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Introduction

The benefits of diastereofacial selection in addition reac-
tions to sterically biased systems are commonly used in syn-
thesis to form carbon–carbon bonds.[1] Any attempt at di-
recting the facial approach of the reagent is based on per-
turbing the immediate steric environment of the reaction
center, particularly when acyclic compounds with inherent
conformational flexibility are used as substrates. In the case
of rigid systems with nonequivalent p faces, exploitation of
such stereodifferentiation in a controlled manner represents
one of the core problems in organic synthesis because, in
principle, there is no way of prioritizing the most hindered
face owing to lack of conformational flexibility (Scheme 1).

During the course of our research in nucleophilic addition
reactions to nitrones, we have been interested in the prepa-
ration of a series of polyhydroxylated pyrrolidines. Over the
years these compounds have emerged as potent inhibitors of
glycosidases from various organisms.[2] Several polyhydroxyl-
ated pyrrolidines with interesting pharmacological profiles
have been described, including DMDP 1 and its derivatives
2–5 (Scheme 2).[3] These compounds attribute their thera-
peutic properties to their analogy with transition-state spe-
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cies. In addition to compounds 1–5, polyhydroxylated pyrro-
lidines that have an aromatic or heteroaromatic ring at C2
also showed interesting biological properties. Examples of
these compounds can be found with derivatives possessing a
substituted phenyl group such as radicamines A 6 and B 7
or the alkaloids codonopsinine 8 and codonopsine 9. Some
representatives of this latter variation are immucillin-H 10
and their derivatives, which have emerged as compounds
with significant antimalarial[4] and antitumoral[5] activities.[6]

To date there have been a number of synthetic ap-
proaches to polyhydroxylated pyrrolidines.[1–3] One of the
most efficient approaches consists of the addition of a nucle-
ophile, such as an organometallic reagent, to cyclic nitrones
readily available from carbohydrate precursors.[7] The result-
ing hydroxylamine can be further transformed into the
target compound in an efficient way (Scheme 3).[8] By using
this methodology a number of reports have come from our
laboratories concerning the synthesis of various biologically
active polyhydroxylated pyrrolidines.[8,9]

A drawback of the methodology outlined in Scheme 3 is
that the nucleophilic addition cannot be stereocontrolled,
contrary to acyclic nitrones for which the nucleophilic addi-

tion can be completely stereocontrolled by the action of
either Lewis acids[10] or protecting groups.[11] In the case of
cyclic nitrones, the nucleophile attacks in all cases by the
less hindered face, affording the corresponding 2,3-trans ad-
ducts in excellent selectivities. Any attempt of controlling
the stereochemical outcome of the addition to cyclic nitro-
nes by using different reagents, conditions, substrates, or ad-
ditives failed.[12] To circumvent the preferred stereochemical
outcome of the reaction and access to 2,3-cis derivatives, we
developed an oxidation–reduction strategy that allowed the
preparation of those compounds in good yields and selectivi-
ties.[9] Nevertheless, to exert a direct stereocontrol in the nu-
cleophilic addition to cyclic nitrones that should find general
applicability remains still challenging. Therefore, research
efforts that provide new methods for the production of 2,3-
cis polyhydroxylated pyrrolidines would be an important
contribution to the field of asymmetric synthesis of glycosi-
dase inhibitors and similar compounds of biological interest.

In this context, Trombini and co-workers demonstrated
that vinylation of homochiral cyclic nitrones such as 11 con-
stitutes an excellent starting point for the preparation of
enantiomerically pure polyhydroxylated pyrrolidines.[13] The
addition of vinyl magnesium bromide to nitrone 11 in the
absence of any additive took place with excellent 2,3-trans
selectivity at any temperature. Those authors also studied
the addition reaction in the presence of diethyl aluminum
chloride (DEAC). Unexpectedly, although a very good se-
lectivity was observed at ambient temperature, a loss of se-
lectivity was detected at low temperature. Because the loss
of selectivity was enhanced at lower temperatures, the au-
thors explained such unexpected behavior on the basis of
entropy influence. However, Trombini and co-workers only
studied the particular case of nitrone 11 and no discussion
about the mechanistic insights or the generality of the be-
havior were given.

Herein, we wish to report a complete study concerning
the vinylation of cyclic nitrones[14] as an example of the use
of Lewis acids for modulating the stereochemical outcome
of additions to biased rigid systems. We offer a general ap-
proach to the unexpected behavior observed with nitrone 11
to provide access to 2,3-cis pyrrolidines. We also show here
that by use of the appropriate protective groups for the hy-
droxyl group at C3 of cyclic nitrone it is possible to modu-
late the reaction conditions to obtain predominantly the 2,3-
cis-adduct. Experimental, spectroscopic, and theoretical
studies are discussed.

Results and Discussion

Experimental studies : The starting nitrones 12–17 used for
this study were prepared from l-malic acid for nitrones 12–
14,[15] from l-tartaric acid for nitrone 16,[16] and from d-ara-
binose for nitrone 17.[17] The new nitrone 15 was also pre-
pared from commercially available dimethyl l-malate (see
the Supporting Information). The reaction protocol consist-
ed of the addition of 1.1 equiv of vinyl magnesium bromide

Scheme 1. Facial differentiation in acyclic and rigid systems.

