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A theoretical model for the facial selectivity of N-dienyl oxazolidin-2-(thi)one and thiazolidin-2-thione
2a–c is presented. Our analysis provides a clear understanding of factors controlling stereoselectivity
in reaction of these dienes, and allows predictions of high diastereoselectivity in the case of oxazoli-
din-2-thionyl diene (2b). The application of this diene to the synthesis of b- and c-aminophosphonic
derivatives is then investigated. Under classical conditions or under microwave activation, the D–A reac-
tion of diene 2b leads to aminophosphonic chirons with high regio- and stereoselectivities.

� 2009 Elsevier Ltd. All rights reserved.
The Diels–Alder (D–A) reaction occupies a central role in organ- In this Letter, we document further the theoretical model12,13
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ic synthesis as it generates polyfunctionalized six-membered rings
with high regio- and stereo-control.1 Numerous examples of asym-
metric D–A reactions (chiral auxiliaries,2 chiral catalysts,3 organo-
catalysts,4 chiral media,5 etc.) have also shown that it is possible to
control the absolute configuration of cycloadducts. In this context,
we recently reported8b–e the successful development of a new chi-
ral N-protected aminodiene8f–k based on a simplified theoretical
model (model compounds 1a–b, R1 = H; see Fig. 1) and its use in
asymmetric D–A reactions.

The compatibility of the D–A reaction with a wide range of
chemical functions guarantees interest in many research areas,
from simple molecules to large and complex structures. Also, the
implementation of modern synthesis techniques6,7 (microwave
activation, high pressure reactors, micro-emulsions, etc.) over-
comes previous unsuccessful applications of the D–A process due
to low reactivity of the diene or/and the dienophile and instability
of both partners and/or cycloadducts under thermal or Lewis acid-
catalyzed conditions. This prompted us to envisage the use of diene
2 for the development of a general method for the asymmetric syn-
thesis of aminophosphonic derivatives.8a–e These compounds are
recognized as constituting an important class of pharmacologically
active molecules.9 Several strategies have been developed towards
the a-amino phosphonic compounds, related to the naturally
occurring a-aminoacids.10 Surprisingly, b-, c- and d-aminophos-
phonic derivatives were obtained only via punctual methods.9a,11
ll rights reserved.
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for the facial selectivity of dienes bearing thiazolidin-2-(thi)one
X=Y=S, R =H (1c) or Ph (2c)

Figure 1. Energy profiles for the cycloadditions of dienes 2a–c (R1 = Ph) and
ethylene (R2 = H) or propene (R2 = Me).
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Table 1
Energetic discrimination between the two anti and syn conformers (DErot

rel ) of dienes 2a–c and selectivities (DEa
sel) calculated for the D–A reaction between 2a-c (R1 = Ph) and

ethylene (R2 = H) or propene (R2 = Me) (values in brackets correspond to calculations in solution)

Diene 2a (X = Y = O) 2b (X = S, Y = O) 2c (X = Y = S)

DErot
rel (kcal.mol�1) anti syn anti syn anti syn

0 1.5 (1.7) 0 3.6 (3.7) 0 4.6 (4.4)
DEa

sel (kcal.mol�1) Ethylene Propenea Ethylene Propenea Ethylene Propenea

1.6 (1.8) 1.7 (1.1) 3.5 (3.1) 4.5 (3.9) 4.8 (4.5) 5.9 (5.2)

a Illustrated for the endo ortho cycloadducts.
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or oxazolidin-2-thione chiral auxiliaries, using realistic systems
and including now solvent effects. The application of aminodienes
2 for the asymmetric synthesis of b- and c-aminophosphonic
derivatives is then investigated.

The factors controlling the facial selectivity for chiral N-dienyl
oxazolidin-2-(thi)ones 2a–b and N-dienyl thiazolidin-2-thione 2c
(R1 = Ph, Fig. 1) have been identified: the absolute configuration
of the cycloadducts can be accounted for by the approach of the
dienophile from the less hindered face (a-face)14 of the s-cis diene
presenting an anti conformation around the C(1)–N bond (see
Fig. 1).8c–e Indeed, this conformation was found to be preferred
2a TSanti
φC(=X)-N-C(1)-C(2) = 176.0°

