
Influence of the Solvent Polarity on the Stereoselectivity of the
Uncatalyzed [4� 2] Cycloaddition of Cyclopentadiene to N,N'-

Fumaroyldi[(2R)-borane-10,2-sultam]

by Christian Chapuisa)1)*, Anna Kucharskab), Piotr Rzepeckib), and Janusz Jurczaka)b)*

a) Institute of Organic Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, PL-01-224 Warsaw
b) Department of Chemistry, University of Warsaw, Pasteura 1, PL-02-093 Warsaw

A correlation between the solvent polarity and the logarithm of the diastereoisomer ratio (dr) was found
for the uncatalyzed [4� 2] cycloaddition of cyclopentadiene to N,N'-fumaroyldi[(2R)-bornane-10,2-sultam].
Using the Abboud-Abraham-Kamlet-Taft parameters, predictive values for this method, allowed an optimum
diastereoisomeric excess (de) of 96% (EtOH, ÿ788). A similar diastereoselectivity was achieved using 5m
LiClO4/Et2O or H2O/b-cyclodextrin, and the influence of supercritical CO2 is also reported. Selective
cycloadditions of apolar diene in polar solvents are entropically favored by the greater dipole moment of the N-
enoylcamphorsultam syn-s-cis conformers and of the C(a)-re transition states. Implications on the stereo-
chemical course of the reaction are discussed.

Introduction. ± We recently presented results of the catalyzed Diels-Alder
cycloaddition of (ÿ)-1 to cyclopentadiene [1] and diverse dienes [2], which are related
to a theoretical study of the transition states performed by PM3 calculations [3].
Pursuing our systematic study on the behavior of (ÿ)-1, we now wish to report on
solvent effects of its [4� 2] cycloaddition to cyclopentadiene. Indeed, although the
influence of the medium on the overall kinetic [4], the diastereo (endo/exo)- [5], and
regioselectivity [6] of the Diels-Alder reaction is well-known, only a few reports
describe the influence of the solvent on the p-facial selectivity for its diastereo- and
enantiomorphic transition states [7]. In an early report, Sauer et al. concluded that the
diastereoselectivity engendered during the uncatalyzed [4� 2] cycloaddition of (ÿ)-
dimenthyl fumarate to cyclopentadiene could, surprisingly, result in the inversion of the
poor diastereoselectivity observed, while that of the (ÿ)-menthyl acrylate was almost
independent of the solvent [7a]. Helmchen and coworkers then found a clear
correlation between increasing solvent polarity and decreasing p-facial selectivity in
the uncatalyzed ethyl O-acryloyl lactate cycloaddition to cyclopentadiene [7b]. In
contrast, after a detailed study, Cativiela et al. concluded that the diastereoisomer-
excess (de) values of the thermal cycloaddition of (ÿ)-menthyl acrylate to cyclo-
pentadiene seem to slightly increase with the polarity of the solvent [7c].

Results and Discussion. ± The choice of the C2-symmetrical dienophile (ÿ)-1 for the
cycloaddition to cyclopentadiene (see Scheme) allowed to simplify the endo/exo
analytical problem and to profit from the cooperative effect of two prosthetic groups
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[8]. The reaction was performed by addition of 4.0 mol-equiv. of cyclopentadiene to
0.02m (ÿ)-1 in the chosen solvent at 208. The p-facial selectivity was measured after
18 h, as earlier reported [1], directly by 1H-NMR analysis at 500 MHz of the olefinic
signals of the diastereoisomeric cycloadducts 2 in the reaction mixture.