Scheme 2. Biologically active polyhydroxylated pyrrolidines.

Scheme 3. Synthesis of polyhydroxylated pyrrolidines from cyclic nitro-
nes.
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(VMB) in diethyl ether to the corresponding nitrone at dif-
ferent temperatures. In the case of the reactions carried out
in the presence of 1.0 equiv of diethylaluminum chloride
(DEAC), the reaction protocol consisted of in situ precom-
plexation of the nitrone in diethyl ether for 5 min at the
stated temperature, later subjecting the resulting mixture to
the addition of 1.1 equiv of VMB (Scheme 4).

In the absence of any additive the reaction proceeded
with excellent yields and diastereoselectivities (for detailed
data see the Supporting Information). In all cases, and what-
ever the temperature the reaction was conducted at, the 2,3-
trans adduct was obtained preferentially. For nitrones 12
and 16 that have a tert-butoxy group at C3, the chemical
yield of the reaction was excellent and 1H NMR analysis
(400 MHz) showed that the obtained 2,3-trans adducts 19 a
and 23 a consisted of single isomers. Lowering the reaction
temperature considerably increased the reaction time with-
out significant changes in the diastereofacial selectivity.
Only in the case of nitrone 15 a moderate selectivity was ob-
served for all cases (d.r. 15 a :15 b=55:45 at 0 8C and d.r.
15 a :15 b=67:33 at �78 8C). These results are in agreement
with a nucleophilic attack by the less hindered Re face,
which is described later (see below).

The exposure of nitrones 12–16 to DEAC prior to the ad-
dition of VMB resulted in the formation of mixtures of two
diastereomers depending on the temperature, with the ex-
ception of nitrones 12 and 16, which showed in all cases a
complete 2,3-trans selectivity. As described by Trombini and
co-workers for nitrone 11, nitrones 13–15 and 17 showed a
considerable loss of selectivity when the reaction tempera-
ture was lowered. Indeed, at �78 8C almost equimolar
amounts of both 2,3-trans and 2,3-cis isomers were obtained
from nitrones 13 (d.r. 13 a :13 b=52:48) and 17 (d.r.
17 a :17 b=55:45), a slight excess of the 2,3-cis isomer 21 b
was obtained from nitrone 14 (d.r. 14 :14 b=31:69), and a
complete inversion of the selectivity was observed for ni-
trone 15 (d.r. 15 a :15 b=14:86). Notably, when the same re-
action was carried out for the nitrone 14 by exchanging the

order of addition of the additive (DEAC) and nucleophile
(VMB), the 2,3-trans adduct 21 a was formed preferentially
with a very good selectivity (d.r. 21:21 b=92:8). Also note
that all the reactions performed in the presence of DEAC
required a longer time for the reaction to go to completion,
clearly indicating that DEAC is far from being a promoter
of the reaction, as discussed below. In this respect, we stud-
ied the possibility of a transmetalation of the vinylmagnesi-
um bromide to the corresponding diethylvinylaluminum or
some related species such as trivinylaluminum. In a separate
experiment a solution of vinylmagnesium bromide in THF
was treated with diethylaluminum chloride and the resulting
mixture was kept at �78 8C for 6 h to induce the formation
of vinylaluminum species following a similar reported proce-
dure for the formation of vinylalane reagents.[18] The addi-
tion of nitrone 12 to the reaction mixture did not produce
any product and the nitrone was recovered.[19] The same
result was obtained when nitrone 12 was treated with trivi-
nylaluminum tetrahydrofuranate.[20] In no case was transfer
of vinyl or ethyl moieties to the nitrone observed,[21] thus in-
dicating that the reaction takes place through delivery of the
vinyl group from the Grignard reagent in agreement with
the mechanism previously reported.[22]

The relative configuration of 2,3-trans and 2,3-cis isomers
was unequivocally determined by NMR techniques includ-
ing nuclear Overhauser effect (NOE) experiments
(Scheme 5). For 2,3-cis isomers 19 b–24 b irradiation of H2
had a remarkable NOE with H3 and vice versa. On the
other hand, for 2,3-trans isomers 19 a–24 a a negligible NOE
was observed between H2 and H3. 2D correlation observed
in NOESY experiments confirmed these results.

Only in the case of hydroxylamines 22 the cis and trans
isomers could not be separated by chromatographic tech-
niques. In this case, complete identification of the com-
pounds was achieved by selective TOCSY experiments.

Theoretical studies : To estimate the relative energy barriers
between the corresponding Re and Si attacks that lead to
2,3-trans and 2,3-cis isomers, respectively, we carried out a
computational study by using transition-state modeling at
the DFT level (B3LYP/6-31G*). To evaluate inclusion of
diffuse functions and solvent effects, single-point B3LYP/6-
31+G** calculations using Tomasi�s PCM model (solvent=

THF) were performed on the gas-phase optimized struc-
tures.[23] The reaction of a nitrone with a Grignard reagent
takes place by firstly forming a complex SC without energy
barrier. This complex further evolves to the final product by

Scheme 4. Vinylation of cyclic nitrones (for nitrones 11 and 16 the enan-
tiomeric series are shown).