24.15 kcal.mol-1

2a TSsyn
φC(=X)-N-C(1)-C(2) = 16.7°

25.85 kcal.mol-1

2b TSanti
φC(=X)-N-C(1)-C(2) = 170.6°

23.80 kcal.mol-1

2b TSsyn
φC(=X)-N-C(1)-C(2) = 17.5°

28.30 kcal.mol-1

2c TSanti

φC(=X)-N-C(1)-C(2) = 168.0°
23.70 kcal.mol-1

2c TSsyn

φC(=X)-N-C(1)-C(2) = 21.4°
29.60 kcal.mol-1

2a TSanti
φC(=X)-N-C(1)-C(2) = 176.0°

24.15 kcal.mol-1

2a TSsyn
φC(=X)-N-C(1)-C(2) = 16.7°

25.85 kcal.mol-1

2b TSanti
φC(=X)-N-C(1)-C(2) = 170.6°

23.80 kcal.mol-1

2b TSsyn
φC(=X)-N-C(1)-C(2) = 17.5°

28.30 kcal.mol-1

2c TSanti

φC(=X)-N-C(1)-C(2) = 168.0°
23.70 kcal.mol-1

2c TSsyn

φC(=X)-N-C(1)-C(2) = 21.4°
29.60 kcal.mol-1

Figure 2. Structure and energy of two relevant transition states for the cycload-
dition of propene and dienes 2a–c (Energy of both transition states is relative to the
sum of the reactants energies considering the diene in its anti conformation).
over the syn one because of (1) the higher stabilization by elec-
tronic delocalization involved in the anti orientation, (2) the unfa-
vourable orientation of respective dipoles of the dienyl and
heterocyclic moieties in the syn conformer and despite (3) the
emergence of a stabilizing electrostatic interaction between oxy-
gen and the nearest hydrogen in the syn isomer (Table 1).

Our calculations12a on realistic models and taking solvents ef-
fects into account predict that structural modification by succes-
sive oxygen–sulfur replacement (compounds 2a–c) leads to an
increase of the energetic discrimination between the syn and the
anti conformers by further (relative) destabilization of the former
(Table 1). The most important effect is observed when going from
oxazolidin-2-one 2a to oxazolidin-2-thione 2b, most probably due
to a weaker stabilizing effect by the hydrogen bond in the syn con-
former.8e,15 Indeed, similar trends observed in solution phase sug-
gest that the dipole–dipole interaction between butadienyl and
heterocyclic moieties is not a determining factor for the anti–syn
energetic discrimination. Also, the fact that the rotation barrier
was found to be constant16 (DEa

rot is about 9.5 kcal mol�1 for dienes
2a–c) indicates that oxygen–sulfur replacement does not affect sig-
nificantly electronic delocalization.

Our calculations on TSs confirm the increase of facial selectivity
upon progressive replacement of oxygen by sulfur (Table 1). The
main effect is observed for the oxazolidin-2-one (2a) to oxazoli-
din-2-thione (2b) shift. A structural analysis of the TSs shows a sys-
tematic concerted synchronous addition (Fig. 2). Activation barriers
for both regioisomers (ortho and meta) for propene cyclization indi-
cated a slight preference for the ortho-pathway (by 0.5 kcal mol�1)
with no particular effect comparing the three dienes 2a–c. This low
regioselectivity arises from the low activating effect of the methyl
group of propene, and should be stronger when considering more
activated dienophiles. Generally, the results collected indicate that
the endo approach is favoured over the exo. Interestingly, the cyclo-
addition of the sulfur-containing dienes (compounds 2b–c) with
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Scheme 1. Synthesis of dienes 2b and 2d. Reagent ands conditions: (a) TBDMSCl,
NaI., Et3N, rt, overnight (2b, quant.).
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Table 2
Cycloadditions of dienes 2b with the selected dienophiles (3a–e)

Entry Dienophile X Yielda Regioselect.b endo/exo dec

1
PO(OMe)2MeO2C

3a

O 80 100 84:16 80
2 S >98 100 86:14 >99

3
CO2Me

(EtO)2OP
3b

O 69 100 76:24 82
4 S 73 100 100:0 >99

5
COMe

(EtO)2OP
3c

O 63 100 92:8 95
6 S 70 100 100:0 >99

7
CN

(EtO)2OP
3d

O 59 100 85:15 >85
8 S 54 100 100:0 >99

9
CF3

(EtO)2OP
3e

O 0 / / /
10 S 0 / / /

a After purification by column chromatography.
b Determined by 1H NMR (500 MHz) analysis on the crude mixtures.
c (3R) isomer versus (3S) isomer, for the major endo-stereoisomer.

Table 3
Microwave activation assays illustrated for the reaction of 2b and 3c

Solvent Power (W) Temp. (�C) Time (h) Conv. (%)

Toluene 300 60 24 0
(CH2Cl)2 500 75 24 15
MeCN 750 80 24 22
DMF 500 145 4 100
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propene is characterized by a higher endo/exo selectivity as com-
pared to the oxazolidin-2-one diene 2a.