After a rapid survey of common solvents such as toluene, THF, CHCl3, AcOEt,
acetone, and CH2Cl2, we empirically concluded that the diastereoselectivity improved
from 64 to 84% de on increasing the polarity of the solvent (see Table 1). We then
systematically studied the complete range of solvent polarity from CCl4 (58% de) to
MeCN (88% de), but could not find any direct correlation with either the dipole
moment or the dielectric constant of the solvent. The best correlation was found with
the solvent-polarity values ET(30) reported by Reichardt [9]. As illustrated in Fig. 1, the
logarithm of the diastereoisomer ratio (dr) increased with increasing polarity. Thus, to
reach the maximum selectivity, we performed the reaction in particularly polar solvents
such as propane-1,3-diyl carbonate (88% de), sulfolane (90% de), or nitromethane
(91% de); this latter solvent has an ET(30) value of 46.3 kcal/mol. We then turned our
attention towards more polar and protic solvents such as MeOH, EtOH, and H2O; in
some cases, we found a depreciation of the diastereoselectivity, but the de nevertheless
remained correlated with the polarity and parallelled the influence of the weak or non-
H-bond donor (non-HBD) solvents. For example, in EtOH the de was 77% as
compared to 82% in MeOH, 90% in 2,2,2-trifluoroethanol, and 92% in H2O2). To
optimize the de values, we then tested 1,1,1,3,3,3-hexafluoropropan-2-ol which
possesses a higher solvent polarity (ET(30)� 65.3 kcal/mol) than H2O, but obtained
a similar selectivity (90% de). Equally, the use of a liquid salt, such as ethyl ammonium
nitrate (ET(30� 61.6 kcal/mol [10]), which is known to give better conversion and
endo/exo selectivity than H2O [5a], afforded 89% de. We then tried pentane-2,4-dione,
whose polarity is higher than that of nitromethane, but found an intermediate
selectivity of 86% de, which probably resulted from the H-bond donor (HBD)
properties of the enol form. In 1986, Sauer and Braun studied the effects of solubilized
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Scheme

2) Double diastereoselection in H2O showed poor differentiation between (ÿ)-1 or (�)-1 in the presence of
1.0 mol-equiv. of (�)-a- or (�)-g-cyclodextrin. The best matching conditions were found between (ÿ)-1
and (�)-b-cyclodextrin, which afforded 96% de (see Table 2).



LiClO4 in Et2O and various other ethers on the endo/exo selectivity of the Diels-Alder
reaction, and determined the polarity of such ionic solutions [5c] [11]. Later, Grieco et
al. [12] and JouillieÂ et al. [13] exploited this aspect of enhanced rate and selectivity for
the total syntheses of natural products. In our specific case, we were pleased to observe,
under the conditions 5m LiClO4/Et2O, a de of 96%, in full agreement with our data
concerning the non-HBD solvents.

Intrigued by the dichotomy between HBD and non-HBD solvents, we then turned
our attention towards a more generalized definition of the polarity as expressed by the
multi-parameter Abboud-Abraham-Kamlet-Taft model [14] where the log(dr) (dr�
diastereoisomer ratio) may be expressed as a linear correlation of diverse solvato-
chromic parameters, such as defined in Eqn. 1. Therein,

log(dr)� a� b(p*� cd)�da� eb� f (Hildebrand index)2 (1)

the p* parameter measures the exoergic effects of solute/solvent, dipole/dipole, and
dipole/induced-dipole interactions. It measures the ability of a solvent to stabilize a

Table 1. Dependence of the Diastereoselectivity of the Cycloaddition (ÿ)-1! 2 on the Polarity and Solvato-
chromic Indexesa)

Solvent Conversion
[%]

de
[%]

ET(30)
[kcal molÿ1]

log(dr) p* a b d Calculated
log(dr)

Residual
log(dr)

