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Origin of m-Facial Stereoselectivity in Thiophene 1-Oxide
Cycloadditions

Brian J. Levandowski, Dinushka Herath, Nathan M. Gallup, and K N Houk”
Department of Chemistry and Biochemistry, University of California, Los Angeles, California
90095, United States

Abstract

We report a DFT computational study (M06-2X) of rc-facial selectivity in the Diels—Alder
reactions of thiophene 1-oxide. The preference for the sy cycloaddition arises because the ground
state geometry of thiophene 1-oxide is predistorted into an envelope conformation that resembles
the syntransition state geometry. The syndistortion occurs to minimize the effect of
hyperconjugative antiaromaticity in the thiophene 1-oxide, arising from overlap of the o*go with
the r-system. The syn selectivity follows through to the product structure that is stabilized by a
—o*spinteraction, related to the 7-norbornenyl ion stability.
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INTRODUCTION

The high reactivities, selectivities, and yields of thiophene 1- oxide cycloadditions warrant
their classification as click reactions, alongside the useful and well studied inverse electron-
demand Diels—Alder reactions of tetrazines.! Thio- phene 1-oxides react with electron-rich,
electron-neutral, and electron-deficient dienophiles in the Diels—Alder reaction with
exclusive syn n-facial stereoselectivity, as shown in Scheme 1.2710 Syn refers to the reaction
where the dienophile adds synto the oxygen.
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Previously proposed explanations for the syn r-facial stereoselectivity in thiophene 1-oxide
Diels—Alder reactions are summarized in Scheme 2. Fallis et al. reported X-ray crystal
structures for the thiophene 1-oxide adducts with a series of dienophiles and attributed the
syn ne-facial stereoselectivity to the Cieplak Effect.? In the Cieplak model, stereoselectivity
is controlled by hyperconjugation between an antiperiplanar donor orbital and the o*
acceptor orbitals of the incipient bonds in the transition state.1112 The lone pair on sulfur in
thiophene 1-oxide is a stronger donor compared to the S=0O bond of the sulfoxide moiety.
The Cieplak model correctly predicts that dienophiles will attack antito the sulfur lone pair
and synto the sulfoxide oxygen (Scheme 2a).

An extensive experimental and computational study by Nakayama showed that thiophene 1-
oxide Diels—Alder reactions are inverse electron-demand reactions with electron- rich,
electron-neutral, and electron-deficient dienophiles.® They computed the synand anti
transition state geometries and reported that the envelope geometry of the thiophene 1-oxide
ground state requires less geometrical change of the S=0O bond about the plane of the diene
to achieve the syntransition state geometry (Scheme 2b). Additionally, a destabilizing
interaction in the antitransition state involving the nonbonding sulfur lone pair with the
HOMO of the dienophile was proposed as a potential factor disfavoring the ant/transition
state (Scheme 2c).19¢ Because of our theoretical interest in the reactivity and
stereoselectivity of 5-X-cyclopentadienes3 and heterocyclic analogues,4 and of the
distortion/interaction activation-strainl® method of analysis, we have reinvestigated this
phenomenon. We have found that hyperconjugative antiaromaticity in the thiophene 1-oxide
ground state and distortion energies control stereoselectivity.

COMPUTATIONAL METHODS

Computations were performed in Gaussian 09, revision D.0.1.16 with the M06-2X density
functional that provides accurate energies for cycloaddition reactions.l” Geometry
optimizations and single point energies reported here were computed with the 6-31+G(d)
and 6- 311++G(d,p) basis sets, respectively. Truhlar’s quasiharmonic correction was applied
by setting all positive frequencies below 100 cm™ to a value of 100 cm™.18

RESULTS AND DISCUSSION

Figure 1 shows the activation free energies (AG*) for the syn-and anti-endo Diels—Alder
reactions of thiophene 1-oxide with cyclopentene (1), cyclopentenone (2), and 2,3-
dihydrofuran (3). The syn-endo reactions are favored by 7—8 kcal/mol relative to the anti-
endo transition state. The activation free energies for the syn-exoand anti-exo reactions are 4
—>5 and 2 kcal/mol higher in energy than the syn-endo and anti-endo reactions, respectively.

