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Introduction

Electrocyclic reactions, especially 1,3-cyclohexadiene forma-
tion, cyclobutene ring opening, and Nazarov and related cat-
ionic cyclizations are of great importance in organic chemis-
try as synthetic tools for the construction of the molecular
skeleton of complex natural and biologically active
ACHTUNGTRENNUNGcompounds.[1–3]

Reactivity and stereoselectivity are relevant issues in
these processes. Electrocyclization reactions can be in fact
energetically demanding processes, often requiring condi-
tions incompatible to sensitive substrates, so that a proper
choice of substituent on the p system, or structural modifica-
tions of the latter, are often necessary to attain synthetically
favorable reaction conditions. The stereoselectivity in the
ring opening/closure, referred to as “torquoselectivity”, is
the preference for one of the two orbital symmetry allowed
modes by which every electrocyclic reaction can occur.[4]
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Again, suitable substituents can strongly influence the tor-
quoselectivity, as in the well-studied cases of the “inward”
or “outward” conrotatory thermal ring opening of cyclobu-
tenes,[5] and the conrotatory “clockwise” or “counterclock-
wise” thermal Nazarov cyclization of 1,4-pentadien-3-
ones.[6–10] Thus, an in-depth understanding of how steric and
electronic features of the substituents affect the reaction
outcome is invaluable for the synthetic design. To this end,
computational methods based on first principles can be ex-
ploited for the theoretical prediction of both reactivity and
stereoselectivity in electrocyclic processes.[11]

Among the electrocyclic reactions, the Nazarov reaction
has recently emerged as one of the most powerful processes
for constructing five-membered carbocyclic systems, after
having found applications in the synthesis of several natural
products.[12] The Nazarov reaction of N- and O-heterocyclic
divinyl ketones and their synthetic equivalents depicted in
Figure 1a has been, in particular, the subject of several
recent studies.[13–18] The cyclization forms cyclopenta-fused

heterocyclic compounds (Figure 1b), the interest of which
arises from their presence in several natural and biologically
active compounds.[12,19]

The presence of the heteroatom has a noteworthy influ-
ence on the reactivity of these systems, as it makes the ring
closure of the corresponding pentadienyl cations possible
even in the presence of catalytic amounts of Brønsted[15c–e,17]

or Lewis acids[14,15a–b,16] at room temperature. Conversely,
the corresponding carbocyclic substrates do not generally
react unless more drastic conditions are used.[15d] Even more
striking is the stereoselectivity in the ring closure of these
systems. For example, it has been observed that whilst the
2,5-trans disubstituted compounds 5 (Scheme 1) are the
major diastereomers obtained in the electrocyclization of
the O-containing substrates 2,[17] by contrast N-heterocyclic
dienone equivalents 7 (Scheme 2) give exclusively the 2,5-cis
disubstituted products 10.[15d] The same results have recently
been obtained also in the Lewis acid catalyzed Nazarov re-
action of divinyl ketones, such as 1 (Scheme 1).[15a]

Recently, various authors have demonstrated that either
ab initio or DFT calculations are well suited to provide an
in-depth understanding of the Nazarov reaction mechanism,
the nature of which could not be straightforwardly interpret-
ed.[6,8–10,18,20] In particular, in our previous study, we demon-
strated that DFT calculations at the B3LYP/6-311G** level
of theory were well suited to account for the electrocycliza-
tion outcome of the 4p-electron system of heterocyclic 2,3-
alkoxypentadienyl cations 3 (Scheme 1),[17] both in terms of
reactivity and torquoselectivity.[18] This study allowed us to
assess the role of the 2-alkoxy substituent in increasing the
reaction rate,[17] as was recently further confirmed by Fron-
tier,[14a] and to establish that the stereoselectivity in the cy-
clopentannulation was mainly dictated by stereoelectronic
effects. The agreement of the theoretical calculations with
the experimental results encouraged us to apply the same
calculation protocol both to predict, and to account for, the
reactivity and torquoselectivity in the Brønsted acid cata-
lyzed electrocyclization of the analogous N- and S-substitut-
ed heterocyclic systems that have never been comprehen-
sively dealt with before (Scheme 2). In this study, we report
on a comparison between the predictive results of a detailed
theoretical study on the rate-determining stepGs energy pro-
file of the Nazarov reaction involving N- and S-substituted
heterocyclic systems and the experimental reaction outcome
for the corresponding series of substrates. In the light of the
consistency observed between computational and experi-
mental results, the usefulness of DFT calculations as a
robust instrument to anticipate reactivity and stereoselectiv-
ity in such electrocyclic reactions is demonstrated.

Results and Discussion

The equations studied for evaluating the role of the hetero-
ACHTUNGTRENNUNGatom (N, S) on the reactivity are depicted below [Eqs. (1–

Figure 1. a) Substrates for and b) products of the Nazarov reaction in-
volving heterocyclic systems.

Scheme 1. Torquoselectivity in the Nazarov reaction of O-heterocyclic di-
enones and alkoxytrienes.
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4)]. The reaction of a 2-methyl-substituted N-heterocyclic
pentadienyl cation is depicted in Equation (5) and repre-
sents our case-study to find a rational for the complete 2,5-
cis stereoselectivity observed in the ring closure of N-con-
taining derivatives.[15d] N-CO2Me was chosen as the protect-
ing group instead of N-Cbz (Cbz: carbobenzyloxy) or N-Ts
(Ts: tosyl), generally used in our previous synthetic studies,
to reduce the conformational complexity. Finally, the reac-
tion of a 2-methyl-substituted S-heterocyclic derivative
[Eq. (6)] represents the case studied here for predicting the
torquoselectivity in the Nazarov reaction of S-containing
systems.

Prediction of the reactivity : The Nazarov reaction is a con-
rotatory electrocyclization process. When one of the double
bonds involved in the electrocyclization is embedded in a
(hetero)cyclic structure, the formation of the new bond can
take place either along the axial (Scheme 3, path a) or equa-
torial direction (path b), depending on the conformation of
the ring. We have already shown that path a is preferred
with O derivatives (X=O) as it allows for the maximum or-
bital overlap in the forming C5�C3’ (C4a�C5) bond.[18] In
Figures 2–4, the DFT-computed energy surfaces for paths a
and b of Equations (1–4) are reported. In Tables 1–4, the
relative electronic and free energies and the geometrical pa-
rameters of all stationary points are reported and, in
Figure 5, a representation of the atom numbering used in
the text is shown.

In Figure 2, the energy profiles of Equation (1) are report-
ed, which refers to the electrocyclization of the pentadienyl
cation 8 (R1=H, R2=Me, R3=H) obtained after protona-
tion of the carbonyl group in the corresponding N-heterocy-
clic divinyl ketone 6 (“classic” Nazarov reaction). The sim-
plest substitution on the vinyl moiety (R3=Me) was chosen
to reduce the number of conformers.

In all of the N-CO2Me-protected compounds, the pres-
ence of the protecting group doubled the number of initial
conformations of the pentadienyl cationic intermediates, as
found by Monte Carlo conformational searches. Figure 2a
and b refer to the initial conformations in which the C=O of
N-CO2Me points toward the hydroxyl group, forming a hy-
drogen bond in the global minimum conformer I ; Figure 2c
and d refer to the initial conformations in which the MeO
group is roughly oriented towards the hydroxyl group.