Scheme 5. Observed NOE for 2-vinylpyrrolidines 18–24.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 9910 – 99199912

P. Merino et al.

www.chemeurj.org


internal delivery of the vinyl moiety through the corre-
sponding transition states.[22] The studied reaction pathway
for nitrone 15 is depicted in Scheme 6. A molecule of sol-
vent (modeled as dimethyl ether) was added when necessa-
ry. Two reaction paths corresponding to the attacks by Re
and Si faces of the nitrone have been considered. The
energy barriers and reaction coordinate profile are shown in
Table 1 and Figure 1, respectively.

The optimized geometries of transition structures TS-1
and TS-2 are illustrated in Figure 2. TS-1 was the lowest
energy structure found for the reaction of the Re face of the
nitrone, whereas TS-2 was the lowest energy structure found

for Si-face attack. This latter TS is disfavored (+ 2.83 kcal
mol�1 relative to TS-1) due largely to a steric interaction be-
tween the alkoxy group adjacent to the nitrone carbon and
the incoming vinyl group. Thus, reaction occurs preferential-
ly via TS-1 in which the vinyl group attacks by the less hin-
dered Re face. Replacement of the methyl group in 15 by a
tert-butyl group (nitrone 12) increased the energy difference
between TS-1 and TS-2 up to 4.81 kcal mol�1 (Table 1).
These results are in agreement with those observed experi-
mentally in the absence of any additive and justify why only
single diastereomer is obtained in the vinylation of nitrones
12 and 16 at low temperature, as well as the observation of
the minor isomer for the same reaction with nitrones 13–15
and 17.

Our results revealed that the stereochemical course of the
reaction is mainly governed by both the substituents at C3
and the presence/absence of DEAC as a precomplexing
agent. In this respect, the formation of complexes between
cyclic nitrones such as 12–17 and DEAC has been previous-
ly demonstrated in our group by using NMR spectrosco-
py.[12a] A closer inspection of the results in the presence of

Scheme 6. Calculated (B3LYP/6-31G* and B3LYP/6-31G*//PCM-B3LYP/
6-31+G** (solvent=THF)) reaction pathway for vinylation of nitrone
15. Vinylmagnesium chloride (VMC) instead of VMB has been consid-
ered for calculations. The solvent is modeled by discrete molecules of di-
methyl ether.

Table 1. Calculated (B3LYP/6-31G*//PCM-B3LYP/6-31 +G**, solvent=

THF) free energies (DG, hartree) and relative energies (DDG, kcal mol�1)
of the reagents, complex, transition structures, and products for the nu-
cleophilic addition of vinylmagnesium chloride to 12 and 15 (Scheme 7).

Nitrone 15 (R=Me) Nitrone 12 (R= tBu)
DG DDG DG DDG

nitrone �400.990070 – �518.871940 –
VMC �1048.347774[a] – �1048.347774[a] –
SC �1294.352047 �2.53[b] �1412.234320 �2.79[b]

TS-1 �1449.306511 22.19[c] �1567.187646 22.91[c]

TS-2 �1449.302012 25.02[c] �1567.179984 27.72[c]

P-trans �1449.370282 �17.82[c] �1567.253043 �18.13[c]

P-cis �1449.364878 �14.43[c] �1567.242936 �11.79[c]

[a] Vinylmagnesium chloride; calculated as a complex with two molecules
of solvent (Me2O). [b] Relative to nitrone and VMC complexed with two
molecules of solvent. A calculated molecule of Me2O (DG=�154.989833
hartree) has been considered for coherency. [c] Relative to SC+Me2O.

Figure 1. Energy profile for vinylation of nitrone 15 (Scheme 6 and
Table 1). Data (B3LYP/6-31G*//PCM-B3LYP/6-31+G**) in kcal mol�1.

Figure 2. Transition structures for the vinylation of nitrone 15 (optimized
at the B3LYP/6-31G* level). Relatives energies are indicated in kcal
mol�1. The relative energies corrected by solvation energies in THF solu-
tion by using PCM-B3LYP/6-31+ G** are given in square brackets.
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DEAC also revealed that in addition to the observed longer
reaction times with respect to the reaction in the absence of
any additive, the bulkier the alkoxy group at C3 is, the
longer is the reaction time. The order of steric size of the
protective group is as follows: tert-butyl @ benzyl�MOM>

Me. These results suggest that the favorable conformation
of the initial complex is fixed according to the size of the
protective groups. Thus, after the initial addition of VMB or
DEAC the initial complex most probably exists in that con-
formation in which the metal is oriented to the opposite
side of the C3 alkoxy substituent (Scheme 7, A), so that it
can avoid the steric interference between itself and the
alkoxy group (Scheme 7, B).

We assume that the reaction process is as follows: In the
case of the addition in the absence of any additive the ste-
reochemical course of the vinyl transfer is governed by the
steric hindrance exerted by the C3 substituent as discussed
above.

