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Abstract. A new series of β-heterosubstituted captodative olefins 1-
acetylvinyl arenecarboxylates (7a and 10a-10h) has been prepared,
by introducing nitrogen or sulphur as heteroatoms substituted by
alkyl and aryl groups. Three preparation methods were evaluated by
modifying the leaving group of the starting material, as well as the
nucleophilic character of the adding thiols. All of them were efficient
and stereoselective, providing the desired alkenes in good yields and
with the Z configuration of the double bond. Ab initio calculations
(HF/6-31G*) of the FMOs, of some of the beta amino and bromo
olefins, explained their experimental reactivity in Diels-Alder addi-
tions with respect to the unsubstituted olefin 1a. It also appears that
the HOMO and LUMO energies of the beta sulphur analogues are
governed by the particular electronic features of the sulphur atom,
and that their very low reactivity before a diene is due to steric hin-
drance. A comparison between bond distances obtained by X-ray
crystallography of different β-substituted and unsubstituted olefins
seems to correlate with the delocalization effect of the heteroatom
lone electron pair for the bromo and amino β-substituted olefins.
Keywords: Captodative olefin, structure, reactivity.

Resumen. Se describe la preparación de una nueva serie de olefinas
captodativas β-heterosustituidas 1-acetilvinil arencarboxilatos (7a
and 10a-10h), donde el heteroátomo es nitrógeno o azufre, sustituido
por grupos alquilo y arilo. Se evaluaron tres métodos para su prepa-
ración, modificando el grupo saliente en el sustrato, y el carácter nu-
cleofílico de los tioles que se adicionaron. Los tres métodos fueron
eficientes y estereoselectivos, proporcionando los alquenos deseados
en buenos rendimientos y con la configuración Z del doble enlace. El
cálculo de orbitales moleculares frontera (ab initio, HF / 6-31G*) de
algunas de las olefinas preparadas permitió explicar sus diferencias
en reactividad experimental con respecto a la olefina no sustituida 1a.
Así, se sugiere que las energías de los orbitales HOMO y LUMO de
los  análogos azufrados están gobernadas por las propiedades elec-
trónicas particulares del átomo de azufre, y que su baja reactividad
ante un dieno depende también del efecto estérico. Una comparación
de los datos de cristalografía de rayos X entre distancias de enlace de
diferentes olefinas β-sustituidas y la no sustituida parece correla-
cionarse con el efecto de deslocalización del par de electrones no
compartidos del heteroátomo para las olefinas β-bromo y β-amino
sustituidas.
Palabras clave: Olefina captodativa, estructura, reactividad.

Introduction

Captodative olefins have attracted particular attention in
recent years, due to the opposite electronic demand and to the
synthetic potential displayed by their geminally substituted
functional groups [1]. We have shown that 1-acetylvinyl p-
arenecarboxylates 1a-1c were highly reactive and selective in
Diels-Alder [2] and 1,3-dipolar cycloadditions [3], and they
also proved to be very useful synthons in natural product syn-
thesis [4]. More recently, the alkyl 2-aroyloxy acrylates 2a-2b
were prepared, showing also high reactivity and selectivity in
Diels-Alder reactions [5]. With the aim of evaluating the
effect of a third substituent in the double bond on the reactivi-
ty in [4+2] additions, compound 3a was prepared through a
stereoselective synthetic route starting from 1a [6]. A series of
amines 3b and thiols 3c and 3d were synthesized by treatment
of 3a with the corresponding amines and thiols. In particular,

enaminones are important organic intermediates [7], and have
potential biological activity [8]. Moreover, other β-substituted
captodative olefins have been prepared, showing interesting
pericyclic behavior and synthetic usefulness [9].

Attempts to carry out the Diels-Alder cycloaddition of
alkenes 3a-3d with dienes such as cyclopentadiene (4) and iso-
prene (5) were, however, unsuccessful, except for derivative 3a.
The latter yielded adducts with diene 4 in an unexpectedly high



exo stereoselectivity, and in comparable para/meta regioselec-
tivity to that observed for olefin 1a with diene 5 [6].

The high reactivity and selectivity of captodative olefins
in cycloaddition reactions is rather unexpected, since the elec-
tron-releasing effect of the aroyloxy group should decrease
their reactivity in comparison with a dienophile or dipo-
larophile bearing only an electron-withdrawing group, such as
methyl vinyl ketone (6) [10]. Structural and theoretical studies
of olefin 1a revealed that the delocalization of the oxygen
lone pair of the electron-donor group toward the π-sytem was
inhibited by conformational restrictions [11]. In addition,
FMO calculations suggested a dominant effect of the acetyl
electron-withdrawing group on the polarization of the olefin
[11]. However, the high regioselectivity shown by olefins 1 in
1,3-dipolar additions toward nitrones and nitrile oxides was
better rationalized by DFT/HSAB theory [3c], showing the
relevance of the electron-donor group in controlling the inte-
raction of the cycloaddends. Therefore, electronic and structu-
ral factors should be taken into account to explain the reactivi-
ty and regiochemistry observed in both Diels-Alder and 1,3-
dipolar reactions.

It is then relevant to evaluate the perturbation of the beta
substituent in olefins 3 on the electronic and structural proper-
ties of these molecules and, in particular, on the double bond.
Accordingly, we hereby report the preparation of a large
series of new captodative olefins β-substituted with a new
amine, and alkyl and aryl thiols. MO calculations were also
carried out to assess the effect of the third substituent on the
FMO energies and coefficients.