By the analysis of the energy profiles, it clearly appears
that the reaction is exothermic, similar to the Nazarov reac-
tion of the O-substituted analogues[18] and other substra-

Scheme 2. The Nazarov reaction of N- and S-heterocyclic dienones and alkoxytrienes.
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tes.[9,20b] The formation of the new bond along the axial di-
rection (path a) disrupts (in II) the stabilizing hydrogen
bond in I (distance C=O···HO=1.34 in I, 2.87 R in II),
which is only weakly restored in the transition state (dis-
tance C=O···H=1.63 R) (Figure 2a). The activation energy
(DG�) of this process (19.2 kcalmol�1) is almost 2 kcalmol�1

lower than that of path b, the transition state (TS) of which
maintains a weaker hydrogen bond (distance C=O···HO=

1.56 R) than in I. The chemical processes reported in Fig-
ure 2c and d are both highly energetic (21.8 and 24.7 kcal
mol�1 for path a and b, respectively). As a consequence,
with the lowest activation energy at about 19 kcalmol�1, we
may anticipate that a compound such as 6 (R1=R2=H) will
not react at room temperature after generation of the corre-
sponding cationic intermediate 8 in the presence of a proton
(H+) source.[21]

When the ethoxy group replaces the OH in the pentadien-
yl cation ([Eq. (2)] and Figure 3a–d), generally lower TS en-
ergies were obtained (with the reaction being still exother-
mic). The lowest activation energy is still associated to a
bond formation along the axial direction (16.1 kcalmol�1,
Figure 3a), although the differences found among the four
profiles were less important than in the case of Equation (1).
In analogy to what was observed in our previous work on
similar O-containing derivatives 2,[18] the lower activation
energies associated with the presence of the ethoxy group

could be accounted for by the lack, in the starting penta-
dienyl cationic intermediates V–VIII, of the hydrogen bond
that instead stabilizes intermediate I (Figure 2b). As the
lowest activation energy is 16.1 kcalmol�1 for the electrocyc-
lization of 7 (R1=H), this process is more favored than that
of divinyl ketone 6 (R1=H, R2=Me; DG� =19.2 kcalmol�1)
and we expect that the former reaction could occur at room
temperature, although quite slowly.

Scheme 3. The different conrotation modes of the Nazarov reaction in-
volving (hetero)cyclic structures.

Figure 2. The free-energy profiles (in kcalmol�1) for Equation (1). Four
conformers (a–d) of the reactant were taken into account to explore all
possible energy profiles. Paths a and b refer to Scheme 3.

Table 1. Energies and geometrical parameters for Equation (1).[a]

Equation DEelec D(Eelec+

ZPVE)
DGgas phase DGtotal C5�C3’ [R]

1 (Figure 2a) react. 5.5 6.5 6.1 3.3 3.24
TS 20.8� 21.2� 21.4� 19.2� 2.19
prod. �5.1 �2.5 �2.9 �4.7 1.54

1 (Figure 2b) react. 0 0 0 0 3.15
TS 22.2� 23.0� 23.3� 20.9� 2.16
prod. �5.0 �2.4 �1.7 �2.8 1.54

1 (Figure 2c) react. 7.6 8.5 8.0 3.1 3.22
TS 25.3� 25.7� 26.0� 21.8� 2.21
prod. �0.3 2.1 2.4 �0.5 1.54

1 (Figure 2d) react. 8.7 9.5 9.3 5.9 3.13
TS 28.2� 28.8� 29.3� 24.7� 2.16
prod. �0.6 1.8 2.4 �0.6 1.55

[a] react. : pentadienyl cation; TS: transition state; prod.: oxyallyl cation.
Energy values are in kcalmol�1
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Finally, concerning the S-containing derivatives, Equa-
tions (3) and (4), the cyclization of global minimum confor-
mer IX ([Eq. (3)], Figure 4a) has a barrier of 15.3 kcalmol�1

if the new bond forms along the axial direction (path a),
slightly lower than the barrier associated with path b (Fig-
ure 4b). When the ethoxy replaces the OH group in the pen-

tadienyl cation [Eq. (4)], consistently to the N and O cases,
the activation energies were lowered to a value of around
13–15 kcalmol�1 (Figure 4c–d), the formation of the bond
along the axial direction (path a) being always the favored
one. Here too, we can hypothesize that such an effect is due
to the lack of a stabilizing OH···S interaction in the starting
pentadienyl cationic intermediates (distance OH···S=2.34 in
IX, 2.77 R in the TSs of Equation (3).[22] In both cases, we
may expect that the reaction can occur at room tempera-

ture, although again the cycliza-
tion of the ethoxytriene deriva-
tive should be faster.

In the cases so far analyzed,
it is worth noticing that the
newly C5�C3’-forming bond in
the TS of the preferred cycliza-
tion modes (paths a in Fig-
ures 1–4) is always longer (d=

2.17–2.20 R) than that previous-
ly found by calculations at the
HF/6-31G* level of theory for
open-chain substrates (d=

2.09 R)[6c] pointing to an early
TS in the Nazarov reaction in-

Table 2. Energies and geometrical parameters for Equation (2). Energy values are in kcalmol�1.[a]

Equation DEelec D(Eelec+ZPVE) DGgas-phase DGtotal C5�C3’ [R] C2-N1-C6 [8]

2 (Figure 3a) react. 0 0 0 0 3.21 118.0
TS 16.0� 15.8� 16.8� 16.1� 2.20 117.2
prod. �6.0 �4.7 �4.1 �4.8 1.55 117.0

2 (Figure 3b) react. 1.3 1.3 1.1 1.4 3.23 120.2
TS 16.5� 16.3� 17.5� 16.9� 2.23 121.3
prod. �7.0 �5.4 �5.1 �6.0 1.55 123.3

2 (Figure 3c) react. 4.1 4.1 4.2 0.7 3.17 116.4
TS 18.8� 18.5� 19.6� 16.7� 2.22 117.2
prod. �5.6 �4.0 �3.7 �4.9 1.55 117.3

2 (Figure 3d) react. 11.0 10.8 10.6 6.1 3.15 114.1
TS 28.5� 27.9� 28.5� 24.2� 2.21 117.6
prod. �7.4 �5.9 �5.7 �6.6 1.55 123.1

[a] react. : pentadienyl cation; TS: transition state; prod.: oxyallyl cation.

Figure 3. The free-energy profiles (in kcalmol�1) for Equation (2). Four
conformers (a–d) of the reactant were taken into account to explore all
possible energy profiles. Paths a and b refer to Scheme 3.

Figure 4. The free-energy profiles (in kcalmol�1) for Equations (3) (a–b)
and (4) (c–d). Paths a and b refer to Scheme 3.

www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9292 – 93049296

A. Cavalli, E. G. Occhiato et al.

www.chemeurj.org


volving N- and S-heterocyclic systems. This is not dissimilar
from what was found out in: 1) the computations on the
same reaction with the corresponding O-heterocyclic sub-
strates[18] and 2) previously reported quantum mechanical
calculations on the Nazarov reaction of a-alkoxy-substituted
hydroxypentadienyl cations.[9] Fitting with the early nature
of the TSs, all reactions so far considered have been calcu-
lated to be exothermic.