H2O 77 92 63.1 1.380 1.09 1.17 0.47 0.0 1.437 ÿ 0.057
MeNO2 97 91 46.3 1.327 0.85 0.22 0.06 0.0 1.285 0.041
(CF 3)2CHOH 100 90 65.3 1.279 0.65 1.96 0.00 0.0 1.264 0.015
CF 3CH2OH 74 90 59.8 1.279 0.73 1.51 0.00 0.0 1.297 ÿ 0.019
Sulfolane 45 90 44.0 1.279 0.98 0.00 0.39 0.0 1.283 ÿ 0.004
(ÿO(CH2)3Oÿ)CO 52 88 46.0 1.195 0.83 0.00 0.40 0.0 1.155 0.040
MeCN 100 88 45.6 1.195 0.76 0.00 0.29 0.0 1.129 0.066
DMSO 100 87 45.1 1.158 1.00 0.00 0.76 0.0 1.193 ÿ 0.035
Ac2O 27 87 43.9 1.158 0.75 0.19 0.40 0.0 1.103 0.055
DMF 69 84 43.2 1.061 0.88 0.00 0.69 0.0 1.114 ÿ 0.053
Acetone 100 84 42.2 1.061 0.71 0.08 0.43 0.0 1.053 0.008
CH2Cl2 100 84 40.7 1.061 0.82 0.13 0.10 0.5 1.077 ÿ 0.016
Nitrobenzene 100 83 41.2 1.032 1.01 0.00 0.30 1.0 1.002 0.030
MeOH 100 82 55.4 1.005 0.60 0.98 0.66 0.0 0.961 0.043
AcOEt 100 78 38.1 0.908 0.55 0.00 0.45 0.0 0.908 0.000
EtOH 100 77 51.9 0.886 0.54 0.86 0.75 0.0 0.877 0.009
Dioxane 93 77 36.0 0.886 0.55 0.00 0.37 0.0 0.931 ÿ 0.045
CHCl3 100 76 39.1 0.865 0.58 0.20 0.10 0.5 0.882 ÿ 0.017
THF 100 75 37.4 0.845 0.58 0.00 0.55 0.0 0.905 ÿ 0.059
Pyridine 100 74 40.5 0.826 0.87 0.00 0.64 1.0 0.788 0.037
Benzene 100 66 34.3 0.689 0.59 0.00 0.10 1.0 0.710 ÿ 0.022
Et2Ob) 100 65 34.5 0.673 0.27 0.00 0.47 0.0 0.670 0.003
Toluene 100 64 33.9 0.659 0.54 0.00 0.11 1.0 0.666 ÿ 0.007
CCl4 100 58 32.4 0.575 0.28 0.00 0.10 0.5 0.619 ÿ 0.043
Et2NH 100 57 35.4 0.562 0.24 0.03 0.70 0.0 0.581 ÿ 0.019
Hexaneb) 100 56 31.0 0.550 ÿ 0.04 0.00 0.00 0.0 0.547 0.003
Et3N 100 55 32.1 0.537 0.14 0.00 0.71 0.0 0.493 0.044

a) See text for definitions. b) 0.0005m.

Helvetica Chimica Acta ± Vol. 81 (1998)2316



neighboring charge or dipole by virtue of nonspecific dielectric interactions, and is thus
nearly proportional to the dipole moment of the solvent. An empirically variable
polarizability parameter d must be added to correct the p* term3). The solvatochromic
parameter a is a quantitative empirical measure of the ability of a solvent to act as a
HBD toward a solute, and is zero for non-HBD solvents such as aliphatic and aromatic
hydrocarbons. The solvatochromic parameter b is a quantitative empirical measure of
the ability of a bulk solvent to act as a H-bond acceptor or electron-pair donor toward a
solute. The last term of Eqn. 1, the so-called cavity term, represents a physical solvent
quantity, named cohesive pressure, which is related to Hildebrand�s solubility
parameter. Its square corresponds to the endoergic process of separating the solvent
molecules to provide a suitably sized enclosure for the solute and measures the work
required to produce a cavity of unit volume in the solvent. This term is related to the
tightness or structured nature of a solvent as caused by intramolecular solvent/solvent
interactions. The p*, a, b, d, and Hildebrand indexes, as well as ET(30) values, are
characteristic of the solvent and have been recently compiled by Marcus et al. [15] and
Chastrette et al. [16]; in contrast, a, b, c, d, e, and f rely only on the solvent/solute
property studied, since such a correlation may also be generalized to properties other
than the diastereoselectivity. Based on 27 solvents, for which these parameters are
available, we found that the square of Hildebrand index was statistically not relevant
and could be omitted without further alteration of the linear correlation (f� 0.0). Thus,
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Fig. 1. Diastereoselectivity of the cycloaddition of (ÿ)-1 to cyclopentadiene as a function of the solvent polarity as
defined by the ET(30) values of Reichardt [9] (dr�diastereoisomer ratio)