Results and discussion

Synthesis of β-heterosubstituted captodative olefins

The β-amino substituted olefin 7a was prepared by treating α-
bromoalkene 3a with amine 8a, as an extension of the method
used for the preparation of amino derivatives 3b [6] (Fig. 1).
Thus, addition of N,N-methylphenyl amine (8a), in methylene
chloride at 10 °C for 30 min, satisfactorily led to the desired  -
substituted olefin 7a in 62 % yield. The Z configuration of the
double bond was established through NOE experiments.
Irradiation of proton H-4 resulted in enhancement of the sig-
nal for the acetyl group.

In the previous report, the synthesis of β-thio (β-sulfanyl)
olefins was limited to 3c and 3d by treatment of 3a with the
corresponding thiol in the presence of triethylamine in DMF
at room temperature [6]. The use of some other alkyl mercap-
tanes and aryl thiophenols under these conditions was not as
efficient. Therefore, three additional methodologies were
investigated to improve the yields. The first method involved
the addition of the sodium salt of the thiol (9a-9c) to 3a (Fig.
2), leading to products 10a-10c in high yields and under mild
conditions (Table 1, entries 1-3). When thiols 9d-9g were
used, more severe conditions were applied in order to improve
the preparation of olefins 10b-10e (entries 4-7). The yields
were high even for the bulky thiol 9f. Under the same reaction
conditions, substituted thiophenols 9h-9j reacted with 3a to
give alkenes 10f-10h also in good yields (entries 8-10).

The leaving group Y at the starting alkenes was also eval-
uated. Instead of the bromine atom of olefin 3a, the dimeth-
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Table 1. Preparation of the β-sulfanyl substituted captodative olefins 10a-10h from olefin 3a.
Entrya RSX Baseb T (°C) t (h) 10 (%)c

1 9a (R = Me, X = Na) ___ 25 0.5 10a (85)
2 9b (R = Et, X = Na) ___ 25 0.5 10b (90)
3 9c (R = i-Pr, X = Na) ___ 25 0.5 10c (90)
4 9d (R = Et, X = H) Et3N 0-120d 3.0 10b (78)
5 9e (R = i-Pr, X = H) Et3N 0-120d 3.0 10c (81)
6 9f (R = t-Bu, X = H) Et3N 0-120d 3.0 10d (82)
7 9g (R = Bn, X = H) Et3N 0-120d 3.0 10e (90)
8 9h (R = C6H4p-Br, X = H) Et3N 0-120d 3.0 10f (96)
9 9i (R = C6H4p-OMe, X = H) Et3N 0-120d 3.0 10g (80)
10 9j (R = C6H4p-Me, X = H) Et3N 0-120d 3.0 10h (81)

a All under N2 atmosphere, with 1.3 mol equiv. of RSX, in DMF as solvent. 
b With 1.3 mol equiv. of Et3N. 
c After column and radial chromatography. 
d The reaction was succesively maintained at 0 °C for 1 h, 20 °C for 1 h, and at 120 °C for 1 h.

Fig. 1. Fig. 2.



ylamino group was used, due to its known aptitude as a leav-
ing group [12]. In these cases the optimum reaction conditions
were found to be similar to those employed for olefin 3a, that
is, reacting olefin 7b in the presence of thiols 9d-9j and tri-
ethylamine as base, and heating from 0 °C up to 120 °C for 3
h (Table 2). The aliphatic thiols 9d-9g provided compounds
10b-10e in quite lower yields than those obtained when olefin
3a was used (Table 2, entries 1-4 vs. Table 1, entries 4-7);
however, the yields increased for the preparation of 10g-10h
when 7b was treated with thiophenols 9i-9j (Table 2, entries
6-7 vs. Table 1, entries 9-10).

For both olefins, 3a and 7b, there were no significant dif-
ferences in reactivity or yields to furnish the β-substituted
alkenes 10 with the para substituted thiophenols 9h-9j (Table
1, entries 8-10 and Table 2, entries 5-7), considering that the
temperature and the reaction time were comparable, regardless
of the substituent.

It is interesting that sodium thiolates 9a-9c reacted with
olefin 3a to give the 1,4-addition products 10a-10c in good
yields, instead of providing the hydrolisis products by addition
to the p-nitrobenzoyloxy group, as observed when the corres-
ponding alcohols were used. As expected, this behavior illus-
trates again the known greater softness of the sulphur atom
with respect to the oxygen atom.

The Z configuration of the double bond is maintained in
all of the new olefins 10a-10h, as observed for the β-amino
alkene 7a, indicating that it is largely more stable than the E

configuration [6]. It is likely that the higher stability of the Z
configuration is associated to destabilizing steric interactions
found between the acetyl group and the beta substituent in the
opposite E configuration. Such interactions may inhibit the
effective conjugation of the enone moiety, and the delocaliza-
tion of the heteroatom lone electron pair through the π system
[6, 13].

The configuration of the double bond and the planar con-
formation of the enone moiety was confirmed by single crys-
tal X-ray crystallography of olefin 10f (Fig. 3). It shows that
both conjugated moieties, the enone and p-nitrobenzoyl
groups, are in a quasi-orthogonal conformation. This agrees
with those structures obtained for other analogues [5, 6, 11],
as well as in the s-trans conformation of the enone. Interestin-
gly, the p-bromophenyl ring lies out of the plane formed by
the enone π-system.