Interestingly, while the activation energies associated with
the cyclization of the ethoxy-substituted S derivative in
Equation (4) (Figure 4c) is almost identical to that we have
previously calculated for the corresponding O derivative
(13.4 vs. 13.7 kcalmol�1),[18] in the case of the N-heterocyclic
derivatives ([Eq. (2)], Figure 3a), the DG� value is apprecia-
bly higher (16.1 kcalmol�1). By analysis of the geometrical

parameters of intermediate V and the TS in Figure 3a
(Tables 2 and 3) it comes out that in intermediate V there is
a full conjugation between the N atom (which conserves its
sp2 hybridization all along the profile, see C2-N1-C6 bond
angles) and the CO2Me-protecting group (dihedral angle
C6-N-C=O=5.18). Moreover, the carbonyl and the ethoxy
groups are far apart (d=2.78 R), so reducing possible repul-
sive interactions. However, during the bond formation (in
TS) a rotation around the C6�C1’ bond has to take place
and the double bond starts to form between C6 and C1’.
The consequence of this is the mounting of an A(1,3) allylic
strain with the N-protecting group, which rotates around the
N�CO bond (dihedral angle C6-N-C=O=�10.88) to re-
lieve the repulsive interaction between the two O atoms
(the distance of which is now 2.71 R). The consequential
loss of conjugation between the N atom and the CO group,
and the smaller C=O···OEt distance in TS than in intermedi-
ate V, can explain the higher activation energy if compared
to the corresponding cases in which an X-protecting group
is lacking (S and O derivatives). In the bicyclic intermediate,
the conjugation is then completely broken to relieve the re-
pulsive interaction between the two O atoms as suggested
by the dihedral angle value of �46.58.

As the N atom maintains its sp2 hybridization all along
the profile of Equation (2) (C2-N-C6 bond angle values
from 118.0 to 117.08), we may reckon that the N atom con-
jugates with the C6 atom on which a positive charge devel-
ops in the TS. Stabilization of the positive charge by the N
atom (as in the case of the O derivatives) can be reasonably
assumed to be the cause of the much lower activation
energy associated with Equation (2) (16.1 kcalmol�1) than
that of the corresponding carbacyclic system (18.9 kcal
mol�1),[18] and this could be true also for the case of the S
derivative in Equation (4). To demonstrate such an effect,
we calculated the atomic partial charges on the N atom of
the positively charged intermediate V and the TS of Equa-
tion (2) (Figure 3a) by the RESP-fitting procedure (see
Methods). It turned out that the heterocyclic N atom had a
partial atomic charge of �0.50 in V, whereas this was �0.34
in the TS. The decrease of the partial negative charge on the
N atom found in the TS demonstrates that the heteroatom
effectively conjugates with the p orbitals of the TS, thus pro-
viding a greater stabilization effect on the positive charge of
the TS than on that of the starting intermediate. The stabili-
zation of the positive charge that develops at C6 also occurs
in the TS of Equation (4) (Figure 4c) relative to the Nazarov
reaction of the S-heterocyclic pentadienyl cation. In this
case, the heterocyclic S atom had a partial atomic charge of
�0.08 in the starting intermediate XI, whereas this was
+0.03 in the TS. Furthermore, we also carried out single-
point calculations by neutralizing the positive charge on the
system through the addition of one electron to both the
starting intermediate V and the TS of Equation (2) (Fig-
ure 3a) (see Methods). It turned out that the energy barrier
of the electrocyclization reaction was of 29.8 kcalmol�1 (vs.
16.1 kcalmol�1), this increase being mainly due to a much
greater stabilization of the starting intermediate V (Dele-

Table 3. Further relevant geometrical parameters for Equation (2).[a]

Equation O2’’�O5’ [R]
O3’’�O5’ [R]

C6-N1-C1’’-O2’’ [8]
C6-N1-C1’’-O3’’ [8]

N1-C6
-C1’-O5’ [8]

2 (Figure 3a) react. 2.78 5.1 �42.3
TS 2.71 �10.8 �37.0
prod. 2.78 �46.5 �8.2

2 (Figure 3b) react. 2.74 5.1 �47.4
TS 2.72 �11.3 �36.9
prod. 2.97 �80.3 �13.9

2 (Figure 3c) react. 2.86 4.5 �32.3
TS 2.77 �14.2 �34.1
prod. 2.80 �58.6 �7.3

2 (Figure 3d) react. 2.73 �6.8 �8.7
TS 2.65 22.5 �24.1
prod. 2.97 86.4 �11.4

[a] react. : pentadienyl cation; TS: transition state; prod.: oxyallyl cation.

Table 4. Energies and geometrical parameters for Equations (3) and (4).
Energy values are in kcalmol�1.[a]

Equation DEelec D(Eelec+

ZPVE)
DGgas phase DGtotal C5�C3’ [R]

3 (Figure 4a) react. 0 0 0 0 3.19
TS 16.8� 16.3� 17.3� 15.3� 2.17
prod. �3.0 �4.7 �4.0 �5.6 1.56

3 (Figure 4b) react. 1.8 1.8 1.4 1.6 3.19
TS 17.3� 17.0� 17.8� 16.2� 2.20
prod. �3.9 �5.5 �4.4 �5.7 1.56

4 (Figure 4c) react. 0 0 0 0 3.09
TS 13.1� 12.8� 13.8� 13.4� 2.19
prod. �8.7 �7.1 �6.2 �6.0 1.55

4 (Figure 4d) react. 0.3 0.3 0.3 0.2 3.14
TS 14.1� 14.0� 14.9� 14.7� 2.23
prod. �9.5 �7.8 �6.3 �6.0 1.56

[a] react. : pentadienyl cation; TS: transition state; prod.: oxyallyl cation.

Figure 5. Atom numbering used in the text and tables. The IUPAC num-
bering is reported in brackets.
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ctronic energy=�84.3 kcalmol�1) with respect to the TS
(Delectronic energy=�70.6 kcalmol�1). Analogously for the
S derivatives (Equation (4), Figure 4c), the energy barrier of
the electrocyclization reaction was 28.1 kcalmol�1 (vs.
13.4 kcalmol�1) after addition of one electron because of a
much greater stabilization of the starting intermediate XI
(Delectronic energy=�183.3 kcalmol�1) with respect to the
TS (Delectronic energy=�168.5 kcalmol�1).

Experimental assessment of the theoretical predictions : We
have previously seen that the DG� values, obtained by our
calculations, lower than 14 kcalmol�1, corresponded to fast
reactions at room temperature. Conversely, when DG�

values were more than 18 kcalmol�1, the corresponding re-
actions did not occur at room temperature.[18] Values ranging
from around 15–16 kcalmol�1 corresponded to a slow reac-
tion requiring at least 24 h to be completed under our condi-
tions. On these bases, the above theoretical predictions were
tested experimentally by preparing, as depicted in Scheme 4,

compound 7a according to a methodology previously re-
ported for similar compounds[15c–e] and subjecting it to hy-
drolysis in the presence of Amberlyst 15 in dichloromethane
at room temperature. When monitoring the reaction by
TLC, we found it to be quite slow and it was completed
only after 18 h at room temperature, although accompanied
by partial decomposition of the starting material, providing
10a in 54% yield after chromatography.

By starting from the same triflate 16, we prepared dien-
one 6b by the carbonylative Suzuki–Miyaura coupling we
have recently described[15b,23] (6b possesses a n-propyl
moiety instead of the methyl group on the external double
bond).[24a,b] This compound was treated with Amberlyst 15
under the usual conditions but, after 24 h, we recovered it
completely unreacted (and without traces of decomposition
byproducts).[25] Both results are perfectly in accordance with
the DG� values of 16.1 and 18.9 kcalmol�1 calculated for the
two cyclization reactions, respectively.

The prediction of the reactivity was equally accurate
when a sulfur atom was put in the place of the nitrogen in

our ethoxytrienes and dienones. For the S derivatives, we
should expect faster reactions than with N derivatives,
taking into account the calculated DG� values. As reported
in Scheme 5, we prepared ethoxytriene 12a and dienone 11

according to the usual methodologies,[15, 24] and subjected
them to treatment with Amberlyst 15 in CH2Cl2. After 4 h,
the conversion of 12a to 15a was complete. Based on the
DG� values (15.3 vs. 13.4 kcalmol�1), we could expect a
slower cyclization of 11 to 15b and perfectly in accordance
we found that the conversion to 15b was only about 59%
after 24 h.

