine the
Gibbs activation free energies for every path is incorporated
into the Boltzmann distribution to reproduce successfully the
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experimental results. The distortion—interaction model shows that
the diastereoselectivities and reactivities are mostly governed
by interaction energies between the diene and the dienophile.
Interaction energy (AE;,*) correlates linearly with the activation
energy (AE,}). Reactions 5 and 6 with NPM yield primarily
the endo product as expected based on stabilization through H-
bonding and secondary orbital-overlap. Note that the barriers for
reactions 1 and 2 are higher than the ones for 5 and 6 as anticipated
from steric repulsions in the case of anthracene as the substrate.
Overall, in Diels—Alder reactions, the nature of the substituents
on the stereogenic center and the proximity of the center to the
reactive site play a substantial role in diastereoselectivity. The role
of hydrogen-bonding should be tackled with care: even though the
presence of hydrogen bonding is crucial for reactivity its presence
may not increase the diastereoselectivity as in the examples given
in this study. We expect that these insights will enable the design
of hydrogen-bond assisted/directed cycloadditions that proceed
with excellent stereocontrol.
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