We computed the synand anti transition structures and adducts for the Diels—Alder
reaction with the simplest dienophile, ethylene (Figure 2), to study the intrinsic selectivity of
thiophene 1-oxide. The Diels—Alder transition structures for both the ant/and syn transition
states with ethylene are synchronous with forming bond lengths of 2.29 A The syrn reaction
is favored kinetically and thermodynamically. The reactions are exothermic with reaction
free energies of —32 and —25 kcal/mol for the synand antiadducts, respectively. The
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activation free energies are 19 and 27 kcal/mol for the synand antitransition states,
respectively.

We have analyzed the differences in the transition state energies with the distortion/
interaction activation-strain model.1® This model dissects the activation energy into two
energetic terms: distortion energy (AE*) is the energy required to geometrically deform the
ground state geometries of the reacting diene and dienophile into their respective transition
state geometries; interaction energy (AE¥) is calculated as the difference between the
activation energy (AE*) and the distortion (strain) energy (AE¥; = AE* — AE*;) and
represents the strength of the interactions between the distorted diene and dienophile at the
transition state. The interaction energies include the effects of electrostatic interactions,
closed shell repulsions (steric effects), dispersion, and charge transfer between the occupied
orbitals (HOMO) of one reacting species with the unoccupied orbitals (LUMO) of the other
reacting species.1®

The distortion/interaction analysis was performed on the synand antitransition states of the
thiophene 1-oxide Diels—Alder reaction with ethylene. Figure 3 shows that the 8 kcal/mol
preference for the syn transition state results from the difference in the diene distortion
energies. It requires 17 kcal/mol to distort the thiophene 1-oxide into the geometry of the
antftransition state, whereas the syn transition state requires only 11 kcal/mol. The
interaction and dienophile distortion energies of the synand antitransition states each
exhibit a 1 kcal/mol preference for the syn addition.

Figure 4 shows a side view of the thiophene 1-oxide ground state and of the synand ant/
transition states with ethylene. The m—o*hyperconjugative interaction between the diene
rt-bonds and the o*gp bond destabilizes the thiophene-1-oxide by inducing the 4
antiaromatic character in the diene.29 The sulfur lone pair interaction with the diene is a
stabilizing 6 interaction, but the sulfur atom is tetrahedral with the lone pair mainly sin
character and not appreciably overlapping with the diene 7z-system.2! To minimize the
destabilizing effect of the hyperconjugative antiaromaticity, the S=O bond distorts away
from the plane of the diene and the thiophene 1-oxide adopts an envelope geometry with
CSC plane folded 8° above the plane of the diene. The same predistortion has been observed
in 5-fluorocyclopentadiene to minimize the destabilizing 7—o* g bond interaction.3?

The difference in the distortion energies of the syrand antitransition states controlling the
rt-facial stereoselectivity is consistent with Nakayama’s explanation involving the
conformational change of the thiophene 1-oxide.8 In the synand antitransition state
structures, the CSC plane is distorted 25° and —20° relative to the plane of the diene,
respectively. As a result of the 8° predistortion toward the syn envelope geometry, the anti
transition state requires an additional distortion of 11° about the CSC plane compared to the
syntransition state (see Figure 4).

The origin of the 7 kcal/mol difference between the stabilities of the synand antiadducts has
not been resolved in literature. Lemal et al. computationally investigated the differences in
product stabilities through an isodesmic reaction that relates the energies of the synand ant/
adducts to a saturated analogue.?? The isodesmic reaction suggests the presence of a

J Org Chem. Author manuscript; available in PMC 2019 January 02.
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stabilizing interaction in the synadduct, but they were unable to identify the nature of the
stabilizing interaction.