Stereoselectivity in the ring closure (torquoselectivity): A
synthetically important aspect of the Nazarov reaction is the
torquoselectivity of the electrocyclization process when one
or more substituents are present on the cycle, which embeds
the double bond.[12e,g] A surprisingly high remote stereocon-
trol was reported in the ring closure of dihydropyranyl de-
rivative 3 (Scheme 1), which formed the 2,5-trans-disubsti-
tuted Nazarov product 5 as the major isomer.[17] DFT calcu-
lations showed that the pseudoaxial bond formation is kinet-
ically preferred as it allows the maximum orbital overlap in
a TS in which the R1 substituent is equatorially oriented,[18]

thus leading to the 2,5-trans compound.
The results obtained by us in the electrocyclization of the

correspondingly substituted N derivative 7 (R1=Me), which
leads to the exclusive formation of the 2,5-cis-disubstituted
Nazarov product 10c (Scheme 2) could instead be explained
by taking into account that the 2-methyl group on the tetra-
hydropyridine ring should be axially oriented to remove the
A(1,3) strain with the N-protecting group.[26] To find support
for this hypothesis, we carried out a DFT study on the cycli-
zation reported in Equation (5). The energy profiles are re-
ported in Figure 6, and the geometrical parameters in
Table 5. A Monte Carlo conformational search carried out

Scheme 4. Synthesis of N-heterocyclic dienones and alkoxytrienes: a) 5%
[PdCl2 ACHTUNGTRENNUNG(Ph3P)2], 2m K2CO3 (aq), THF, 0.5 h, 25 8C; b) Amberlyst 15,
CH2Cl2, 18 h, 25 8C; c) 5% of Pd ACHTUNGTRENNUNG(OAc)2, 10% of Ph3P, CO (1 atm), CsF,
THF, 25 8C.

Scheme 5. Synthesis of S-heterocyclic dienones and alkoxytrienes: a) 5%
[PdCl2 ACHTUNGTRENNUNG(Ph3P)2], 2m K2CO3 (aq), THF, 0.5 h, 25 8C; b) Amberlyst 15,
CH2Cl2, 4–24 h, 25 8C; c) 5% of Pd ACHTUNGTRENNUNG(OAc)2, 10% of Ph3P, CO (1 atm),
CsOAc, THF, 25 8C.
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on the starting cationic intermediate in Equation (5) re-
vealed that all conformers possessing an equatorially orient-
ed 2-methyl group (Figure 6e–h) were highly energetic com-
pared to the corresponding axially substituted ones (DG>

2.2 kcalmol�1). For this reason, their contribution to the for-

mation of the products could be considered negligible. As
found for the unsubstituted heterocyclic derivatives (Equa-
tions (1) and (2)) the N-CO2Me protection generates
through rotation two initial conformers. Whatever starting
conformer we consider, the DFT calculations resulted in
path a (Figure 6a and c), that is, the formation of the new
bond along the pseudoaxial direction, which is favored when
compared to path b (Figure 6b and d). In the most favorable
case (compare Figure 6a and b), the DDG� value is equal to
2.3 kcalmol�1, with DG� values of 15.7 and 18.1 kcalmol�1

for paths a and b, respectively, which means that at room
temperature practically only the cis compound could be
formed, in accordance to our experimental findings.[15d] In
all cases, even if we consider the cyclization of the least-
populated equatorial conformers, the most favored paths
(Figure 6f and h) would always provide the cis diastereomer
through a bond formation along a pseudoequatorial direc-
tion. This clearly emerges by comparing the energy profiles
shown in Figure 6e and g with those in 6f and 6 h, respec-
tively. In contrast to what was reported by us for the analo-
gous O derivatives,[18] the compared analysis of the TSs
found along path a (Figure 6a) and b (Figure 6b) did not

Table 5. Energies and geometrical parameters for Equation (5). Energy
values are in kcalmol�1.[a]

Equation DEelec D(Eelec+

ZPVE)
DGgas phase DGtotal C5�C3’ [R]

5 (Figure 6a) react. 0 0 0 0 3.22
TS 15.9� 15.7� 16.6� 15.7� 2.21
prod. �6.0 �4.4 �3.9 �5.0 1.56

5 (Figure 6b) react. 2.3 2.2 1.9 2.1 3.27
TS 18.1� 18.0� 19.1� 18.1� 2.25
prod. �7.0 �5.3 �4.3 �5.6 1.55

5 (Figure 6c) react. 4.3 4.0 3.7 0.1 3.17
TS 18.6� 18.3� 19.3� 16.3� 2.23
prod. �5.7 �4.3 �4.3 �5.4 1.55

5 (Figure 6d) react. 11.5 11.2 11.2 6.6 3.15
TS 28.1� 27.6� 28.1� 24.0� 2.24
prod. �7.2 �5.6 �5.4 �6.2 1.56

[a] react. : pentadienyl cation; TS: transition state; prod.: oxyallyl cation.

Figure 6. The free-energy profiles (in kcalmol�1) for Equation (5). Eight conformers (four axial (a–d) and four equatorial (e–h)) of the reactant were
taken into account to explore all possible energy profiles. Paths a and b refer to Scheme 3.
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clearly show that the pseudoaxial attack is favored by ste-
reoelectronic reasons because, at the same isocontour level,
the molecular orbital involved in the forming C5�C3’ bond
had the same degree of completeness in the two TSs (data
not shown). However, the pseudoaxial bond formation
should be favored by the fact that it takes place on the op-
posite side of the axial 2-methyl substituent, whereas a pseu-
doequatorial attack could lead to steric hindrance with that
group (Scheme 4b). Much chemistry has been indeed based
on the axial preference of 2-alkyl substituents to the N atom
of unsaturated piperidines bearing an electron-withdrawing
N-protecting group and the way by which it strongly affects
the stereochemical outcome of additions to the enamine
double bond.[26]

Finally, we evaluated the energy profiles associated with
the Nazarov reaction of thiopyranyl derivative 12b (R1=

Me), which under acidic conditions generates carbocation
13b (R1=R2=Me, R3=Et) as the initial intermediate of the
electrocyclization process (Equation (6), Figure 7, and
Table 6). As in the case of the corresponding pyranyl deriva-
tive,[18] the 2-methyl group has a preferential equatorial ori-
entation in intermediate 12b, although the equatorial con-
former is more stable only by 0.9 kcalmol�1 than the axial

one, whereas this difference was 1.9 kcalmol�1 in the case of
the O derivative. The electrocyclization again preferentially
occurs along path a (Figure 7a and c), in which the new
bond is formed along the pseudoaxial direction (DG� =13.5
and 13.48 kcalmol�1). Path b is less favored (in both con-
formers) as the TSs have energies of 14.1 and 15.2 kcal
mol�1. Based on these calculations, we should expect that
the reaction could occur at room temperature (given the
DG� values), providing a greater amount of the trans com-
pound in the cyclization of 12b. However, based on the rela-
tive populations of the initial intermediates and the differen-
ces in DG� values, we should expect a trans/cis ratio lower
than 10:1 as observed in the Nazarov reaction of the corre-
sponding pyranyl derivative. Accordingly, subjecting the
latter under the usual acidic conditions (Amberlyst 15 in
ACHTUNGTRENNUNGdichloromethane at room temperature), we observed the
ACHTUNGTRENNUNGcomplete disappearance of the starting material after 16 h
ACHTUNGTRENNUNGwith the formation of an inseparable 3:1 mixture of
ACHTUNGTRENNUNGdiastereomers.