On the other hand, in the case of the addition in the pres-
ence of DEAC, a second complex should be formed be-
tween nitrone–DEAC complex A and the incoming VMC.
Because DEAC is preferentially oriented by the less hin-
dered face, VMC only can coordinate by the most hindered
one (Scheme 7, C). Under this situation both sides of the ni-
trone are always shielded, one by the C3 substituent and the
other by the large diethylaluminum chloride, and as a conse-
quence the reaction in the presence of DEAC is slower.
Moreover, the initially formed complex C only leads to the
2,3-cis isomer in the case of unfavorable steric interactions,
which allow, in any extent, the internal delivery of the vinyl
group. Otherwise, conformer C should convert into confor-

mer D, which leads to the 2,3-trans isomer. This hypothesis
is quite reasonable because the choice of the protective
group affects not only the stereoselectivity of the reaction
but also the reactivity towards nucleophilic addition.

At this point the effect of the temperature is clear and we
can thereby assume that at lower temperatures the rotation-
al conformational barrier between complexes C and D is
comparable to the nucleophilic addition energy barrier. The
lower the size of the C3 substituent, the higher the 2,3-cis
selectivity. For nitrones 12 and 16 the tert-butoxy group
gives enough steric bias against the nucleophilic addition by
the Si face thus leading to the slower reaction, which is only
produced after formation of D. At higher temperatures, the
rotational barrier between C and D is negligible in compari-
son with reaction energy barriers and the stereoselectivity of
the reaction is only governed by the size of the C3 substitu-
ent as in the case of the reaction carried out in the absence
of any additive. According to this data the initial addition of
VMC formed the most favorable conformer A, which after
further addition of DEAC could lead to D. However, fur-
ther NMR studies (see below) demonstrated that complex
A with VMC (or VMB) (MLn=vinylMgX) does not coordi-
nate DEAC to form D (contrary to complex A with DEAC
(MLn= Et2AlCl), which coordinates VMC (or VMB) to
form C), but directly evolves towards the final product
through TS-1 (Scheme 7). Because the internal delivery of
the vinyl moiety is clearly favored in that transition struc-
ture, the 2,3-trans isomer is obtained preferentially without
formation of conformer C.

To estimate the conformational barriers between species
C and D (Scheme 7) we also carried out a conformational
analysis at a semiempirical level[24] on the rotation of the N�
O bond (Figure 3). According to the literature data, which
account for the trend of halogen atoms to form bridges be-
tween metal atoms such as Mg[25] and Al,[26] we assumed the
formation of such complexes and postulated the formation
of pentacoordinated aluminum, also in agreement with liter-
ature data.[27] For the several possibilities studied, complex
25 resulted the most stable (PM3) and it was used for the
above-mentioned conformational study. This study showed
the presence of six relevant stationery points, that is, three
minima and three maxima (Figure 3). The absolute mini-
mum and one of the relative ones correspond to the orienta-
tion of the Mg atom by the most hindered Si face, whereas
the other relative minimum corresponds to an orientation of
the Mg atom by the less hindered Re face. The energy barri-
ers between those minima are 27 kcal mol�1 and
20 kcal mol�1, which are comparable to those of the nucleo-
philic addition reaction (18 kcal mol�1 for Re attack and
20 kcal mol�1 for the Si attack).[24] These results are also in
full agreement with experimental observations because they
confirm a preference of the system towards orientation of
the Mg atom through the most hindered Si face of the ni-
trone. Of course, delivery of the vinyl moiety by this face
can only occur when both the temperature is enough low to
slow down conformational equilibrium between C and D
(temperature effect) and the OR group at C3 is enough

Scheme 7. Transition structures for the vinylation of nitrone 15.
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small to allow (at least in some extent) the attack of the nu-
cleophile (steric effect).

According to the hypothesis outlined in Scheme 7, any
effect additional to temperature, contributing to slow down
rotation between C and D should increase the formation of
2,3-cis isomers. To validate our proposal we carried out
some reactions in the presence of the bulkier, and commer-
cially available, diisobutyl aluminum chloride (DIAC). The
results are given in Table 2.

As expected, whereas at higher temperatures the selectivi-
ty was not affected, at �78 8C (Table 2, entries 3, 6, and 9)
increased amount of 2,3-cis isomers were obtained. This
effect can be explained on the basis of a higher rotational

barrier between conformers C and D as a consequence of
the increased bulkiness of the aluminum ligands.

NMR studies : To assess the proposed model for the nucleo-
philic vinylation of cyclic nitrones in the presence of DEAC
we carried out a NMR study of the complex formation.[25]

We chose nitrone 13 for the study, which showed variable
behavior in the presence and absence of the Lewis acid, and
has no aromatic protons that could interfere with the azo-
methine proton signal. The 1H NMR spectrum of a 0.2 m so-
lution of 13 in [D8]THF at �78 8C (Figure 4, trace a) showed
the signal corresponding to the azomethine proton at d=

6.99 ppm.