3) For aromatic solvents, d� 1.0, for polychlorinated aliphatic solvents, d� 0.5, and for all other aliphatic
solvents, d� 0.0.



a particularly good correlation was found between the experimental and calculated
diastereoselectivity (log(dr)), for the cycloaddition of (ÿ)-1 to cyclopentadiene, as
shown in Fig. 2. A correlation coefficient of 0.99 (r2� 0.981, n� 27) was found with a
standard deviation of 0.039 when the equation was fitted with the parameters of
Eqn. 2.

log(dr)� 0.580� 0.831p*ÿ 0.331d� 0.073aÿ 0.287b (2)

At the two extremes of the solvent-polarity scale, we observe that the experimental
values slightly diverge, and are either higher than that calculated according to Eqn. 2 in
Et3N (ET(30)� 32.1 kcal/mol, 55% de instead of calc. 51%) or lower in H2O (ET(30)�
63.1 kcal/mol, 92% de instead of calc. 93%)4). This may tentatively be explained by the
influence of the excess of cyclopentadiene which slightly modifies the overall polarity
of the solvent. When the reaction was performed in neat cyclopentadiene, a selectivity
of 79% de was obtained. Similarly, when the amount of cyclopentadiene was increased
relative to a constant amount of H2O, the diastereoselectivity decreased from 92 to 78%
de (see Table 2).

For several solvents such as hexane (70% de), cyclopentadiene (79% de)5), Et2O
(87% de), pentane-2,4-dione (86% de), and pentan-3-ol (90% de), the selectivity was
superior to that expected according to Eqn. 2 and, furthermore, the reaction mixture
was not homogeneous. Indeed, both (ÿ)-1 and the cycloadducts (most probably the
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Fig. 2. Experimental vs. predicted diastereoselectivity of (ÿ)-1 based on the Abboud-Abraham-Kamlet-Taft
model [14 ± 16] (dr� diastereoisomer ratio)

4) Standard error of the analytical method, �2%.
5) This suggests that ET(30)� 39.0, which is too high for this diene. For comparison, cyclohexene has an

ET(30) value of 32.2 [9] [15].



major (2R,3R)-cycloadduct 2) crystallized out of the solvent. Since the reaction was
irreversible at these temperatures6), this higher p-facial selectivity may hypothetically
be attributed to the interaction of the diene with the dienophile at the solid/liquid
interface, rather than to a consequence of a displacement of the reaction equilibrium by
selective crystallization of the major cycloadduct. In these solvents, the diastereose-
lectivity depended on the dienophile concentration (see Table 2), and thus, under high-
dilution conditions, lower de values, closer to the predicted ones, were obtained. Such
an unexpected high diastereoselectivity was also observed in another apolar solvent,
also leading to heterogeneous conditions, namely in supercritical CO2, a well-known
fluid used for the mild extraction of flavors and fragrances [17].

For CO2, supercritical conditions are reached when the pressure and the temper-
ature are superior to 72.8 bar and 31.88, respectively. The polarity of the medium
increases with larger pressure or, under isobar conditions, decreases with higher
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Table 2. Dependence of the Diastereoselectivity of the Cycloaddition (ÿ)-1! 2 on the Polarity and Concen-
tration of Additives

Solvent Conditions Conversion [%] de [%] ET(30) [kcal/mol] log(dr)