FMO calculations of β-heterosubstituted 
captodative olefins

Frontier molecular orbital (FMO) theory has proven to be a
reliable model to predict reactivity and regioselectivity in
Diels-Alder [14] and 1,3-dipolar cycloadditions [15]. It has
been able to explain the behavior of substituted olefins as
dienophiles in Diels-Alder additions. For instance, the rate
increases when the dienophile bears electron-withdrawing
groups, whereas it decreases with dienophiles bearing elec-
tron-donating groups [16]. 

FMO theory has also been useful in explaining the reac-
tivity and regioselectivity of captodative olefins with dienes
such as isoprene (5) [2a, 11], showing that the interaction was
controlled by normal electron demand (NED), i.e. the HOMO-
diene/LUMO-dienophile interaction was the energetically
most favorable. Furthermore, these results were supported by
experimental measurement of ionization energies (IEs) and
vertical attachment energies (VAEs) of 1a, whose relative val-
ues fit well with the calculated HOMO and LUMO energies,
respectively [11].
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Fig. 3. X-ray structure of captodative olefin 10f (ellipsoids with 30 %
probability).

Table 2. Preparation of the β-sulfanyl substituted captodative olefins
10b-10h from olefin 7b.

Entrya RSH 10 (%)b

1 9d (R = Et) 10b (74)
2 9e (R = i-Pr) 10c (77)
3 9f (R = t-Bu) 10d (70)
4 9g (R = Bn) 10e (87)
5 9h (R = C6H4p-Br) 10f (91)
6 9i (R = C6H4p-OMe) 10g (93)
7 9j (R = C6H4p-Me) 10h (90)

a All under N2 atmosphere, with 1.3 mol equiv. of RSH and with 1.3 mol
equiv. of Et3N, in DMF as solvent. The reaction was succesively maintained
at 0 °C for 1 h, 120 °C for 1 h, and at 20 °C for 1 h. 

b After column and radial chromatography. 

Table 3. Ab initio HF/6-31G* Frontier Molecular Orbitals energies,
and energy gaps (eV) of olefins 3a, 7a, 7b, 10a, 10f, and 10g, and
isoprene (5).

Entry Compounda HOMO LUMO HOMO-LUMOb

1 1ac –11.0460 2.4588 11.0781
2 3a –10.4288 2.1015 10.7208
3 7a –8.4516 2.9375 11.5568
4 7b –8.8119 3.1767 11.7960
5 10a –9.1412 2.4681 11.0874
6 10f –9.2764 2.3162 10.9355
7 10g –10.2014 2.1900 10.8093
8 5c –8.6193 3.5337

a Of the non-planar s-trans conformation for olefins 1a, 3a, 7a, 7b, 10f, and
10g, and of the s-cis conformation for olefin 10a and for the diene. b Energy
gaps for the energetically more favorable HOMO-diene/LUMO-dienophile
interaction. c Ref. [11].



Therefore, the electronic effect produced by the subs-
tituent in the beta position of the captodative olefins 3, 7, and
10 on their behavior in Diels-Alder reactions could be evaluat-
ed by calculating the FMO energies of these molecules, and
correlating them with those of the corresponding FMOs of a
diene such as 5.

Table 3 summarizes the calculated (HF/6-31G*) FMO
energies of bromo and amino alkenes 3a, 7a, and 7b, as well
as the thio alkenes 10a, 10f, and 10g. The geometries were
optimized with the same basis set, showing that the most sta-
ble geometry for 3a, 7a, and 7b, corresponded to the s-trans

conformation of the enone moiety, and the non-planar confor-
mation of the p-nitrobenzoyloxy group. However, only for
thioether 10g, the enone s-trans conformation was more sta-
ble, while olefins 10a and 10f were the exception, since the s-
cis conformer for the enone conjugate system was slightly
more stable (0.72 kcal/mol for 10a, and 0.24 kcal/mol for
10f), which is not in agreement with the X-ray structure of
10f. Even though these energy differences are negligible, and,
practically, both conformations are isoenergetic, the FMO
energy values listed in Table 3 corresponded to those obtained
for the most stable confomation in every molecule. The co-
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Bond 10f 1aa 3ab 7bb Average Lengthc

O(4)-C(3) 1.208 (4) 1.215 (5) 1.20 (3)  1.231 (7) 1.222
C(2)-C(3) 1.470 (5) 1.490 (5) 1.40 (3) 1.41 (1) 1.462
C(1)-C(2) 1.320 (4) 1.306 (6) 1.42 (3) 1.366 (9) 1.340
C(1)-Y(5) 1.725 (4) 1.79 (3) 1.32 (1) 1.712 (S); 1.881 (Br);

1.358 (Nsp2); 1.418 (Nsp3)
C(2)-O(6) 1.412 (3) 1.398 (4) 1.41 (3)  1.423 (7) 1.353
O(6)-C(7) 1.355 (4) 1.353 (4) 1.38 (2)  1.354 (6) 1.359
C(7)-O(8) 1.195 (4) 1.200 (4) 1.21 (3)  1.188 (6) 1.201
C(7)-C(9) 1.486 (4) 1.488 (5) 1.50 (3)  1.481 (7) 1.481

a Ref. [11]. b Ref. [6]. c Ref. [19]

Table 4. Comparison of X-ray selected bond distances (Å) (estimated standard deviations) of the crystal structure of 10f with those of  olefins
1a, 3a, and 7b, and with the average lenghts of bonds of the enone, enamine, vinyl ester and bromo vinyl systems.