Upon treatment with 1.0 equiv of VMB at �78 8C, a new
set of signals rapidly appeared at d=8.20 ppm (Figure 4,
trace b). This downfield shift for H2 supports the formation
of an O�Mg bond between the nitrone oxygen and the
metal center. Indeed, the increased complexity of the signal
may indicate the presence of different conformers as dis-
cussed above. The resulting mixture was then warmed to
�50 8C and the signal at d=8.20 ppm was significantly sim-
plified (Figure 4, trace c). Cooling again to �78 8C (Figure 4,
trace d) returned to the previous situation thus suggesting
the possibility of a slow (on an NMR time scale) conforma-
tional equilibrium similar to that shown in Scheme 7. Upon
prolonged standing of the mixture the intensity of the reso-
nance at d=8.20 ppm decreased as a consequence of the
progress of the reaction.

In 2003, we reported a NMR study concerning complexa-
tion of nitrone 12 with DEAC at �20 8C in CD2Cl2.

[12a]

Under those conditions the signal corresponding to the azo-
methine proton shifted downfield by 1.1 ppm appearing as a

Figure 3. Relevant points from the conformational analysis of the com-
plex 25 formed between nitrone 15, DEAC, and VMC. Relative energy
data are given in kcal mol�1.

Figure 4. Partial NMR spectra of nitrone 13 complexes with VMB (see
text for explanation of traces a–d).

Table 2. Nucleophilic additions of VMB to 14, 15 and 17 in the presence
of DIAC.[a]

Entry Nitrone T [8C] t [h][b] a :b[c] Yield [%][d]

1 14 0 4 86:14 quant.
2 14 �30 12 70:30 92
3 14 �78 40 20:80 91
4 15 0 4 57:43 96
5 15 �30 12 30:70 92
6 15 �78 40 12:88 90
7 17 0 4 93:7 86
8 17 �30 12 65:35 88
9 17 �78 40 39:61 80

[a] The reaction was carried out by precomplexing the nitrone with
1.0 equiv of DIAC for 5 min in diethyl ether at which time 1.1 equiv of
VMB was added. [b] The reaction was monitored by TLC and NMR
spectroscopy. [c] Calculated by NMR analysis of the reaction mixture; a
and b series refer to 2,3-trans and 2,3-cis isomers, respectively. [d] Isolat-
ed yield of the mixture of diastereomers. Quant.=quantitative.
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broad singlet. On the other hand, when a 0.2 m solution of
13 in [D8]THF was treated with 1.0 equiv of DEAC at
�78 8C (Figure 5, trace e) a new set of significantly broad-
ened signals appeared centered at d=8.0 ppm. The fluxion-
ality of the nitrone–Al complex could not be “frozen out”

even at �78 8C. At this temperature a lower energy confor-
mational equilibrium is indicated by the broadening of the
signal. Warming the mixture to �50 8C (Figure 5, trace f)
and further recooling to �78 8C (Figure 5, trace g) con-
firmed the above picture.

The fluxional behavior of DEAC observed in the spec-
trum of the nitrone complex appeared to be in agreement
with the formation of a tetracoordinate Al complex. Inter-
and intramolecular dynamic processes are very likely to be
the cause of the observed line broadening, based on the
well-known slow dynamics of aluminum complexes involv-
ing O�Al bonds.[26] The addition of 1.0 equiv of DEAC to a
solution of the nitrone previously treated with VMB had no
effect at any temperature thus demonstrating that upon co-
ordination with magnesium the nitrone oxygen is not capa-
ble of coordinating aluminum. This result is in full agree-
ment with the experimentally observed selectivity under
those conditions (Table 2, entry 13).

We finally examined the influence of the addition of
VMB to a solution of nitrone previously treated with
1.0 eqiuv of DEAC. On addition of 1.0 equiv of VMB
(Figure 6, trace h) the signals become more complex being
centered at d=8.0 ppm. These signals collapsed, but did not
shift, when the temperature was increased to �50 8C
(Figure 6, trace i) and reappear when the mixture was
cooled again to �78 8C (Figure 6, trace j).

Also in this case the resonance around d=8.0 ppm de-
creased with time as the reaction progressed. On the whole,
these data can be interpreted within the hypothesis that im-
portant conformational equilibria take place at low tempera-

ture. In [D8]THF solution the aluminum complexes dis-
played fluxional behavior, with at least two processes, one
with �50 8C <Tc<0 8C, the other slow around �78 8C.

Conclusion

In summary, we have demonstrated the crucial role exerted
in the vinylation of cyclic nitrones by both the precomplex-
ing agent and the size of the substituent at C3 by testing sev-
eral protected 3-hydroxy pyrrolidine N-oxides. Our results
confirm those found by Trombini for nitrone 11 and expand
the behavior to other nitrones. In the reactions carried out
in the presence of DEAC the 2,3-cis/trans selectivity is de-
termined by the arrangement of both aluminum and magne-
sium species around the N�O bond as well as by the size of
the alkoxy group at C3. Experimental and spectroscopic
studies support the hypothesis that the conformational
energy barrier between complexes formed with DEAC and
VMB is close to the energy barrier corresponding to the nu-
cleophilic addition reaction. Given the conformational flux-
ionality of the complexes at low temperature, these findings
suggest that bulky aluminum complexes of nitrones that
have small alkoxy groups at C3 should lead preferentially to
2,3-cis adducts in contrast to nitrones that have bulky
alkoxy groups at that position, which should lead to the cor-
responding 2,3-trans isomers. This finding has straightfor-
ward implications on the possibility of designing hitherto un-
known stereocontrolled nucleophilic additions of different
nucleophiles to other biased rigid systems. Indeed, we have
recently observed a similar behavior for the addition of
other Grignard reagents including phenylmagnesium bro-
mide and methylmagnesium bromide thus demonstrating
the generality of the observations described herein. Further
studies are ongoing with these nucleophiles en route to bio-
logically important compounds and they will be reported in
due course.