Pentan-3-ol 100 90 45.7 1.279
(EtNH3)NO3 100 89 61.4 1.235
Pentane-2,4-dione 100 86 49.0 1.123
Cyclopentadiene 100 79 0.931
CCl3CH2OH 100 73 54.1 0.807
H2O a-cyclodextrin 100 83 1.032
H2O (�)-1/a-cyclodextrin 100 81 0.979
H2O b-cyclodextrin 100 96 1.690
H2O (�)-1/b-cyclodextrin 100 87 1.158
H2O g-cyclodextrin 100 82 1.005
H2O (�)-1/g-cyclodextrin 100 89 1.235
H2O 4.0 mol-equiv. of diene 61 92 63.1 1.380
H2O 5.0 mol-equiv. of diene 77 91 1.327
H2O 10.0 mol-equiv. of diene 100 84 1.061
H2O 20.0 mol-equiv. of diene 100 79 0.908
H2O 25.0 mol-equiv. of diene 100 78 0.826
Et2O 5m LiClO4 100 96 57.0 1.690
Et2O 0.05m dienophile 100 88 1.195
Et2O 0.02m dienophile 100 87 1.158
Et2O 0.008m dienophile 100 69 0.737
Et2O 0.0005m dienophile 100 65 34.5 0.673
Hexane 0.05m dienophile 43 83 1.032
Hexane 0.02m dienophile 60 70 0.753
Hexane 0.008m dienophile 83 68 0.720
Hexane 0.0005m dienophile 100 56 31.0 0.550

6) The ground state energies of cyclopentadiene, (2S,3S)-2, and (2R,3R)-2 are 31.75, ÿ180.9, and
ÿ183.7 kcal/mol, respectively. Cycloadducts 2 were earlier shown to be thermodynamically stable in the
presence of cyclohexadiene [3]. Nevertheless, since the bicyclo[2.2.2] adducts are sterically more crowded
than their [2.2.1] analogues, and thus higher in energy, we preferred to test the stability of 2 in the
presence of cyclopentadiene. Consequently, when the pure minor diastereoisomer (2S,3S)-2 [1] was
treated for 10 days in the presence of 10.0 mol-equiv. of cyclopentadiene in either refluxing CCl4 or
MeCN, no change occurred, thus confirming the thermodynamic stability of the minor diastereoisomer
and the kinetic control of this [4� 2] cycloaddition.



temperatures [18]. The influence of supercritical fluids has been studied on the kinetic
[19], endo/exo [20], and regioselective [18b] [21] outcome of the Diels-Alder reaction.
We report here the first example, to the best of our knowledge, of a study related to its
influence on the cycloaddition diastereoselectivity (Table 3). First of all, we note that,
below the supercritical conditions, conversion was particularly poor (Entry 1). The best
diastereoselectivity was obtained around the supercritical point (Entry 2), while a
similar result was obtained at higher pressure and temperature (Entry 4). Comparison
between Entries 4 ± 6 demonstrates that the polarity of the medium may even
counterbalance the usual negative temperature effect7).

This prompted us to turn briefly our attention to the influence of temperature on
the relationship between p-facial selectivity and solvent polarity. We thus selected five
solvents and performed the reaction as previously described (0.02m (ÿ)-1, 4 ± 18 h,
complete conversion) between ÿ78 and 1108. The results are summarized in Table 4,
and the corresponding Eyring plots and parameters are shown in Fig. 3 and Table 5.

First of all, the DDH# and DDS# are relatively small as compared to the usual DH#

(15 ± 18 kcal/mol) and DS# (14 ± 34 cal/mol8) of the Diels-Alder reaction [22], and thus,
in some instances, may be close to the error limit of our analytical method4). For this
reason, we shall discuss qualitatively rather than quantitatively these specific aspects.
Two trends emerge on inspection of this data. The enthalpic contribution DDH#,
obtained from the slope, dominates in the less diastereoselective apolar or HBD
reaction media, while the entropic contribution DDS#, obtained from the intercept,
becomes more important with highly polar solvents. In apolar and HBD solvents, the

Table 3. Cycloaddition of (ÿ)-1 to Cyclopentadiene after 4 h in Supercritical CO2

Entry Pressure [bar] Temperature [8] Conversion [%] de [%] ET(30)a) [kcal/mol]

1 65 33 1.4 56 29.9
2 74 33 65 93 31.5
3 76 43 100 88 31.3
4 78 43 100 92 31.5
5 78 53 100 79 31.0
6 90 63 100 82 31.4

a) Values from [18c].

