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Abstract—Diels–Alder reactions of 3,4-di-tert-butylthiophene 1-oxide with oxygen (or sulfur)-substituted dienophiles and with sim-
ple alkenic dienophiles, which are classified as an inverse electron-demand Diels–Alder reaction on the basis of DFT calculations,
took place exclusively at the syn-p-face of the diene with respect to the S@O bond to provide the corresponding adducts in high
yields.
� 2005 Elsevier Ltd. All rights reserved.
p-Face-selectivity in Diels–Alder reactions has been
attracting much attention from both theoretical and
synthetic points of view. It has been investigated most
extensively by using C5-substituted cyclopentadienes
as the substrate.1 It is well documented that thiophene
1-oxides, which possess anti- and syn-p-faces with re-
spect to the S@O bond, act as dienes.2 3,4-Di-tert-butyl-
thiophene 1-oxide (1),3 which is thermally stable but still
extremely reactive, has been shown to serve as an excel-
lent substrate to investigate p-face-selectivity (Fig. 1).4 It
undergoes Diels–Alder reactions, exclusively at its syn-
p-face with respect to the S@O bond, with a variety of
electron-deficient dienophiles to give the corresponding
adducts in high yields.4a On the other hand, the inverse
electron-demand Diels–Alder reaction has not been
studied so extensively as has been the normal electron-
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Figure 1. Structure and syn- and anti-p-face of 1.
demand one. Therefore, a little is known about the
p-face-selectivity of this reaction.5 Here, we report that
1 undergoes inverse electron-demand Diels–Alder reac-
tions with a range of electron-rich dienophiles exclu-
sively at its syn-p-face to give the corresponding
adducts in high yields.

Results of the reactions are summarized in Scheme 1.
Both cyclic and acyclic vinyl ethers reacted with 1 to give
the corresponding Diels–Alder adducts 2a–d in excellent
yields. The reaction with ethyl vinyl ether proceeded at
room temperature, while for cyclic vinyl ethers, 1 and
an excess of dienophile were heated without solvent.
Phenyl vinyl thioether (phenyl vinyl sulfide) also reacted
with 1 at room temperature to give the adduct 2e in 94%
yield. Simple cycloalkenic dienophiles such as cyclopen-
tene, cyclohexene, and cyclooctene, reacted with 1 to
provide 2f, g, and h, respectively, in good yields. The
syn-addition structure of 2 was determined on the basis
of the spectroscopic data, particularly on the basis of a
comparison of their NMR data with those of Diels–
Alder adducts of 1, where before the structures had been
determined unambiguously.4a,b The endo-stereoselectiv-
ity was determined by examination of coupling con-
stants Ha–Hb and/or Ha 0–Hb 0 (for denotation, see
structures 2a and c in Scheme 1).6 Furthermore, the
structures of 2c and g were established by X-ray diffrac-
tion analysis (Fig. 2).7 From the above it can be con-
cluded that the Diels–Alder reactions of 1 with
heteroatom-substituted, electron-rich dienophiles and
with simple cycloalkenic dienophiles all take place
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Scheme 1. Diels–Alder reactions of 1 with electron-rich dienophiles.

Figure 2. Molecular structures of 2c and g.
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exclusively at the syn-p-face of 2 with respect to the S@O
bond, in addition, exclusively in an endo-mode.

We also investigated the stereochemistry of the Diels–
Alder reaction of 1 with cis- and trans-3-hexenes by
heating 1 and an excess of the alkene at 100 �C in a
sealed tube. The results, shown in Scheme 2, reveal the
following: (1) the relative configuration of the ethyl
groups of the alkenes is retained in the Diels–Alder
adducts, (2) the Diels–Alder reactions take place at the
syn-p-face of 1 exclusively, and (3) the reaction with
cis-3-hexene, which produced the exo-adduct 2jexo in
36% yield in addition to the endo-adduct 2jendo

8 in
60% yield, provides the first instance where both exo-
and endo-products can be found; no thermal isomeriza-
tion between 2jexo and 2jendo takes place after prolonged
heating of each isomer in refluxing toluene. Retention of
the configuration of the alkenes indicates a concerted
mechanism, while the formation of the exo-adduct 2jexo
is probably due to steric reasons, not to electronic
reasons.