Scheme 3 shows the hydrogenation enthalpies (AH) for the addition of H, across the double
bond of the syrnand anti adducts and a dioxide analogue for reference. This analysis points
to the presence of a 3—4 kcal/mol stabilizing interaction involving the z-bond of the syn
adduct and a 3—4 kcal/mol destabilizing interaction involving the rz-bond of the ant/adduct.
Figure 5a shows a stabilizing hyperconjugative =—o *interaction between the alkene r-
bond and the o*of the S—O bond in the sy adduct that accounts for the syn
thermodynamic preference. The T—o*hyperconjugative interaction is not present in the
anti adduct because the r-bond and the o*gq are not antiperiplanar. The natural bonding
orbitals (NBOs) of the discussed mcc and o*gq orbitals are shown in Figure 5b,c. We used
second-order perturbation theory calculations provided by Natural Bond Orbital (NBO
3.1)23 analysis to quantify the strength of the mcc—o*sg interaction. The NBO analysis
calculated the strength of the mcc—o*gg interaction to be 2.9 kcal/mol in the synadduct,
consistent with our prediction from the hydrogenation reactions.

Evidence of =—o™ interactions have been spectroscopically observed in norbornen-7-yl
fluorides.2* When the double bond is antito the C—F bond in the norbornen-7-yl fluoride,
the m—o™*cf interaction causes a large downfield fluoride shift.

Figure 6 shows a repulsive 7—i interaction between the nonbonding oxygen lone pair of
the sulfoxy moiety and the mc-c bond that is destabilizing in the ant/adduct. The
combination of the stabilizing =—o *interaction in the synadduct and the destabilizing
repulsive n7—ie interaction in the ant/adduct result in the 7 kcal/mol thermodynamic
preference for the synadduct.

Lemal reported that thiophene 1-oxides rapidly dimerize, while thiophene 1,1-dioxides are
less prone to dimerization.22:25 The free energy profile for the Diels—Alder reaction of
thiophene 1,1-dioxide with ethylene is shown in Figure 7. The activation free energy barrier
is 26 kcal/mol, similar to the barrier of the thiophene 1-oxide ant/ cycloaddition.
Comparatively, the syn reaction of thiophene 1-oxide with ethylene has a lower barrier of
only 19 kcal/mol (see Figure 2).

The frontier molecular orbital (FMO) analysis of thiophene 1-oxide and thiophene 1,1-
dioxide with ethylene is shown in Figure 8. Both dienes are inverse electron-demand where
the principal interaction is the HOMO of ethylene and the LUMO of the diene. FMO theory
predicts that thiophene 1-oxide with a larger FMO gap should be less reactive than
thiophene 1,1- dioxide in the inverse electron-demand Diels—Alder reaction with ethylene.

To understand why thiophene 1-oxide is more reactive than thiophene-1,1-dioxide in the
Diels—Alder reaction with ethylene, we analyzed the reaction pathways from a reaction
complex with average carbon—carbon bond forming lengths of 2.8 A to the transition state
geometries using the distortion/ interaction-activation strain model.1® Figure 9 shows that
the differences in the Diels—Alder reactivities of thiophene 1-oxides and thiophene 1,1-
dioxides result from differences in the distortion energies.

J Org Chem. Author manuscript; available in PMC 2019 January 02.
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As shown in Figure 10, the ground state geometry of the thiophene 1,1-dioxide is planar and
requires a folding of 22° to achieve the envelope geometry of the transition state. Thiophene
1-oxides are more reactive than thiophene 1,1- dioxides because the ground state geometries
of thiophene 1- oxides are predistorted toward the envelope geometries of the syn transition
states. This is consistent with our previous prediction that 5-fluorocyclopentadiene, which
adopts an envelope geometry in the ground state to minimize the effect of the 7#— o*cp
antiaromatic hyperconjugative interaction, is more reactive than the planar 5,5-
difluorocyclopentadiene in Diels—Alder reactions.13P