Conclusion

We have demonstrated that DFT calculations are well
suited to provide an in-depth understanding of the Nazarov
reaction of pentadienyl cations generated by protonation of
either dienones or alkoxytrienes. In particular, calculations
at the DFT/B3LYP/6-311G** level of theory accurately pre-
dicted, and accounted for, both in terms of reactivity and
torquoselectivity, the outcome of the Brønsted acid-cata-
lyzed electrocyclization of 4p-electron systems in which one
of the double bonds involved in the process is embedded in
N- and S-heterocyclic rings. The findings of this study can
be summarized as follows.

Effect of the heteroatom at C-6 on the reaction rate : Com-
pared to the corresponding carbacyclic systems, a S atom at
C-6 is capable of accelerating the reaction, whichever way
the pentadienyl cation is generated, that is, by protonation
of the corresponding dienone or the alkoxytriene. However,

Figure 7. The free-energy profiles (in kcalmol�1) for Equation (6). Four
conformers (two axial (a–b) and two equatorial (c–d)) of the reactant
were taken into account to explore all possible energy profiles. Paths a
and b refer to Scheme 3.

Table 6. Energies and geometrical parameters for Equation (6). Energy
values are in kcalmol�1.[a]

Equation DEelec D(Eelec+

ZPVE)
DGgas phase DGtotal C5�C3’ [R]

6 (Figure 7a) react. 1.0 1.1 1.3 0.9 3.09
TS 13.9� 13.8� 15.1� 13.5� 2.20
prod. �7.3 �5.4 �4.2 �4.6 1.56

6 (Figure 7b) react. 1.4 1.6 1.7 1.6 3.13
TS 14.7� 14.6� 15.6� 14.1� 2.23
prod. �9.2 �7.3 �6.0 �6.6 1.56

6 (Figure 7c) react. 0 0 0 0 3.09
TS 13.0� 12.7� 13.7� 13.4� 2.20
prod. �9.1 �7.5 �6.6 �5.9 1.55

6 (Figure 7d) react. 0.4 0.4 0.5 0.4 3.13
TS 14.2� 14.1� 15.0� 15.2� 2.23
prod. �9.9 �8.3 �7.0 �6.0 1.56

[a] react. : pentadienyl cation; TS: transition state; prod.: oxyallyl cation.
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slightly higher activation energies (15.3 vs. 13.4 kcalmol�1)
are associated with the electrocyclization of the dienones as
the protonated starting intermediate is stabilized by an
OH···S interaction. This difference of reactivity between di-
enone and alkoxytriene increases in the case of the analo-
gous N derivative. Our calculations predicted that the dien-
ones activation energies would be higher than 19 kcalmol�1

due to the strong hydrogen bond between the OH and the
N-protecting group in the reacting pentadienyl cation,
whereas in the cyclization of the ethoxytrienes, the activa-
tion energies decrease to 16 kcalmol�1. Therefore, in gener-
al, alkoxytrienes are more reactive than the corresponding
dienones under protic conditions. Repulsive steric interac-
tions between the N-protecting group and the ethoxy group,
which increase along the reaction profile from the starting
intermediate to the TS, instead account for the higher acti-
vation energies generally found for the N-heterocyclic deriv-
atives if compared to substrates substituted at C-6 by both
sulfur and oxygen. Similarly to the latter, both the N and S
atom at C-6 are capable of stabilizing the positive charge
that develops on this carbon atom in the TSs, thus account-
ing for the higher reactivity of N- and S-substituted sub-
strates relative to the carbacyclic dienones or ethoxytrienes.
The consistency of the above DFT (and all the other herein
reported) predictions about the reactivity with the experi-
mental results, suggests that DG� values, computed at the
DFT/B3LYP/6-311G** level of theory, lower than
14 kcalmol�1 stand for fast reactions at room temperature,
whereas DG� values higher than 18 kcalmol�1 correspond to
very slow reactions or reactions that do not occur at all
under the same conditions.

Stereoselectivity in the ring closure : The DFT calculations
showed that the formation of the new bond along a pseu-
doaxial direction is kinetically preferred. However, whether
this was or was not due to a greater orbital overlap in the
TS of path a when compared to the TS of path b could not
be univocally demonstrated in the light of the present calcu-
lations for both N and S derivatives. Notably, this is in con-
trast to our previous computational results obtained with
the pyranyl derivatives in which a greater orbital overlap
was found in the pseudoaxial bond formation, which ex-
plained the trans stereoselectivity in the cyclization. When a
protected N atom is present in the ring at C-6, the R1 sub-
stituent in the ring is axially oriented to reduce the A(1,3)

strain with the N-protecting group and the formation of the
new bond along the axial direction leads to the 2,5-cis com-
pounds. The exclusive formation of the cis compound we ex-
perimentally found is consistent with the activation energy
difference of 2.3 kcalmol�1 found between the two compet-
ing pathways, which is reasonably due to the intervention of
steric effects between the axial 2-methyl group and the
forming C5�C3’ bond. As for the 2-alkyl-substituted S deriv-
atives, small differences between equatorial and axial con-
formers of the pentadienyl cations, and between DG�

values, explain the low stereoselectivity in the ring closure.

In the light of the consistency observed between computa-
tional and experimental results, the usefulness of DFT calcu-
lations at the B3LYP/6-311G** level of theory as a robust
instrument for the prediction of reactivity and stereoselec-
tivity in such electrocyclic reactions is thus demonstrated.

Experimental Section

Computational methods : The gas-phase quantum chemical calculations
were performed by using the Gaussian 03 (G03)[27] program suite. For all
stationary points, both geometry and analytical frequency calculations
were carried out at the DFT level of theory by using the restricted
B3LYP hybrid functional,[28] which has already been successfully em-
ployed in the description of analogous pericyclic reactions.[9,20, 29] The em-
ployed basis set was the PopleGs 6-311G ACHTUNGTRENNUNG(d,p), which provides a single set
of polarization functions both for the heavy atoms and the hydrogen
atoms. Geometry optimizations were carried out in gas-phase by using
the G03 default convergence criteria, by means of the Berny algo-
rithm,[30] and the synchronous transit-guided quasi-Newton (STQN)
method[31] (QST2 routine implemented in G03) for the local minima and
saddle points, respectively. Frequency calculations at the reference T of
298.15 K were performed both to characterize stationary points and to
calculate their thermodynamic properties. Since the present study fo-
cused on free-energy differences (relative free-energy values) between
reactants and products and between reactants and saddle points, no scal-
ing factors were applied on the computed zero-point vibrational energies.
For all the reaction transition states hereafter reported, the diagonalized
mass-weighted Hessian matrix showed only one negative eigenvalue, re-
vealing a first-order saddle point. Moreover, for each identified saddle
point, the corresponding normal mode (related to the negative eigenval-
ue) involved nuclear displacements along the investigated reaction coor-
dinate. Besides, as a further piece of evidence for the proper reaction
path, some intrinsic reaction calculations (IRC)[32,33] on selected systems
were also carried out at the B3LYP/6-311G ACHTUNGTRENNUNG(d,p) level of theory (data not
shown). Finally, the solvent contribution was assessed in all stationary
points by means of the SMxGAUSS 2.0.1 program.[34] SMxGAUSS is a
quantum mechanical package that performs liquid-phase calculations by
using the SMx suite of universal solvation models developed by Truhlar
and co-workers.[35] The latter is a set of continuum solvation models
based on the generalized Born approximation, in which first-solvation ef-
fects are modeled with atomic surface tension functionals proportional to
the solvent-accessible surface area (SASAs) of the atoms in the solute.[35]