Table 5. Ab initio HF/6-31G* calculations of coefficientes (Ci) of the frontier molecular orbitals for olefins 1a, 3a, 7a, 7b, 10a, 10f, and 10g,
and diene 5.a

HOMO LUMO
Compdb C1 C2 C3 C4 ∆Cic C1 C2 C3 C4 ∆Cι

c

3a –0.2456 –0.2839 0.0095 0.1277 –0.0383 0.3188 –0.2499 –0.2783 0.2759 0.0689
7a –0.1192 –0.3110 –0.0215 0.1414 –0.1918 0.2701 –0.1547 –0.2314 0.2143 0.1154
7b –0.1711 –0.3702 –0.0190 0.1718 –0.1991 0.2799 –0.1433 –0.2564 0.2316 0.1366
10a –0.1848 –0.3135 –0.0038 0.1475 –0.1287 0.3189 –0.2200 –0.2807 0.2501 0.0989
10f –0.1625 –0.2694 –0.0019 0.1277 –0.1069 0.2872 –0.2073 –0.2506 0.2263 0.0799
10g –0.2082 –0.2400 0.0042 0.1174 –0.0318 0.2843 –0.2404 –0.2579 0.2574 0.0439
1ad –0.3593 –0.3565 0.0236 0.1676 0.0028 0.2940 –0.2386 –0.2889 0.2800 0.0554
5d 0.3247 0.2523 –0.2180 –0.2857 0.0390 0.2591 –0.2236 –0.2306 0.2793 –0.0202

a These are the values of the 2pz coefficients, the relative 2pz’ contributions and their ∆Ci are analogous. 
b The FMOs of the non-planar s-trans conformation for olefins 1a 3a, 7a, 7b, and 10g, and s-cis for 5, 10a, and 10f. 
c Carbon 1 - carbon 2 for the olefins; carbon 1 - carbon 4 for the diene. 
d Ref. [11]



efficient differences follow a similar trend in the other con-
formers.

As expected for the amino substituted olefins 7a and 7b,
when an electron-releasing group is introduced into the double
bond of the captodative olefin, both HOMO and LUMO
should increase in energy (Table 3, entry 1 vs. entries 3 and
4). However, for the rest of the olefins, only the HOMO was
energetically destabilized, since the LUMO energy of olefins
3a, 10f, and 10g was lower than that of the unsubstituted
olefin 1a. It is likely that the effect of the heteroatom on the
energy of the FMOs be the result of an interplay of different
factors. The delocalization of the lone electron pair of
bromine and sulphur toward the π-conjugated enone system
will be less efficient than that of the nitrogen atom, due to the
differences in electronic configuration. The inductive effect of
these electronegative heteroatoms may increase the electron-
withdrawing effect of the beta substituent on the electron den-
sity of the double bond [17].

The delocalization of the lone electron pair in enaminone
7b was reflected in a shortening of the C(1)-N and C(2)-C(3)
bonds, and by an increase of the C(3)=O(4) and C(1)=C(2)
bond lengths [6], as observed for other analogues by X-ray dif-
fraction [18]. Similarly, significant delocalization appears in the
bromo olefin 3a, since the C(2)-C(3) bond length is shorter and
the C(1)=C(2) bond is longer than the corresponding bond
lengths of 1a and of the average values taken from X-ray data
of similar functional groups [19] (Table 4). In contrast, the X-
ray structure of 10f (Fig. 2) provides bond distances similar to
those for the β-unsubstituted olefin and for the non-delocalized
enone [19] (Table 4). It is noteworthy that the bond distances
between the atoms of the aroyloxy group are not really per-
turbed by changes in the heteroatom at the beta position. This
supports the idea of a non significant interaction between the
lone pair of the oxygen atom of the electron donor group and
the double bond, at least, in the crystalline state.

According to data in Table 3, one could anticipate a high-
er reactivity of olefins 3a, 10f, and 10g with respect to 1a in
Diels-Alder cycloadditions with diene 5, since the HOMO-
diene / LUMO-dienophile energy gaps for the former dieno-
philes are smaller than that found for the latter. This expecta-
tion is only partially in agreement with the observed reactivi-
ty, since olefin 3a added to 5 under thermal and Lewis acid
catalytic conditions similar to those used for 1a in shorter
reaction times [6]. However, thioalkene 3d, which is analo-
gous to olefins 10, failed to react even under catalysis. As pre-
dicted, the beta amino substituted alkene 7b was less reactive
than 1a, being unable to react with cyclopentadiene (12) [6],
which is considered a very reactive diene.

The unreliable prediction of the reactivity of olefins 10 by
FMO theory may be attributed to steric hindrance [20], which
would counterbalance the electronic effect, as suggested pre-
viously by establishing a correlation between the reaction rate
and LUMO energies of olefins 1a and 6 [11]. In addition, it
has been found that the FMO model fails to account for the
regioselectivity in Diels-Alder reactions with trisusbtituted
dienophiles or with phenylthiosubstituted dienes [21], or in

1,3-dipolar cycloadditions of nitrile oxides and nitrones with
olefins such as 1a [3c].