Table 4. Temperature and Solvent Polarity Dependence of the Cyclopentadiene Addition to (ÿ)-1

Temperature Diastereoselectivity (de [%])

1108 778 368 208 08 ÿ 238 ÿ 428 ÿ 788

MeCN 86 87 88 89 90 91
CH2Cl2 81 84 86 87 88 89
Toluene 44 46 60 64 66 68 69 76
CCl4 44 56 58 65 68
EtOH 66 75 77 83 87 91 96
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7) Although very small, the influence of the pressure may also enter in consideration with respect to the
volumes of activation of the different transition states, the more compact volume of activation is
represented by C(a)-re face attack of the diene on the syn-s-cis-s-trans-syn conformer (see below, Table 6).



entropic factor is even negative. The positive entropy difference may be attributed to a
relatively higher degree of the solvent-matrix disruption8) or increased rotational/
translational freedom in the transition state.

We suggested earlier that the generalized anomeric effect of the sultam moiety
could be of prime importance on the N-atom pyramidalization, resulting in matching/
mismatching steric/stereoelectronic influences, depending on the reactive conforma-
tions, and underlined the reactivity of the syn-s-cis species [3] [23]9). Thus, the
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Table 5. Enthalpic and Entropic Factors Derived from Solvent Polarity for the Cycloaddition of (ÿ)-1 to
Cyclopentadiene

ET(30) [kcal/mol] DDH# [kcal/mol] DDS# [cal/mol8] r [%]

MeCN 45.6 0.65 3.24 99
CH2Cl2 40.7 0.73 2.33 96
Toluene 33.9 0.82 ÿ 0.07 95
CCl4 32.4 1.26 ÿ 1.64 98
EtOH 51.9 2.03 ÿ 2.76 99

Fig. 3. Eyring plot for temperature dependence in EtOH (&), MeCN (x), CH2Cl2 (v), toluene (g), and CCl4 (*)

8) Displacement by the incoming diene of polar solvent molecules tightened and structured around the
dienophile may partially account for the entropy increase.

9) Our hypothesis was initially based on the anti-periplanarity of the S�O(1) and NÿH bonds observed in
the X-ray analyses of the free toluene [24] and camphor sultams [25]. Very recently, Canadian authors,
based on the X-ray analysis of a racemic six-membered-ring sultam, estimated the influence of the anomeric
stabilization to 2.0 kcal/mol [26]. For the X-ray analysis of a N-fluorobornane-10,2-sultam, see [27].



rationalization of the observed enhanced diastereoselectivity in polar solvents may be
based on two cooperative effects: the influence on the conformational stability of the
dienophile10) and the specific stabilization of certain transition states by the solvent.
Since the cycloaddition involves two reactive centers, which at the origin of the reaction
coordinate do not interact at all with the diene, one might expect a high degree of
stereochemical communication in a later transition state. An early reactant-like
transition state, with greater spatial separation between the diene and dienophile,
should result in a poorer differentiation of the diastereoisomeric transition structures
[30]. Solvents may affect changes in distances of the newly forming bonds in the
transition state and thus alter the diene/chiral dienophile interactions. In the case of
apolar solvents and a less ordered early transition state, a large entropic factor would be
expected, in contrast to what is observed. We thus propose that the larger positive
entropic factor observed in polar non-HBD solvents is better explained by the
supplementary rotational freedom of syn-s-cis conformations.

The conformational stability of (ÿ)-1, as well as the PM3 energy of the possible
transition states, together with dipole moment and volume data, which govern the
overall stereochemical course of the reaction, were earlier calculated in vacuum [3] and
are summarized in Table 6.

First of all, if we consider that an energy difference of 2.5 kcal/mol in the transition
state corresponds to the limit of detection of the 1H-NMR analysis that we performed,
we see that the minor diastereoisomer (2S,3S)-2, which results from C(a)-si attack,
originates from the bis(syn-s-cis) conformation and possesses the smallest transition
state intrinsic dipole moment. Leaving aside steric and stereoelectronic considerations
related to the approach of the diene [3], this is thus the less disfavored transition state
in apolar solvents11). Secondly, as a general feature, the transition states corresponding
to the C(a)-re face attacks, leading to the major diastereoisomer (2R,3R)-2, always
possess a higher dipole moment as compared to the respective C(a)-si face attacks. This
may explain, at the level of the transition state, the favored C(a)-re approaches in polar
solvents, which stabilize the higher resultant dipole moment.