Figure 5. Partial NMR spectra of nitrone 13 complexes with DEAC (see
text for explanation of traces a and e–g).

Figure 6. Partial NMR spectra of nitrone 13 complexes with DEAC and
VMB (see text for explanation of traces a and h–j).
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Experimental Section

General procedure for the addition of vinylmagnesium bromide to
nitrones

Without Lewis acid : A solution of nitrone (0.1 mmol) in anhydrous dieth-
yl ether (5 mL) was cooled to the stated temperature (see Table 1) and a
solution of vinylmagnesium bromide (0.11 mL of a 1 m solution in THF,
0.11 mmol) was added dropwise. Stirring was maintained for the stated
time (see Table 1) and the reaction was quenched by addition of saturat-
ed aqueous ammonium chloride (5 mL). The reaction mixture was ex-
tracted with diethyl ether (3 	 10 mL). The combined organic extracts
were washed with brine, dried (MgSO4) and evaporated under reduced
pressure to give the crude product, which was analyzed by 1H NMR spec-
troscopy for determining the diastereoselectivity and purified by radial
chromatography (hexane/EtOAc, 4:1).

With diethylaluminum chloride : A solution of nitrone (0.1 mmol) in anhy-
drous diethyl ether (5 mL) was cooled to the stated temperature (see
Table 2) and a solution of diethylaluminum chloride (0.1 mL of a 1m so-
lution in hexanes, 0.1 mmol) was added dropwise. After stirring for 5 min
a solution of vinylmagnesium bromide (0.11 mL of a 1m solution in THF,
0.11 mmol) was added dropwise. Stirring was maintained for the stated
time (see Table 2) and the reaction was quenched by addition of saturat-
ed aqueous ammonium chloride (5 mL). The reaction mixture was ex-
tracted with diethyl ether (3 	 10 mL). The combined organic extracts
were washed with brine, dried (MgSO4) and evaporated under reduced
pressure to give the crude product, which was analyzed by 1H NMR for
determining the diastereoselectivity and purified by radial chromatogra-
phy (hexane/EtOAc, 4:1).

Spectroscopic dataACHTUNGTRENNUNG(2R,3S)-3-tert-Butoxy-2-vinylpyrrolidin-1-ol (19a): Oil; [a]24
D =++ 13 (c =

1.00, CHCl3); 1H NMR (300 MHz, CDCl3): d=0.93 (s, 9H; C ACHTUNGTRENNUNG(CH3)3),
1.62–1.74 (m, 1H; H4a), 1.99–2.10 (m, 1 H; H4b), 2.88 (q, J= 9.9 Hz, 1 H;
H5a), 2.98 (t, J= 8 Hz, 1H; H2), 3.12 (ddd, J=9.9, 8.5, 8.0 Hz, 1H; H5b),
3.62–3.70 (m, 1 H; H3), 5.09 (dd, J =10.1, 1.8 Hz, 1 H; CH=CHHcis), 5.19
(dd, J =17.2, 1.8 Hz, 1H; CH=CHHtrans), 5.73 ppm (ddd, J=17.2, 11.1,
8.5 Hz, 1 H; CH=CH2); 13C NMR (75 MHz, CDCl3): d=28.4 (C ACHTUNGTRENNUNG(CH3)3),
31.2 (C4), 56.2 (C5), 60.2 (C ACHTUNGTRENNUNG(CH3)3), 73.4 (C2), 77.2 (C3), 118.7 (CH=CH2),
136.6 ppm (CH=CH2); elemental analysis calcd (%) for C10H19NO2: C
64.83, H 10.34, N 7.56; found: C 64.92, H 10.51, N 7.38.ACHTUNGTRENNUNG(2R,3S)-3-(Methoxymethoxy)-2-vinylpyrrolidin-1-ol (20a): Oil; [a]24