CONCLUSION

Analysis of the synand anti Diels—Alder reactions with the distortion/interaction-activation
strain model reveals that the kinetic preference for the synadduct parallels the differences in
the thiophene 1-oxide distortion energies. To reduce the destabilizing effect of
hyperconjugative aromaticity, the thiophene 1-oxide is predistorted into an envelope
geometry that more closely resembles the envelope geometry of the sy7 transition state. This
effect results in the observed syn stereoselectivity and high reactivity of thiophene 1-oxide
Diels—Alder reactions. The thermodynamic preference for the synadduct is the result of a
stabilizing m— o*gg interaction in the synadduct and a destabilizing 7—z interaction in
the antiadduct.
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Figure2.
Computed reaction profile for the syrand anti Diels—Alder reactions of thiophene 1-oxide

with ethylene. Bond lengths are reported in angstroms (A), and free energies are reported in
kcal/mol.
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Figure 3.
Distortion/interaction analysis for the synand antitransition structures for the Diels—Alder

reaction of thiophene 1-oxide with ethylene (black, activation energy; green, distortion
energy of the dienophile; blue, distortion energy of the diene; red, interaction energy; in
kcal/mol).
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Figure 4.
Side view of the thiophene 1-oxide ground state and the synand antitransition states with

ethylene. The out-of-plane bending of the sulfur atom from the plane of the diene is shown
in degrees. The plane of the diene is represented by the red dashed lines.
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Figureb.
(a) Stabilizing T—o*gg interaction in the synadduct. (b) Visualized cc NBO. (c)

Visualized o*sg NBO.
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Figure®6.
(a) Repulsive - interaction that destabilizes the ant/adduct. (b) Visualized r.. NBO. (c)

s-Type lone pair of sulfoxide oxygen. (d) - Type lone pair of sulfoxide oxygen.
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Figure7.
Free energy profile for the Diels—Alder reaction of thiophene 1,1-dioxide with ethylene.

Forming bond lengths are reported in A, and end energies are reported in kcal/mol.
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Figure8.
Frontier molecular orbitals of thiophene 1-oxide, thiophene 1,1-dioxide, and ethylene with

energies reported in electron volts (eV). Frontier molecular orbital energies computed at the
HF/6-311+ +G(d,p)//M06-2X/6-31+G(d) level of theory.
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Figure.
Distortion/Interaction-activation strain analysis for the syn (red) and ant/ (blue) Diels—Alder

reactions of thiophene 1-oxide with ethylene and the Diels—Alder reaction of thiophene 1,1-
dioxide with ethylene (black). Electronic activation energies (A£), distortion energies (A£&y),
and interaction energies (A£).

J Org Chem. Author manuscript; available in PMC 2019 January 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Levandowski et al. Page 16

+22°

TS-5

Figure 10.
Planar geometry of the thiophene 1,1-dioxide and envelope geometry of the thiophene 1,1-

oxide transition state with ethylene. The plane of the diene is represented with a red line.

J Org Chem. Author manuscript; available in PMC 2019 January 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Levandowski et al.

% Yield
‘Bu = 5 s=z0
L + u
:@s ¢ @ 55°C 7 93%*
IBU ’Bu
(o]
‘Bu B s=0
—d - + u
DS R O B
u ‘Bu
‘Bu .0
ek ‘Bu
- Q 60 °C 7 63%°
‘Bu o} 'Bu
(0]
Scheme 1.
syn Stereoselectivity in Diels—Alder Reactions of Thiophene 1-Oxides with Three
Dienophiles

J Org Chem. Author manuscript; available in PMC 2019 January 02.

Page 17



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Levandowski et al.

= b ,?' anti
L& 860
i i
QA0 —=—2Ax o
Q-\ 9.3° ~~_ S syn
4 '-,\-,("13 6°

Cieplak Effect Less Conformational Change

Scheme 2.

n-HOMO Secondary
Orbital Repulsion

Page 18

Previous Explanations for the syn r-Facial Stereoselectivity of Thiophene 1-Oxide Diels—
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and an Oxidized Analogue
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