We also extended our study to the influence of the solvent on the addition of
cyclopentadiene (4.0 mol-equiv.) to N-acryloylbornane-10,2-sultam (0.02m, 208) and
found a similar correlation with the diastereoselectivity (in CCl4 for 96 h: 34% de, 86%
endo, 98% yield; in CH2Cl2 for 72 h: 66% de, 89% endo, 80% yield [32]; in MeCN for
96 h: 76% de, 90% endo, 99% yield; in EtOH for 96 h: 58% de, 90% endo, 98% yield).
In the thermodynamically disfavored syn-s-cis conformation [3], this dienophile
possesses a larger dipole moment (7.2 D) than the anti-s-cis conformer (3.3 D), a result
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10) Considering O�CÿC�C coplanar restricted conformations of (ÿ)-1, the batho/hyperchromic shifts
observed for the C�C p-p* band by UV analysis in polar or protic solvents (hexane (e� 1.89 D): 227.8 nm
(e 5393): MeCN (e� 36.2 D): 228.2 nm (e 7541); propane-1,3-diyl-carbonate (e� 65.1 D): 229.5 nm
(e 7988); CF 3CH2OH (e� 26.5 D): 229.0 nm (e� 8273); MeOH (e� 32.6 D): 230.3 nm (e 5735)) are
consistent with smaller energy differences between the HOMO and the LUMO of the reactive bis(syn-s-
cis), syn-s-cis-s-cis-anti or H-bonded activated species as compared to the bis(anti-s-cis) conformer [3].
Nevertheless, this may not be considered as conclusive since such batho/hyperchromic shifts of the K band,
in the case of a,b-enones, are also generally observed in UV, due to the influence of the dielectric constant
e of the solvent [28]. For comparison, dimethyl fumarate absorbs at 220 nm (e 8709) in EtOH (e� 24.3 D)
[29].

11) For examples of endo/exo selectivity governed by dipole-moment interactions, see [20] [31].



of the additive vectorial composition of the two SO2 and C�O groups, which point in
the same direction. As a consequence, this conformation, which cooperatively
cumulates both steric and stereoelectronic effects [3] [23], is less destabilized in polar
solvents. Furthermore, in the presence of a HBD solvent, coordinating either to the
C�O and/or SO2 moieties, the anti-s-cis conformation is more abundant, and thus the
cooperation of the stereoelectronic effect is lost [3]12). If the increased polarity of the
solvent is positively influencing both the conformation and the transition states in terms
of diastereoselectivity, the situation is more complicated for dienophile (ÿ)-1. Indeed,
due to its high symmetry, the bis(anti-s-cis) and bis(syn-s-cis) conformers possess only a
small dipole moment, which is centered on the dienophile unsaturation and points in
the S�O(1) pseudoaxial direction. The dipole moment of the latter conformer is
slightly smaller due to a more concave structure. Thus, it is the nonsymmetrical syn-s-
cis-s-trans-syn and syn-s-cis-s-cis-anti conformations, possessing larger dipole moments,
which are better stabilized in polar solvents. Accordingly, it is the C(a)-re face
transition state of the latter conformer which, in polar solvents, accentuates its
participation as compared to the conformationally stable symmetric transition states.

Conclusion. ± Almost complete diastereoselectivity (96% de) was obtained for the
uncatalyzed [4� 2] cycloaddition of (ÿ)-1 to cyclopentadiene. A perfect linear
correlation between the diastereoselectivity and the solvatochromic properties of the
solvent was found. Eyring analyses revealed that diastereoselectivity in the [4� 2]
cycloaddition of cyclopentadiene to (ÿ)-1 in polar non-HBD solvents relies mostly on
entropic factors, while in less polar or HBD solvents, the p-facial selectivity is subject to
greater enthalpic influence. Our initial hypothesis that the SO2/C�O syn conformation
of the dienophile in the transition state is a critical element for the [4� 2]
cycloadditions of sultam-derived dienophiles is thus reasonable and not in contra-
diction with our results. Polar solvents allow the stabilization of the thermodynamically
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Table 6. PM3-Calculated Conformational and Transition-State Energies, Dipole Moments, and Volumes of (ÿ)-1