D =++4
(c= 1.1, CHCl3); 1H NMR (400 MHz, CDCl3): d=1.83 (dddd, J =13.6,
8.7, 3.1, 2.6 Hz, 1 H; H4a), 2.06–2.17 (m, 1 H; H4b), 3.04 (c, J =9.8 Hz, 1H;
H5a), 3.25–3.31 (m, 2 H; H2, H5b), 3.34 (s, 3H, OCH2OCH3), 3.92–3.99 (m,
1H; H3), 4.61 (d, J =6.8 Hz, 1H; OCH2OCH3), 4.64 (d, J= 6.8 Hz, 1 H;
OCH2OCH3), 5.25 (ddd, J=10.3, 1.7, 0.8 Hz, 1H; CH=CHHtrans), 5.37
(ddd, J=17.2, 1.7, 1.0 Hz, 1H; CH=CHHcis), 5.90 ppm (ddd, J =17.2,
10.3, 7.8 Hz, 1 H; CH=CH2); 13C NMR (100 MHz, CDCl3): d =28.5 (C4),
55.4 (OCH2OCH3), 56.0 (C5), 76.7 (C2), 78.4 (C3), 95.5 (OCH2OCH3),
118.9 (CH=CH2), 136.7 ppm (CH=CH2); elemental analysis calcd (%) for
C8H15NO3: C 55.47, H 8.73, N 8.09; found: C 55.27, H 8.51, N 8.18.ACHTUNGTRENNUNG(2S,3S)-3-(Methoxymethoxy)-2-vinylpyrrolidin-1-ol (20b): Oil; [a]24

D =�55
(c= 0.15, CHCl3); 1H NMR (400 MHz, CDCl3): d=1.83 (dddd, J =13.7,
9.0, 8.8, 3.0 Hz, 1H; H4a), 2.26 (dddd, J =13.7, 9.4, 7.7, 2.9 Hz, 1H; H4b),
2.72 (c, J=9.5 Hz, 1H; H5a), 3.17 (dd, J= 8.3, 6.0 Hz, 1H; H2), 3.31 (s,
3H; OCH2OCH3), 3.44 (ddd, J =9.9, 8.8, 3.0 Hz, 1H; H5b), 4.20 (ddd, J=

7.7, 6.0, 3.0 Hz, 1H; H3), 4.54 (d, J =6.8 Hz, 1H; OCH2OCH3), 4.59 (d,
J =6.8 Hz, 1H; OCH2OCH3), 5.29 (ddd, J =10.3, 1.9, 0.5 Hz, 1H; CH=

CHHtrans), 5.33 (ddd, J=17.4, 1.9, 0.7 Hz, 1H; CH=CHHcis), 6.02 ppm
(ddd, J=17.4, 10.3, 8.4 Hz, 1H; CH=CH2); 13C NMR (100 MHz, CDCl3):
d=29.2 (C4), 55.4 (OCH2OCH3), 55.4 (C5), 75.3 (C2), 75.3 (C3), 95.2
(OCH2OCH3), 119.5 (CH=CH2), 134.5 ppm (CH=CH2); elemental analy-
sis calcd (%) for C8H15NO3: C 55.47, H 8.73, N 8.09; found: C 55.63, H
8.49, N 8.25.ACHTUNGTRENNUNG(2 R,3S)-3-(Benzyloxy)-2-vinylpyrrolidin-1-ol (21a): Oil; [a]24

D =++ 9 (c=

0.23, CHCl3); 1H NMR (300 MHz, CDCl3): d=1.90 (tdd, 1 H, J =13.5,
8.5, 2.9 Hz, 1 H; H4a), 2.01–2.15 (m, 1H; H4b), 3.09 (dt, J=9.9, 8.5 Hz,
1H; H5a), 3.28 (ddd, J =10.2, 7.8, 2.7 Hz, 1H; H5b), 3.41 (dd, J =6.9,

6.3 Hz, 1H; H2), 3.85 (ddd, J =8.1, 5.8, 3.3 Hz, 1 H; H3), 4.53 (s, 2H;
CH2Ph), 5.25 (ddd, J=10.4, 1.6, 0.9 Hz, 1 H; CH=CHHcis), 5.38 (ddd, J=

17.2, 1.6, 1.1 Hz, 1 H; CH=CHHtrans), 5.93 (ddd, J =17.6, 10.4, 7.4 Hz, 1 H;
CH=CH2), 7.22–7.39 ppm (m, 5 H; Ar); 13C NMR (75 MHz, CDCl3): d=

28.3 (C4), 55.9 (C5), 76.9 (C2), 71.4 (CH2Ph) 80.8 (C3), 118.8 (CH=CH2),
127.6 (Ar), 127.7 (Ar), 128.4 (Ar), 136.7 (CH=CH2), 138.0 ppm (Ar); ele-
mental analysis calcd (%) for C13H17NO2: C 71.21, H 7.81, N 6.39; found:
C 71.38, H 8.01, N 6.16.ACHTUNGTRENNUNG(2R,3S)-3-(Benzyloxy)-2-vinylpyrrolidin-1-ol (21b): Oil; [a]24