Progress of the reaction of 1 with excess 2,3-dihydrofu-
ran (55 molar amounts) or phenyl vinyl thioether (20
molar amounts) was monitored by 1H NMR. The reac-
tions, at 45, 50, 55, and 60 �C for 2,3-dihydrofuran and
at 35, 40, 45, and 50 �C for phenyl vinyl thioether in
C6D6 and THF-d8, showed good pseudo-first order
kinetics in the diene 1. The reaction with 2,3-dihydro-
furan provided the activation parameters of DH� =
96.5 kJ mol�1 and DS� = �38.8 J K�1 mol�1 in C6D6

and of DH� = 94.8 kJ mol�1 and DS� = �45.3 J K�1

mol�1 in THF-d8. The reaction with phenyl vinyl thioe-
ther gave the activation parameters of DH� = 37.8 kJ
mol�1 and DS� = �193 J K�1 mol�1 in C6D6 and
DH� = 43.7 kJ mol�1 and DS� = �176 J K�1 mol�1 in
THF-d8. No large solvent effect was observed; the
relative rates [k(C6D6)/k(THF-d8)] are 1.17 for 2,3-
dihydrofuran and 1.22 for phenyl vinyl thioether
(average of four values determined at the different
temperatures). The negative DS� values and small sol-
vent effect indicate that the Diels–Alder reactions of 1
proceed through a concerted mechanism,1b even when
heteroatom-substituted dienophiles are involved. Next,
Scheme 2. Retention of the configuration of alkenes in Diels–Alder

adducts.



Figure 3. p-LUMO and p-HOMO energy levels of 1 and the dienophiles in electron volts.

Figure 4. Transition states of the reactions of ethylene with the parent

thiophene 1-oxide (top) and with 1 (bottom).
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energy levels of the p-HOMO and p-LUMO of 1 and the
dienophiles were calculated by DFT calculations at the
B3LYP/6-311 + G(3df,2p) level (Fig. 3).9 Calculated
p-HOMO and p-LUMO of 1 are �6.73 and �1.85 eV,
respectively, and p-HOMOs and p-LUMOs of the
dienophiles range between �5.83 and �6.72 and be-
tween �0.90 and 0.89 eV, respectively. Thus, differences
between the p-LUMO of 1 and the p-HOMOs of
the dienophiles are in the range 3.98–4.87 eV and are
smaller than differences between the p-HOMO of
1 and the p-LUMOs of the dienophiles which are
in the range 5.83–7.62 eV. Therefore, all the present
reactions are classified as an inverse electron-demand
Diels–Alder reaction;10 even for the least inverse
electron-demand case, the reaction with phenyl vinyl thio-
ether, (p-LUMOdienophile–p-HOMO1) � (p-LUMO1–p-
HOMOdienophile) is 1.67 eV.

How can we rationalize the exclusive syn-p-face-selectiv-
ity in both normal and inverse electron-demand Diels–
Alder reactions of 1? p-Face-selective additions have
been explained in many ways,11 including non-equiva-
lent orbital extension.11o–s The DFT calculations pre-
dicted that the p-HOMO lobe of 1 at the a-position is
slightly greater for the syn-p-face than for the anti-
p-face, whereas the situation becomes reversed for the
p-LUMO. Thus, the syn-p-face-selectivity4a of the nor-
mal electron-demand Diels–Alder reactions is in har-
mony with the non-equivalent orbital extension of the
p-HOMO of 1, whereas the syn-p-face-selectivity of
the inverse electron-demand Diels–Alder reactions can-
not be explained by the orbital extension of the p-
LUMO of 1. Therefore, other crucial factor that governs
the p-face-selectivity must be operative. We therefore
calculated the transition state structures of the reaction
of the parent thiophene 1-oxide with ethylene and that
of 1 with ethylene at both HF and B3LYP levels with
the 6-31G(d) basis set.9 Here are given the results ob-
tained by the B3LYP/6-31G(d) level calculations (for
the HF level calculations, see Supplementary data). Fig-
ure 4 shows the computer-visualized transition states
that lead to the syn-p-face adducts (left) and the anti-
p-face adducts (right). The calculations predict that the
transition state leading to the syn-p-face adduct is 7.46
(7.17)12 kcal mol�1 more favorable than that leading
to the anti-p-face adduct for the reaction of the parent
thiophene 1-oxide, and is 7.05 (6.90)12 kcal mol�1 more
favorable for the reaction of 1.13 Figure 4 clearly shows
that greater conformational change of thiophene 1-oxi-
des is required for the anti-p-face addition to reach the
transition states, where inversion at the a-carbons of
the thiophene ring occurs. On the other hand, for the
syn-p-face addition, the transition state is easily reached
with smaller conformational change of thiophene 1-oxi-
des.13 In other words, if 1 keeps the conformation shown
in Figure 1 in solution with a tilt angle of 9.3�, the anti-
p-face transition state will encounter about 18.6�
(9.3� · 2) larger change in bond angle around the two
Ca carbons than will the syn-p-face transition state



Figure 5. Difference of the conformational change of 1 in the anti- and

syn-addition transition states.
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(Fig. 5). Accordingly, the activation energy of the reac-
tion will be smaller for the syn-p-face addition than for
the anti-p-face addition, thus making the former addi-
tion more favorable. We therefore conclude that the
conformational change, which is required to reach
the transition state, is the crucial factor that governs the
p-face- selectivity for the present Diels–Alder reactions.
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