It is noteworthy that, under thermal and catalyzed condi-
tions, the regioselectivity found in the Diels-Alder addition of
dienophile 3a with isoprene (5) was similar to that observed
with the β-unsubstituted olefin 1a [2a, 6]. From the FMO
viewpoint, regioselectivity can be predicted on the basis of the
atomic coefficient differences for the appropriate frontier
orbital interaction: HOMO-diene/LUMO-dienophile, under
NED control [14a, 14b]. It can be observed from Table 5 that,
for olefin 3a, the relative magnitude of the LUMO coefficient
in the monosubstituted terminus of the double bond is larger
than that of the geminally disubstituted carbon. In comparison
with the LUMO of olefin 1a, the difference in coefficients C1
and C2 for this olefin and bromo olefin 3a are analogous,
hence a comparable regioselectivity should be observed,
which is, indeed, experimentally found. Thus, for diene 5,
which has the HOMO largest coefficient in carbon C-1, a pre-
ferred interaction with the largest coefficient on the double
bond of the dienophile agrees with the para orientation as the
major regioisomer. 

Polarization of the π-system in the HOMO for the amino
olefins 7a and 7b, and for the thio olefins 10 is towards the
substituted captodative carbon of the double bond (Table 5).
The larger difference in coefficients (∆Ci) of these alkenes
with respect to olefin 1a reflects the electron-donor effect of
the heteroatom in beta position. In contrast, the opposite
polarization is found for the LUMO, where the larger coeffi-
cient is located in the monosubstituted carbon atom (C1) of the
double bond.

Conclusions

The stereoselective synthesis of new β-heteroatom substituted
captodative olefins, including amino compound 7a, and sul-
phur derivatives 10a-10h, was feasible through three analo-
gous routes. The common feature among them involved the
replacement of a leaving group at the beta position of the
olefin by the corresponding amino or thio compound. Both
bromo and dimethylamino were efficient as the leaving
groups in the starting activated substrates 3a and 7b, respec-
tively. The former underwent nucleophilic attack of alkyl and
aryl thiols or the sodium salt of some of them in good yields.
The Z configuration of the double bond was established by
NMR and X-ray crystallography. A comparison between bond
distances by X-ray crystallography of different β-substituted
and unsubstituted olefins seems to correlate with the delocali-
zation effect of the heteroatom lone electron pair for the
bromo and amino β-substituted olefins.

Ab initio calculations of FMOs of trisubstituted amino
olefins 7a and 7b showed an increase of HOMO and LUMO
energies with respect to the unsubstituted 1a, as expected for
the perturbation of the π-orbital by an electron-donating
group. The presence of a bromine atom and alkyl and aryl thio
groups in olefins 3a, and 10a, 10f, and 10g, however, pro-
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duced an increase of the HOMO energy and a stabilization of
the LUMO. Based on these results, the predicted reactivity of
the Diels-Alder additions with diene 5 agrees with experiment
only for alkenes 3a, 7a and 7b. The regioselectivity observed
for the cycloaddition of olefin 3a is also explained by FMO
theory. Therefore, these calculations clearly indicate a signifi-
cant perturbation of the double bond of the captodative olefin
by the third substituent in the beta position. 

Experimental section

General. Melting points (uncorrected) were determined with
an Electrothermal capillary melting point apparatus. IR spec-
tra were recorded on a Perkin-Elmer 1600 spectrophotometer.
1H and 13C NMR spectra were obtained on a Varian Gemini-
300 (300 MHz and 75.4 MHz), and Brucker DMX-500 (500
MHz and 125 MHz) instruments, with CDCl3 as solvent and
TMS as internal standard. The mass spectra (MS) were taken
on a Hewlett-Packard 5971A spectrometer. X-Ray analyses
were collected using Mo Kα radiation (graphite crystal
monochromator, λ = 0.71073 Å). Microanalyses were per-
formed by M-H-W Laboratories (Phoenix, AZ). Analytical
thin-layer chromatography was carried out using E. Merck
silica gel 60 F254 coated 0.25 plates, visualizing by long- and
short-wavelength UV lamp. All air moisture sensitive reac-
tions were carried out under nitrogen using oven-dried glass-
ware. DMF was freshly distilled and received on molecular
sieves (4 Å), and methylene chloride from calcium hydride,
prior to use. Triethylamine was freshly distilled from NaOH.
All other reagents were used without further purification.
Compounds 3a and 7b were prepared as described previously
[6].

(Z)-4-(N,N-Methylphenylamino)-3-(4-nitrobenzoyloxy)-3-
buten-2-one (7a). To a solution of 1.0 g (3.18 mmol) of 3a in
CH2Cl2 (25 mL), at 10 °C, 0.443 g (4.14 mmol) of 8a were
added, and the mixture was stirred for 30 min. The reaction
mixture was diluted with CH2Cl2 (50 mL), and was washed
with a cold 5 % aqueous solution of HCl (2 × 25 mL), and a
cold saturated solution of NaCl (2 × 30 mL). The organic
layer was dried (MgSO4), and the solvent was evaporated
under vacuum. The residue was successively purified by flash
column chromatography on silica gel treated with 10 % of tri-
ethylamine (20 g, hexane/EtOAc, 90:10), and by radial chro-
matography (hexane/CH2Cl2, 90:10). The solid was recrystal-
lized (hexane/CH2Cl2, 20:80) to give 0.67 g (62 %) of 7a as
pale brown crystals: Rf 0.14 (hexane/EtOAc, 8:2); mp 141-143
°C; IR (CH2Cl2) 1741, 1621, 1591, 1529, 1495, 1350, 1316,
1244, 1096, 896 cm–1; 1H NMR (300 MHz, CDCl3) δ 2.24 (br
s, 3H, CH3CO), 3.45 (s, 3H, CH3N), 6.99-7.04 (m, 1H, Ph-H),
7.13-7.16 (m, 2H, Ph-H), 7.22-7.27 (m, 2H, Ph-H), 7.48 (br s,
1H, HC=), 8.03-8.06 (m, 2H, Ar-H), 8.21-8.24 (m, 2H, Ar-H);
13C NMR (75.4 MHz, CDCl3) δ 24.3 (CH3CO), 42.1 (CH3N),
122.7, 123.2, 125.8, 126.8 (C-3), 129.2, 130.9 (C-4), 131.1,
134.3, 145.7, 150.6, 162.7 (ArCO2), 187.0 (CH3CO). Anal.