Dienophile C(a)-re Face attack C(a)-si Face attack

ground state
energy
[kcal/mol]

dipole
moment
[Debye]

DH=

[kcal/mol]
dipole
moment=

[Debye]

V=

[�3]
DH=

[kcal/mol]
dipole
moment=

[Debye]

V=

[�3]

syn-s-cis-s-cis-anti ÿ 196.6 8.3 ÿ 132.2 9.1 523.3 ÿ 129.6 7.3 523.5
syn-s-cis-s-trans-syn ÿ 196.9 11.7 ÿ 126.5 12.3 521.2 ÿ 130.0 10.3 521.3
bis(syn-s-cis) ÿ 196.9 1.2 ÿ 131.8 3.1 522.6 ÿ 131.3 2.3 522.2
bis(anti-s-cis) ÿ 197.1 1.9 ÿ 133.2 4.8 524.2 ÿ 129.6 3.9 524.2

12) It is noteworthy that also for this dienophile, the dipole moments of the transition state C(a)-re face
attacks are larger (syn-s-cis: 7.54 D; anti-s-cis: 3.8 D) than the corresponding C(a)-si face approaches (syn-
s-cis: 7.47 D; anti-s-cis: 2.6 D). An alternative rationalization for the lower diastereoselectivity observed
with HBD solvents could be that the coordinated dienophile is activated by the H-bond, and thus the more
reactive species would react in an earlier, less ordered transition state with larger spatial interactions.
Restricted rotation would explain the large negative entropic factor. We privilege, nevertheless, the loss of
the hypothetical cooperative steric/stereoelectronic effects of the syn-s-cis conformer for these examples.
As regards the conditions using 5m LiClO4 in Et2O, the higher diastereoselectivity may be a result of
chelation of the metal to the activated syn-s-cis dienophile [33].



less favored syn-s-cis conformers and thus a more effective cooperation between the
steric and stereoelectronic effects for this class of dienophiles. This aspect is reinforced
by the additional stabilization by polar solvents of the C(a)-re transition states
exhibiting larger dipole moments in syn and anti conformations, as compared to the
C(a)-si attacks. This work also shows the necessity to consider solvent effects when one
transposes semi-empirical or ab initio calculations from qualitative to quantitative
conclusions [34]. This has not always been the case [35].

We are indebted to Profs. L. Jen-Jacobson, A. Collet, and F. P. Schmidtchen for stimulating discussions, as
well as to the University of Warsaw for financial support (BST 562/18/97).

Experimental Part
General. See [23b].
General Procedure for the Uncatalyzed Cycloaddition. To a soln. of (ÿ)-1 (51 mg, 0.1 mmol) in the

appropriate solvent (5 ml), cyclopentadiene (33 ml, 0.4 mmol) was added dropwise (along the cold wall of the
reaction flask when working at low temp.). After 4 ± 18 h, the solvent and the excess of cyclopentadiene were
evaporated under medium, then high vacuum. The crude cycloadduct 2 (99% yield) was submitted to 1H-NMR
analysis for conversion and de determination [1]. TLC (hexane/AcOEt 7 : 3): Rf ((ÿ)-1). 0.38, Rf (major
(2R,3R)-2) 0.34, Rf (minor (2S,3S)-2) 0.65.

General Procedure under CO2 Supercritical Cycloaddition Conditions. A small test tube containing a
magnetic stirring bar and cyclopentadiene (33 ml, 0.4 mmol) was placed vertically on the inside wall of an
autoclave containing (ÿ)-1 (51 mg, 0.1 mmol) and equipped with a strong magnet on the external side wall. The
autoclave was filled with solid CO2 (15 ± 25 g) and then sealed and heated. After obtaining the desired stabilized
temperature and pressure, the magnet on the side was removed, and the mixture was stirred for 4 h. The cold
autoclave was then cautiously depressurized and opened. The crude solid material (96 ± 99% yield) was dried
under high vacuum and then submitted to 1H-NMR analysis.
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