These functionals are parameterized to properly reproduce a wide set of
free energies of solvation in water and in organic solvents. Notably, the
SM5.43R universal model more accurately predicts both aqueous and or-
ganic free energy of solvation[35] than the framework of polarizable con-
tinuum model (PCM) methods.[36] Here, single-point self-consistent reac-
tion-field (SCRF) calculations on the previously converged geometries
were carried out in an implicit dichloromethane (CH2Cl2) continuum by
using the SM5.43R solvation model. The mPW1K hybrid functional was
chosen to describe the solute, as it has been suggested for calculating ki-
netics,[35] along with the 6-31G(d) basis set. Due to level of theory differ-
ences between the gas-phase calculations and the evaluation of the sol-
vent contributions, the solvent correction to the free energies differences
must be definitely intended as an independent addictive term. Briefly,
the relative molar free energies were calculated as follows:

DGtotal ¼ ðDGgas phaseÞB3LYP=6-311G** þ ðDGsolvationÞmPW1K=6-31G*

The gas-phase free energy is defined as:

DGgas phase ¼ DEelec þ DZPEþ DHvibr-rotðTÞ�TDSðTÞ

in which DEelec, DZPE, DHvibr-rot(T), and DS(T) are the electronic energy,
the zero-point energy, the vibrational-rotational enthalpy, and the total
entropy calculated at 298.15 K, respectively. The solvation free energy
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was calculated as follows:

DGsolvation ¼ DEelec þGp þGCDS þ DGvibr-rot

in which DEelec and DGvir-rot are the solute changing in electronic energy
and in vibrational-rotational free energy, respectively, following solvation,
Gp is the electronic polarization energy, and GCDS is a semiempirical term
(see Thompson et al. for details[34]).

Some calculations were carried out by adding one electron to the systems
to estimate the effects of the positive charge on both the reactants and
the transition states (see the Results and Discussion). These calculations
were carried out by using the restricted open-shell ROB3LYP functional
(employing the same basis set as reported above), as the spin multiplicity
passed from 1 to 2.

The partial charges were computed by following the standard two-stage
RESP fitting procedure[37,38] fitting first the polar areas by using weak hy-
perbolic restraints (0.0005 a.u.), and then fitting the remaining areas im-
posing equivalencies and by imposing a stronger restraint (0.001 a.u.).
The quantum electrostatic potential used was sampled by adapting the
Merz–Kollman–Singh (MKS) scheme,[39,40] namely, by using 10 concentric
layers at the default level of spacing, a surface density of 6 pointsR�2,
and the default MKS van der Waals radii (as elsewhere suggested[41]).

For the intermediates of Equations (1–6), one of the two enantiomers
was arbitrarily chosen for the study.

Metropolis Monte Carlo conformational searches were carried out at
300 K by using the MacroModel software package.[42] 10,000 conformers
were generated and the Metropolis criterion was adopted to accept or
discard any Monte Carlo move. All single bonds were left freely moving.
The outcomes of Monte Carlo conformational searches were clusterized
by means of AClAP,[43] by using the average linkage rule and the KGS
penalty function. This protocol has been proved to be well-suited to con-
formational analysis of low-to-high conformationally complex small or-
ganic molecules.[43b]

All calculations were performed on a Linux cluster employing an open
Mosix architecture.

General remarks : Chromatographic separations were performed under
pressure on silica gel by using flash-column techniques; Rf values refer to
TLC carried out on 0.25 mm silica gel plates with the same eluant indi-
cated for the column chromatography. THF was distilled from Na/benzo-
phenone. Dichloromethane was distilled from CaH2.

1H and 13C NMR
spectra were recorded on a Varian Gemini 200 (1H: 200 MHz, 13C:
50.33 MHz) or a JEOL Eclipse Plus 400 (1H: 400 MHz) at 25 8C. The
chemical shifts (d) and coupling constants (J) are expressed in ppm and
Hertz, respectively. Mass spectra were carried out by EI at 70 eV on a
Shimadzu GC/MS QP5050 instrument. Triflates 16 and 17 were prepared
as reported.[23] Compound 6b[15b] and 11[23] (Scheme 5) were prepared as
reported. 2-(1-Ethoxybuta-1,3-dienyl)-5,5-dimethyl ACHTUNGTRENNUNG[1,3,2]dioxaborinane
(19 ; Schemes 4 and 5) was prepared as reported.[44]

Methyl 6-[(1E)-1-ethoxybuta-1,3-dien-1-yl]-3,4-dihydropyridine-1(2H)car-
boxylate (7a): [PdCl2 ACHTUNGTRENNUNG(Ph3P)2] (35 mg, 0.05 mmol), boronate 19 (210 mg,
1.0 mmol), and a 2m aqueous K2CO3 solution (1 mL) were added to a so-
lution of 16 (289 mg, 1.0 mmol) in THF (7 mL), under an argon atmos-
phere. The mixture was stirred for 0.5 h at room temperature. Water
(25 mL) was then added, the mixture extracted with diethyl ether (3W
20 mL), and dried over K2CO3. Evaporation of the solvent afforded a
yellow oil that was purified by chromatography (EtOAc/petroleum ether
1:5, 1% Et3N, Rf=0.65) to give 7a (161 mg, 68% yield) as a pale-yellow
oil. 1H NMR (200 MHz, CDCl3): d=6.53 (dt, 3J ACHTUNGTRENNUNG(H,H)=16.8, 10.4 Hz,
1H; CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 5.40 (d, 3J ACHTUNGTRENNUNG(H,H)=10.4 Hz, 1H; CH2=CH�
CH=C ACHTUNGTRENNUNG(OEt)), 5.32 (t, J=3.7 Hz, 1H; H-5), 4.99 (dd, 3J ACHTUNGTRENNUNG(H,H)=16.8, 2J-
ACHTUNGTRENNUNG(H,H)=1.1 Hz, 1H; CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 4.77 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.4, 2J-
ACHTUNGTRENNUNG(H,H)=1.1 Hz, 1H; CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 3.79 (q, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz,
2H; OCH2CH3), 3.65 (s, 3H; CO2Me), 3.70–3.60 (m, 2H; CH2N), 2.21–
2.18 (m, 2H; 4-H, 4-H’), 1.96–1.73 (m, 2H; 3-H, 3-H’), 1.27 ppm (t, 3J-
ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H; OCH2CH3);

13C NMR (50.33 MHz, CDCl3): d=

156.0 (s; CO2Me), 155.9 (s; C ACHTUNGTRENNUNG(OEt)), 133.6 (d; CH2=CH�), 133.1 (s; C-
6), 118.4 (d; C-5), 111.0 (t; CH2=CH�), 103.6 (d; C ACHTUNGTRENNUNG(OEt)=C), 63.5 (t; C-

2), 52.4 (q; OCH3), 43.7 (t; OCH2CH3), 23.0 (t; C-4), 22.9 (t; C-3),
14.5 ppm (q); MS (70 eV, EI): m/z (%): 237 (85) [M]+ , 208 (100), 176
(75), 148 (45), 136 (48); elemental analysis calcd (%) for C13H19NO3: C
65.80, H 8.07, N 5.90; found: C 65.67, H 7.91, N 5.78.