Calcd for C18H16N2O5: C, 63.52; H, 4.74; N, 8.23. Found: C,
62.75; H, 4.58; N, 7.71.

General Procedures for the Preparation of Olefins 10a-
10h. Method A. To a mixture of 1.0 g (3.18 mmol) of 3a and
1.31 mol equiv. of the sodium salt of the corresponding thiol
9a-9c, at 0 °C, anhydrous DMF (10 mL) was added, and the
mixture was stirred for 30 min. The solution was concentrated
under vacuum, the reaction crude was diluted with CH2Cl2 (50
mL), and was washed with a cold 5 % aqueous solution of
HCl (2 × 25 mL), and a cold saturated solution of NaCl (2 ×
30 mL). The organic layer was dried (MgSO4), and the sol-
vent was evaporated under vacuum. The residue was succes-
sively purified by column chromatography on silica gel treat-
ed with 10 % of triethylamine (30 g/1 g of crude, hexane/
EtOAc, 90:10), and by radial chromatography (hexa-
ne/CH2Cl2, 80:20).

Method B. To a solution of 1.0 g (3.18 mmol) of 3a in anhy-
drous DMF (20 mL) 1.31 mol equiv. of the corresponding
thiol 9d-9j were added at 20 °C. The mixture was stirred and
cooled down to 0 °C, and a solution of 0.42 g (4.16 mmol) of
triethylamine in anhydrous DMF (3 mL) was added dropwise.
The mixture was maintained at the same temperature for 1 h,
then warmed up to 120 °C for 1 h, and cooled down to 20 °C
for 1 h. The solution was concentrated under vacuum, the
reaction crude was diluted with CH2Cl2 (50 mL), and washed
with a cold 5 % aqueous solution of HCl (2 × 25 mL), and a
cold saturated solution of NaCl (2 × 30 mL). The organic
layer was dried (MgSO4), and the solvent was evaporated
under vacuum. The residue was successively purified by col-
umn chromatography on silica gel treated with 10 % of tri-
ethylamine (30 g/1 g of crude, hexane/EtOAc, 90:10), and by
radial chromatography (hexane/CH2Cl2, 90:10). For the solid
products, the recrystallization was carried out from hexa-
ne/CH2Cl2, 10:90.

Method C. To a solution of 1.0 g (3.59 mmol) of 7b in anhy-
drous DMF (25 mL) 1.3 mol equiv. of the corresponding thiol
9d-9j were added at 20 °C. The mixture was stirred and
cooled down to 0 °C, and a solution of 0.472 g (4.67 mmol) of
triethylamine in anhydrous DMF (3 mL) was added dropwise.
The mixture was maintained at the same temperature for 1 h,
then warmed up to 120 °C for 1 h, and cooled down to 20 °C
for 1 h. The solution was concentrated under vacuum, the
reaction crude was diluted with CH2Cl2 (50 mL), and was
washed with a cold 5 % aqueous solution of HCl (2 × 25 mL),
and a cold saturated solution of NaCl (2 × 30 mL). The orga-
nic layer was dried (MgSO4), and the solvent was evaporated
under vacuum. The residue was successively purified by col-
umn chromatography on silica gel treated with 10 % of tri-
ethylamine (30 g/1 g of crude, hexane/EtOAc, 80:20), and by
radial chromatography (hexane/CH2Cl2, 80:20). For the solid
products, the recrystallization was carried out from hexa-
ne/CH2Cl2, 10:90.
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(Z)-4-Methylsulfanyl-3-(p-nitrobenzoyloxy)-3-buten-2-one
(10a). According to method A with 0.291 g (4.16 mmol) of
9a, afforded 0.76 g (85 %) of 10a as a pale yellow oil: Rf 0.21
(hexane/EtOAc, 8:2); IR (CH2Cl2) 1746, 1675, 1589, 1530,
1347, 1248, 1093, 895 cm–1; 1H NMR (300 MHz, CDCl3) δ
2.34 (s, 3H, CH3CO), 2.50 (s, 3H, CH3S), 7.39 (s, 1H, HC=),
8.32-8.34 (m, 4H, Ar-H); 13C NMR (75.4 MHz, CDCl3) δ 17.3
(CH3S), 24.7 (CH3CO), 123.7, 131.4, 134.1, 136.9 (C-4),
142.3 (C-3), 151.1, 161.7 (ArCO2), 187.1 (CH3CO); MS (70
eV) 281 (M+, 4), 150 (100), 134 (22), 120 (15), 104 (22), 92
(11), 76 (14). 