Since the most important effects were predicted for diene 2b,
we selected the latter for the development of an asymmetric syn-
thesis of b- and c-aminophosphonates. Our strategy is based on the
fact that the regioselectivity of the D–A reaction should allow the
selective synthesis of b- and c-aminophosphonic derivatives by
reaction of diene 2b with unsymmetrical gem- and vic-activated
phosphonodienes, respectively.17 Diene 2b was synthesized from
intermediate 4 according to the reported procedure (Scheme 1).8e

The corresponding 3-siloxy-activated diene 2d18 was also obtained
quantitatively from the vinylogous amide 4, in view to enlarge the
application field of the 4-phenyloxazolidin-2-thione chiral
auxiliary.

Dienes 2b and 2d were engaged under classical conditions
(refluxing MeCN) with the selected dienophiles (Scheme 2 and Ta-
ble 2).

Degradation of the diene 2d was observed in all cases, whereas
diene 2b reacts with phosphonodienophiles 3a–e to give the corre-
sponding amino-phosphonic derivatives with good yields. Low
reactivity of phosphonodienophiles 3a–e is, however, responsible
for long reaction times (1–15 days). Nevertheless, the regioselec-
tivity19 and the reactivity order are compatible with the orienta-
tion and the strength of the polarization among the p system of
the dienophiles 3a–e. Surprisingly, dienophile 3e remains unreac-
tive even under prolonged heating. Thermal instability of the cyc-
loadducts prevented, in most cases, the use of GC for the
determination of selectivities, but 500 MHz NMR analysis of the
crude mixtures offered a convenient tool for structural assign-
ments.19 In each case, the facial discrimination induced by the chi-
ral 4-phenyloxazolidin-2-thione auxiliary is total. Endo-selectivity
is also total for dienophiles 3b–d; in the case of the gem-substi-
tuted phosphonodienophile 3a, endo-selectivity drops to 86/14
(Table 2, entry 1), mainly because of steric hindrance. What is very
encouraging is the observed enhancement of the facial selectivity
as compared to the oxazolidin-2-one series (X = O).8e–k This struc-
tural modification does not affect the intrinsic reactivity of the
diene as indicated by similar yields and reaction times.

Despite the excellent regio- and stereoselectivities offered by
the chiral aminodiene 2b, the application field suffers from the lack
of reactivity of the phosphonodienophiles. Microwave (MW) acti-
vation could provide a useful way to overcome this inherent low
reactivity. Using toluene or dichloromethane as solvent (totally
permeable to MW), no, or very low, conversion was observed after
prolonged heating (Table 3). However, in acetonitrile, conversion
occurred to the same extent as under classical heating conditions
and in DMF, at 145 �C, complete conversion was observed after
only 4 h. These observations highlight the lack of specific MW acti-
vation effect as a consequence of an isopolar mechanism20 (in good
agreement with the predicted concerted synchronous character of
these cycloadditions, see above). There is no modification of the
observed selectivities under microwave activation. Dienophile 3e
remains unreactive towards diene 2b, and no D–A reaction of diene
2d was observed. This MW activation method allows an increased
efficiency to reach the corresponding cycloadducts 5a–d. Complete
structural analysis of these cycloadducts has been published
elsewhere.8b,d

In summary, we have further illustrated the D–A cycloadditions
of chiral N-oxazolidin-2-thione diene 2b with a representative set
of gem- and vic- activated phosphonodienophiles (3a–d). Under
both thermal conditions and MW activation, these reactions pro-
ceed with total regio- and stereoselectivities, leading to b- and c-
aminophosphonic chirons.21 Our computational investigation, on
realistic model and including solvent effects, of the factors govern-
ing the stereoselectivity provides a complete rational for the asym-
metric D–A reaction of N-protected dienes bearing a oxazolidin-2-
(thi)one or thiazolidin-2-thione moiety. This study shows that fa-
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cial selectivity is controlled by the energetic discrimination be-
tween the two reactive conformers of the diene (anti and syn con-
formers). This energetic preference for the anti conformer increases
with progressive oxygen–sulfur replacement in the chiral auxiliary.
Calculations taking solvent effects into account indicate that the
main factor responsible for the observed increase in facial selectiv-
ity upon going from oxazolidin-2-one to oxazolidin-2-thione chiral
auxiliary is the lower stabilization of the syn conformer by hydro-
gen bond in the case of sulfur atom.
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