Methyl 5-methyl-7-oxo-2,3,4,5,6,7-hexahydro-1H-cyclopenta[b]pyridine-
1-carboxylate (10a): Amberlyst 15 (16 mg) was added to a solution of 7a
(118 mg, 0.5 mmol) in anhydrous CH2Cl2 (5 mL) under an argon atmos-
phere, and the resulting mixture was stirred at room temperature. The re-
action was monitored by TLC and after 18 h, the resin was filtered off
through a short pad of NaHCO3 and the solution concentrated under
vacuum. Crude products were purified by flash chromatography (AcOEt/
petroleum ether 1:3, 0.5% Et3N, Rf=0.45) to give pure 10a (56 mg,
54%). 1H NMR (200 MHz, CDCl3): d=3.75 (s, 3H; CO2Me), 3.65–3.50
(m, 2H; CH2N), 2.72 (m, 1H; 5-H), 2.66 (dd, 2J ACHTUNGTRENNUNG(H,H)=15.9, 3J ACHTUNGTRENNUNG(H,H)=

6.7 Hz, 1H; 6-H), 2.47 (dt, 2J ACHTUNGTRENNUNG(H,H)=19.8, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 1H; 4-H),
2.20 (dt, 2J ACHTUNGTRENNUNG(H,H)=19.8, 3J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 1H; 4-H’), 2.01 (d, 2J ACHTUNGTRENNUNG(H,H)=

15.9 Hz, 1H; 6-H’), 1.87–1.80 (m, 2H; 3-H, 3-H’), 1.17 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=

7.0 Hz, 3H; CCH3);
13C NMR (50.33 MHz, CDCl3): d=198.7 (s; C-7),

161.5 (s; CO2Me), 137.9 (s; C-7a), 131.4 (s; C-4a), 53.1 (q; OCH3), 44.1
(t; C-2), 42.8 (t; C-6), 33.3 (d; C-5), 23.9 (t; C-4), 22.2 (t; C-3), 19.1 ppm
(q; CCH3); MS (70 eV, EI): m/z (%): 209 (100) [M]+ , 195 (73), 193 (55),
152 (60), 149 (90), 121 (63), 106 (60), 92 (52); elemental analysis calcd
(%) for C11H15NO3: C 63.14, H 7.23, N 6.69; found: C 63.00, H 7.51, N
6.44.

(1E)-1-(3,4-Dihydro-2H-thiopyran-6-yl)buta-1,3-dien-1-yl ethyl ether
(12a): [PdCl2 ACHTUNGTRENNUNG(Ph3P)2] (35 mg, 0.05 mmol), boronate 19 (210 mg,
1.0 mmol), and a 2m aqueous K2CO3 solution (1 mL) were added to a so-
lution of 17 (248 mg, 1.0 mmol) in THF (7 mL), under an argon atmos-
phere. The mixture was stirred for 0.5 h at room temperature. Water
(25 mL) was then added, the mixture extracted with diethyl ether (3W
20 mL), and dried over K2CO3. Evaporation of the solvent afforded a
yellow oil which was purified by chromatography (EtOAc/petroleum
ether 1:9, 1% Et3N, Rf=0.80) to give 12a (141 mg, 72%) as a pale-
yellow oil. 1H NMR (200 MHz): d=6.57 (td, 3J ACHTUNGTRENNUNG(H,H)=16.8, 10.2 Hz, 1H;
CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 5.85 (t, 3J ACHTUNGTRENNUNG(H,H)=4.3 Hz, 1H; 5-H), 5.41 (d, 3J-
ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H; CH2=CH�CH=CACHTUNGTRENNUNG(OEt)), 5.03 (d, 3J ACHTUNGTRENNUNG(H,H)=

16.8 Hz, 1H; CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 4.82 (d, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H;
CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 3.82 (q, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 2H; OCH2CH3),
2.98–2.88 (m, 2H; CH2S), 2.29–2.25 (m, 2H; 4-H, 4-H’), 2.10–2.05 (m,
2H; 3-H, 3-H’), 1.31 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 3H; OCH2CH3);

13C NMR
(50.33 MHz, CDCl3): d=156.9 (s; C ACHTUNGTRENNUNG(OEt)), 133.6 (s; C-6), 127.5 (d;
CH2=CH�), 124.2 (d; C-5), 111.8 (t; CH2=CH�), 104.0 (d; C ACHTUNGTRENNUNG(OEt)=C),
63.4 (t; OCH2CH3), 26.9 (t; C-2), 24.0 (t; C-4), 21.6 (t; C-3), 14.4 ppm (q;
OCH2CH3); MS (70 eV, EI): m/z (%): 196 (100) [M]+ , 167 (85), 139 (70),
105 (65), 79 (95); elemental analysis calcd (%) for C11H16OS: C 67.30, H
8.22; found: C, 66.41; H 7.99.

5-Methyl-3,4,5,6-tetrahydrocyclopenta[b]thiopyran-7(2H)one (15a): Am-
berlyst 15 (16 mg) was added to a solution of (1-ethoxybuta-1,3-dienyl)-
3,4-dihydro-2H-thiopyran (12a ; 98 mg, 0.5 mmol) in anhydrous CH2Cl2
(5 mL) under an argon atmosphere, and the resulting mixture was stirred
at room temperature. The reaction was monitored by TLC and after 4 h,
the resin was filtered off through a short pad of NaHCO3 and the solu-
tion concentrated under vacuum. Crude products were purified by flash
chromatography (AcOEt/petroleum ether 1:4, 0.5% Et3N, Rf=0.4) to
give pure 15a (55 mg, 66%). 1H NMR (200 MHz, CDCl3): d=2.95–2.74
(m, 2H, 1H; CH2S, 5-H), 2.74–2.25 (m, 2H, 1H; 4-H, 4-H’, 6-H), 2.00 (d,
2J ACHTUNGTRENNUNG(H,H)=19.0 Hz, 1H; 6-H’), 2.05–1.95 (m, 2H; 3-H, 3-H’), 1.17 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; CCH3);

13C NMR (50.33 MHz, CDCl3): d =204.1
(s; C-7), 167.8 (s; C-7a), 132.5 (s; C-4a), 42.3 (t; C-6), 37.9 (d; C-5); 25.2
(t; C-2, C-4), 22.1 (t, C-3), 18.7 ppm (q, CH3); MS (70 eV, EI): m/z : 168
(100) [M]+ , 153 (100), 139 (25), 97 (23); elemental analysis calcd (%) for
C9H12OS: C 64.25, H7.19; found: C 64.40, H 7.15.

5-Propyl-3,4,5,6-tetrahydrocyclopenta[b]thiopyran-7(2H)one (15b): Am-
berlyst 15 (6 mg) was added to a solution of 11 (25 mg, 0.13 mmol) in an-
hydrous CH2Cl2 (1.5 mL) under an argon atmosphere, and the resulting
mixture was stirred at room temperature. The reaction was monitored by
TLC and after 24 h, the resin was filtered off through a short pad of
NaHCO3 and the solution concentrated under vacuum. The ratio be-
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tween 15b (59%) and 11 (41%) was determined by 1H NMR spectro-
scopic analysis of the crude reaction mixture. This was then purified by
flash chromatography (EtOAc/petroleum ether 1:8, 0.5% Et3N, Rf=0.28)
to give pure 15b (14 mg) in 55% yield. Spectroscopic data of 15b are
identical to those reported.[15a]

2-Methyl-3,4-dihydro-2H-thiopyran-6-yl trifluoromethanesulfonate (18)