(Z)-4-Ethylsulfanyl-3-(p-nitrobenzoyloxy)-3-buten-2-one
(10b). According to method A with 0.349 g (4.16 mmol) of
9b, afforded 0.84 g (90 %) of 10b as a pale yellow oil.
According to method B with 0.258 g (4.16 mmol) of 9d, gave
0.73 g (78 %) of 10b. According to method C with 0.289 g
(4.67 mmol) of 9d, furnished 0.83 g (74%) of 10b: Rf 0.22
(hexane/EtOAc, 8:2); IR (CH2Cl2) 1746, 1675, 1588, 1529,
1423, 1348, 1275, 1246, 1217, 1049, 1013 cm–1; 1H NMR
(300 MHz, CDCl3) δ 1.43 (t, J = 7.1 Hz, 3H, CH3CH2S), 2.35
(s, 3H, CH3CO), 2.92 (q, J = 7.1 Hz, 3H, CH3CH2S), 7.49 (s,
1H, HC=), 8.45-8.47 (m, 4H, Ar-H); 13C NMR (75.4 MHz,
CDCl3) δ 15.4 (CH3CH2S), 24.7 (CH3CO), 28.4 (CH3CH2S),
123.6, 131.4, 134.1, 135.1 (C-4), 142.5 (C-3), 151.0, 161.7
(ArCO2), 187.1 (CH3CO). Anal. Calcd for C13H13NO5S: C,
52.87; H, 4.44. Found: C, 52.80; H, 4.68.

(Z)-4-Isopropylsulfanyl-3-(p-nitrobenzoyloxy)-3-buten-2-
one (10c). According to method A with 0.408 g (4.16 mmol)
of 9c, afforded 0.88 g (90 %) of 10c as a pale yellow oil.
According to method B with 0.358 g (4.16 mmol) of 9e, gave
0.80 g (81 %) of 10c. According to method C with 0.402 g
(4.67 mmol) of 9e, furnished 0.90 g (77 %) of 10c: Rf 0.30
(hexane/EtOAc, 8:2); IR (CH2Cl2) 1746, 1674, 1587, 1530,
1453, 1427, 1348, 1314, 1218, 1157, 1092, 1015, 958, 898,
870, 847 cm–1; 1H NMR (300 MHz, CDCl3) δ 1.38 (d, J = 7.3
Hz, 6H, (CH3)2CHS), 2.35 (s, 3H, CH3CO), 3.33 (sept, J = 7.3
Hz, 3H, (CH3)2CHS), 7.50 (s, 1H, HC=), 8.38-8.36 (m, 4H,
Ar-H); 13C NMR (75.4 MHz, CDCl3) δ 23.4 ((CH3)2CHS),
24.5 (CH3CO), 38.4 ((CH3)2CHS), 123.4, 131.1, 133.9, 134.1
(C-4), 141.9 (C-3), 150.7, 161.5 (ArCO2), 187.0 (CH3CO).
Anal. Calcd for C14H15NO5S: C, 54.36; H, 4.89. Found: C,
54.30; H, 5.00.

(Z)-4-tert-Butylsulfanyl-3-(p-nitrobenzoyloxy)-3-buten-2-
one (10d). According to method B with 0.375 g (4.13 mmol)
of 9f, afforded 0.84 g (82 %) of 10d as a pale yellow oil.
According to method C with 0.514 g (4.67 mmol) of 9f, fur-
nished 0.86 g (70%) of 10d: Rf 0.26 (hexane/EtOAc, 8:2); IR
(CH2Cl2) 1744, 1673, 1584, 1529, 1349, 1248, 1093, 769, 751
cm–1; 1H NMR (300 MHz, CDCl3) δ 1.48 (s, 9H, (CH3)3CS),
2.35 (s, 3H, CH3CO), 7.60 (s, 1H, HC=), 8.33 (br s, 4H, Ar-
H); 13C NMR (75.4 MHz, CDCl3) δ 24.8 (CH3CO), 31.1
((CH3)3CS), 45.7 ((CH3)3CS), 123.7, 131.4, 131.6 (C-4),
134.2, 142.3 (C-3), 151.0, 162.4 (ArCO2), 198.8 (CH3CO).

Anal. Calcd for C15H17NO5S: C, 55.71; H, 5.30. Found: C,
55.50; H, 5.30.

(Z)-4-Benzylsulfanyl-3-(p-nitrobenzoyloxy)-3-buten-2-one
(10e). According to method B with 0.516 g (4.13 mmol) of
9g, afforded 1.02 g (90 %) of 10e as a pale yellow oil.
According to method C with 0.579 g (4.67 mmol) of 9g, fur-
nished 1.18 g (87 %) of 10e: Rf 0.28 (hexane / EtOAc, 8:2); IR
(CH2Cl2) 1740, 1677, 1606, 1530, 1348, 1248, 1093 cm–1; 1H
NMR (300 MHz, CDCl3) δ 2.25 (s, 3H, CH3CO), 4.08 (s, 2H,
CH2Ph), 7.27-7.46 (m, 6H, HC=, Ph-H), 8.28-8.39 (m, 4H,
Ar-H); 13C NMR (75.4 MHz, CDCl3) δ 24.7 (CH3CO), 38.0
(CH2Ph), 123.7, 128.2, 129.0, 129.1, 131.4, 134.0, 134.2 (C-
4), 136.7, 142.4 (C-3), 150.9, 161.7 (ArCO2), 187.1 (CH3CO). 