Preparation of 6-methyltetrahydro-2H-thiopyran-2-one : This was pre-
pared according to a slight modification of the reported procedure.[45] A
mixture of 6-methyltetrahydropyran-2-one (15 mmol), thiourea (1.1 g,
15 mmol), and hydrobromidric acid (2 mL, 48%) was refluxed whilst stir-
ring (6 h). After cooling, NaOH (2 g) in water (2 mL) was added and the
mixture was refluxed again under nitrogen for 2 h. The cooled solution
was extracted with ether and the ether extracts discarded. The aqueous
residue was acidified to pH 1 with concentrated hydrocloridric acid and
extracted with ether. The extracts were dried over sodium K2CO3 and
the solvent removed. The residue was then diluted with 25 mL of toluene
and refluxed for 1 h in the presence of catalytic p-toluene sulfonic acid.
After cooling, the organic layer was washed with water, dried over
K2CO3, and the solvent removed. The oil obtained was purified by distil-
lation. B.p. 85 8C (12 mm Hg); yield: 85%; 1H NMR (200 MHz, CDCl3):
d=3.54 (m, 1H), 2.57 (dt, J=17.5, 5.0 Hz, 1H), 2.42 (ddd, J=17.5, 10.5,
5.4 Hz, 1H), 2.15 (m, 1H), 2.02 (m, 1H), 1.82 (m, 1H), 1.53 (m, 1H),
1.31 ppm (d, J=6.7 Hz, 3H); 13C NMR (50.33 MHz, CDCl3): d=202.0
(s), 40.8 (d), 40.4 (t), 32.1 (t), 22.3 (q), 22.0 ppm (t).

Preparation of the triflate : The above 6-methyl-tetrahydrothiopyran-2-
one (158 mg, 1.21 mmol) in THF (4 mL) was added to a solution of po-
tassium hexamethyldisilazide (3.16 mL, 1.58 mmol) in THF (5 mL) at
�78 8C. After 1 h, N-phenyltrifluoromethansulfonimide (392 mg,
1.10 mmol) in THF (5 mL) was added. The mixture was stirred at �78 8C
for 1 h, and then the temperature was raised to room temperature for
6 h. Water (20 mL) was added and the mixture was extracted with Et2O.
The organic layer was then washed with NaOH 10% and brine. After
evaporation of the solvent, the crude product 18 (274 mg, 85%) was ob-
tained and used without further purification. 1H NMR (200 MHz,
CDCl3): d =5.84 (t, 3J ACHTUNGTRENNUNG(H,H)=4.4 Hz, 1H; 5-H), 3.59 (m, 1H; 2-H), 2.55–
2.45 (m, 2H; 4-H, 4-H’), 2.02–1.85 (m, 2H; 3-H, 3-H’), 1.38 ppm (d, 3J-
ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H; CH3).

6-[(1E)-1-Ethoxybuta-1,3-dien-1-yl]-2-methyl-3,4-dihydro-2H-thiopyran
(12c): [PdCl2 ACHTUNGTRENNUNG(Ph3P)2] (35 mg, 0.05 mmol), 2-(1-ethoxybuta-1,3-dienyl)-
5,5-dimethyl-[1,3,2]dioxaborinane (19 ; 210 mg, 1.0 mmol), and a 2m aque-
ous K2CO3 solution (1 mL) were added to a solution of crude triflate 18
(262 mg, 1.0 mmol) in THF (7 mL), under an argon atmosphere. The
mixture was stirred for 0.5 h at room temperature. Water (25 mL) was
then added, the mixture was extracted with diethyl ether (3W20 mL) and
dried over K2CO3. Evaporation of the solvent afforded a yellow oil which
was purified by chromatography (EtOAc/petroleum ether 1:9, 1% Et3N,
Rf=0.85) to give 12c (143 mg, 68%) as a pale-yellow oil. 1H NMR
(200 MHz, CDCl3): d =6.56 ppm (td, 3J ACHTUNGTRENNUNG(H,H)=17.0, 10.4 Hz, 1H; CH2=

CH�CH=C ACHTUNGTRENNUNG(OEt)), 5.85 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.9, 4.7 Hz, 1H; 5-H), 5.42 (d, 3J-
ACHTUNGTRENNUNG(H,H)=10.4 Hz, 1H; CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 5.04 (dd, 3J ACHTUNGTRENNUNG(H,H)=17.0,
2J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H; CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 4.83 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.4,
2J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 1H; CH2=CH�CH=C ACHTUNGTRENNUNG(OEt)), 3.83 (q, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz,
2H; OCH2CH3) 3.25 (dqd, 3J ACHTUNGTRENNUNG(H,H)=2.5, 6.8, 9.8 Hz, 1H; CHS), 2.45–
2.30 (m, 2H; 4-H, 4-H’), 2.05–2.25 (m, 2H; 3-H, 3-H’), 1.69 (t, 3J ACHTUNGTRENNUNG(H,H)=

7.0 Hz, 3H; OCH2CH3), 1.34 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H; CH3);
13C NMR (50.33 MHz, CDCl3): d=156.9 (s; C ACHTUNGTRENNUNG(OEt)), 133.7 (s; C-6),
127.8 (d; CH2=CH�), 123.6 (d; C-5), 111.9 (t; CH2=CH�), 104.8 (d; C-
ACHTUNGTRENNUNG(OEt)=C), 63.4 (t; OCH2CH3), 35.6 (d; C-2), 30.3 (t; C-4), 24.4 (t; C-3),
21.0 (q; CH3), 14.5 ppm (q; OCH2CH3); MS (70 eV, EI): m/z : 210 (100)
[M]+ , 181 (75), 139 (25), 55 (21); elemental analysis calcd (%) for
C12H18OS: C 68.52, H 8.63; found: C 68.32, H, 8.51.

2,5-Dimethyl-3,4,5,6-tetrahydrocyclopenta[b]thiopyran-7(2H)one (15c):
Amberlyst 15 (2.3 equivg�1, 10 mg) was added to a solution of 12c
(72 mg, 0.34 mmol) in anhydrous CH2Cl2 (5 mL) under an argon atmos-
phere, and the resulting mixture was stirred at room temperature. The re-
action was monitored by TLC and after 4 h, the resin was filtered off
through a short pad of NaHCO3 and the solution concentrated under
vacuum. Crude products were purified by flash chromatography (AcOEt/

petroleum ether 1:4, 0.5% Et3N, Rf=0.4) to give 15c (49 mg, 79%) as a
3:1 diastereomeric mixture. 1H NMR (400 MHz, CDCl3): major diaste-
reomer: d =3.25–3.10 (m, 1H; CHS), 2.93–2.72 (m, 1H; 5-H), 2.65 (dd,
2J ACHTUNGTRENNUNG(H,H)=17.4, 3J ACHTUNGTRENNUNG(H,H)=6.5 Hz; 6-H), 2.60–2.47 (m, 1H; 4-H), 2.45–2.32
(m, 1H; 4-H’), 2.27–2.13 (m, 1H; 3-H), 1.97 (dd, 2J ACHTUNGTRENNUNG(H,H)=17.4, 3J-
ACHTUNGTRENNUNG(H,H)=0.9 Hz, 1H; 6-H’), 1.85–1.70 (m, 1H; 3-H’), 1.29 (d, 3J ACHTUNGTRENNUNG(H,H)=

6.8 Hz, 3H; CH3), 1.12 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H; CH3);
13C NMR

(50.33 MHz, CDCl3): d =203.9 (s, C-7), 167.3 (s, C-7a), 133.3 (s, C-4a),
42.7 (t, C-6), 37.8 (d, C-5), 34.7 (d, C-2), 30.7 (t, C-4), 25.5 (t, C-3), 20.8
(q, 2-CH3), 18.7 ppm (q, CH3); MS (70 eV, EI): m/z : 182 (100) [M]+ , 167
(100), 154 (25), 97 (23); elemental analysis calcd (%) for C10H14OS: C
65.89, H 7.74; found: C 65.40, H 7.45.
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