(Z)-4-(4-Bromophenylsulfanyl)-3-(4-nitrobenzoyloxy)-3-
buten-2-one (10f). According to method B with 0.786 g (4.16
mmol) of 9h, afforded 1.29 g (96 %) of 10f as pale yellow
crystals. According to method C with 0.883 g (4.67 mmol) of
9h, furnished 1.45 g (91 %) of 10f: mp 174-175 °C; Rf 0.16
(hexane/EtOAc, 8:2); IR (CH2Cl2) 1747, 1679, 1531, 1419,
1348, 1243, 1090, 1008 cm–1; 1H NMR (300 MHz, CDCl3) δ
2.35 (s, 3H, CH3CO), 7.36-7.40 (m, 2H, Ar-H), 7.46 (s, 1H,
HC=), 7.51-7.55 (m, 2H, Ar-H), 8.30-8.38 (m, 4H, Ar-H); 13C
NMR (75.4 MHz, CDCl3) δ 24.9 (CH3CO), 123.6, 123.7,
130.8, 131.5, 132.9, 133.1, 133.7, 134.1 (C-4), 142.6 (C-3),
151.2, 161.7 (ArCO2), 187.3 (CH3CO). Anal. Calcd for
C17H12BrNO5S: C, 48.36; H, 2.86; N 3.32; S, 7.58. Found: C,
48.04; H, 2.80; N, 3.29; S, 7.41.

(Z)-4-(4-Methoxyphenylsulfanyl)-3-(4-nitrobenzoyloxy)-3-
buten-2-one (10g). According to method B with 0.582 g (4.16
mmol) of 9i, afforded 0.95 g (80 %) of 10g as pale yellow crys-
tals. According to method C with 0.654 g (4.67 mmol) of 9i, fur-
nished 1.25 g (93 %) of 10g: mp 122-123 °C; Rf 0.20
(hexane/EtOAc, 8:2); IR (CH2Cl2) 1743, 1674, 1592, 1546,
1531, 1492, 1421, 1346, 1264, 1093 cm–1; 1H NMR (300 MHz,
CDCl3) δ 2.33 (s, 3H, CH3CO), 3.82 (s, 3H, MeO), 6.88-6.94
(m, 2H, Ar-H), 7.44-7.49 (m, 2H, Ar-H), 7.45 (s, 1H, HC=),
8.34 (s, 4H, Ar-H); 13C NMR (75.4 MHz, CDCl3)   δ 24.8
(CH3CO), 55.4 (CH3O), 115.3, 122.0, 123.6, 131.5, 134.0,
134.2, 137.2 (C-4), 141.5 (C-3), 150.9, 160.7, 161.7 (ArCO2),
187.2 (CH3CO). Anal. Calcd for C18H15NO6S: C, 57.90; H,
4.05; N, 3.75; S, 8.59. Found: C, 58.08; H, 4.12; N 3.74; S, 8.70.

(Z)-4-(4-Methylphenylsulfanyl)-3-(4-nitrobenzoyloxy)-3-
buten-2-one (10h). According to method B with 0.516 g
(4.16 mmol) of 9j, afforded 0.92 g (81 %) of 10h as pale yel-
low crystals. According to method C with 0.58 g (4.67 mmol)
of 9j, furnished 1.15 g (90 %) of 10h: mp 113-115 °C; Rf 0.22
(hexane/EtOAc, 8:2); IR (CH2Cl2) 1747, 1677, 1589, 1531,
1348, 1091, 897, 847, 807 cm–1; 1H NMR (500 MHz, CDCl3)
δ 2.33 (s, 3H, CH3CO), 2.37 (s, 3H, MeAr), 7.20-7.22 (m, 2H,
Ar-H), 7.39-7.41 (m, 2H, Ar-H), 7.50 (s, 1H, HC=), 8.34 (s,
4H, Ar-H); 13C NMR (125 MHz, CDCl3) δ 21.1 (CH3Ar),
24.8 (CH3CO), 123.7, 128.2, 130.5, 131.5, 131.9, 134.0, 136.3
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(C-4), 138.5, 141.9 (C-3), 151.0, 161.7 (ArCO2), 187.3
(CH3CO). Anal. Calcd for C18H15NO5S: C, 60.49; H, 4.23.
Found: C, 60.27; H, 4.50.

Single-Crystal X-Ray Crystallography [22]. Olefin 10f was
obtained as pale yellow crystals. These were mounted in glass
fibers. Crystallographic measurements were performed on a
Siemens P4 diffractometer with Mo Kα radiation (λ = 0.7107
Å; graphite monochromator) at room temperature. Two stan-
dard reflections were monitored periodically; they showed no
change during data collection. Unit cell parameters were
obtained from least-squares refinement of 26 reflections in the
range 2 < 2Θ < 20°. Intensities were corrected for Lorentz and
polarization effects. No absorption correction was applied.
Anisotropic temperature factors were introduced for all non-
hydrogen atoms. Hydrogen atoms were placed in idealized
positions and their atomic coordinates refined. Unit weights
were used in the refinement. The structure was solved using
SHELXTL on a personal computer [23]. Data of 10f:
Formula: C17H12BrNO5S; molecular weight: 422.25; cryst.
syst.: monoclinic; space group: P21/c; unit cell parameters: a,
6.4121 (9), b, 12.8041 (11), c, 20.998 (2) (Å); α, 90, β, 94.884
(9), γ, 90 (deg); temp. (°K): 293 (2); Z: 4; No. of reflections
collected: 4641; no. of independent reflections: 3335; no. of
observed reflections: 3290; R: 0.0429; GOF: 1.012.

Calculations. The ab initio SCF/HF calculations were car-
ried out with the 6-31G* basis sets using Gaussian 94 [24] and
MacSpartan [24]. Geometries were fully optimized by the
AM1 semiempirical method [25] and these were employed as
starting point for optimization, at the 6-31G* level.
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