D =�21 (c=

0.85; CHCl3); 1H NMR (300 MHz, CDCl3): d =1.82–1.96 (m, 1 H; H4a),
2.16–2.29 (m, 1H; H4b), 2.74 (c, J =9.9 Hz, 1H; H5a), 3.22 (dd, J =8.6,
6.3 Hz, 1 H; H2), 3.44 (ddd, J =9.9, 8.8, 3.0 Hz, 1H; H5b), 3.79–3.87 (m,
1H; H3), 4.47 (d, J =12.3 Hz, 1 H; CH2Ph), 4.52 (d, J =12.3 Hz, 1 H;
CH2Ph), 5.32 (ddd, J=10.2, 1.9, 0.6 Hz, 1 H; CH=CHHtrans), 5.33 (ddd,
J =17.3, 1.9, 0.6 Hz, 1H; CH=CHHcis), 5.36 (ddd, J= 17.3, 10.2, 8.6 Hz,
1H; CH=CH2), 7.24–7.37 ppm (m, 5H; Ar); 13C NMR (75 MHz, CDCl3):
d=29.0 (C4), 55.4 (C5), 71.3 (CH2Ph), 75.5 (C2), 78.1 (C3), 119.6 (CH=

CH2), 127.4 (Ar), 127.7 (Ar), 128.3 (Ar), 134.4 (CH=CH2), 138.3 ppm
(Ar); elemental analysis calcd (%) for C13H17NO2: C 71.21, H 7.81, N
6.39; found: C 71.44, H 7.62, N 6.96.ACHTUNGTRENNUNG(2R,3S)-3-Methoxy-2-vinylpyrrolidin-1-ol (22a) and (2R,3S)-3-methoxy-2-
vinylpyrrolidin-1-ol (22b): Isomers 22a and 22 b could not be separated
by chromatographic techniques. The corresponding NMR signals for
each isomer were identified by carrying out selective TOCSY experi-
ments. 22a : 1H NMR (500 MHz, CDCl3): d=1.83 (ddt, 1 H, J =13.6, 8.4,
2.6 Hz, 1H; H4a), 2.00–2.11 (m, 1 H; H4b), 3.03 (c, J =9.8 Hz, 1 H; H5a),
3.24–3.29 (m, 2H, H2 ; H5b), 3.32 (s, 3H; OCH3), 3.60–3.66 (m, 1H; H3),
5.24–5.28 (m, 1H; CH=CHHcis), 5.35–5.40 (m, 1 H; CH=CHHtrans),
5.92 ppm (ddd, J =17.7, 10.2, 7.9 Hz, 1H; CH=CH2); 13C NMR
(125 MHz, CDCl3): d =27.8 (C4), 56.0 (C5), 57.2 (OCH3), 76.9 (C2), 83.1
(C3), 118.8 (CH=CH2), 136.7 ppm (CH=CH2). 22b : 1H RMN (500 MHz,
CDCl3): d=1.85 (dddd, J =13.4, 9.3, 8.6, 3.2 Hz, 1H; H4a), 2.23 (dddd,
J =13.7, 9.0, 7.6, 2.9 Hz„ 1 H; H4b), 2.75 (c, J =9.5 Hz, 1 H; H5a), 3.20 (dd,
J =8.3, 6.3 Hz, 1 H; H2), 3.29 (s, 3H; OCH3), 3.44 (ddd, J= 9.7, 8.5,
2.8 Hz, 1 H; H5b), 3.83 (ddd, J=7.5, 6.2, 3.5 Hz, 1 H; H3), 5.33 (ddd, J=

10.3, 1.9, 0.5 Hz, 1 H; CH=CHHtrans), 5.36 (ddd, J=17.3, 1.9, 0.8 Hz, 1H;
CH=CHHcis), 6.03 ppm (ddd, J =17.4, 10.2, 8.6 Hz, 1 H; CH=CH2); 13C
RMN (125 MHz, CDCl3): d= 28.4 (C4), 55.4 (C5), 57.2 (OCH3), 75.4 (C2),
80.5 (C3), 119.4 (CH=CH2), 134.3 ppm (CH=CH2).ACHTUNGTRENNUNG(2R,3R,4R)-3,4-Di-tert-butoxy-2-vinylpyrrolidin-1-ol (23a): White solid;
mp: 66–68 8C; [a]24

D =�82 (c =1.02, CHCl3); 1H NMR (300 MHz, CDCl3):
d=1.08 (s, 9 H; CACHTUNGTRENNUNG(CH3)3), 1.10 (s, 9 H; CACHTUNGTRENNUNG(CH3)3), 2.92–3.01 (m, 2H; H5a +

H5b), 3.15 (dd, J =10.7, 2.6 Hz, 1H; H2), 3.61 (dd, J= 7.4, 3.7 Hz, 1 H;
H3), 3.84 (pseudo q, J=3.4 Hz, 1H; H4), 5.15 (dd, J=10.3, 1.8 Hz, 1 H;
CH=CHHcis), 5.23 (dd, J =17.3, 1.8 Hz, 1H; CH=CHHtrans), 5.76 ppm
(ddd, J= 17.3, 10.3, 8.8 Hz, 1H; CH=CH2); 13C NMR (75 MHz, CDCl3):
d=28.5 (C ACHTUNGTRENNUNG(CH3)3), 29.2 (C ACHTUNGTRENNUNG(CH3)3), 63.9 (C4), 73.7 (C5), 74.1(C ACHTUNGTRENNUNG(CH3)3),
75.6 (C ACHTUNGTRENNUNG(CH3)3), 76.5 (C2), 81.0 (C3), 119.2 (CH=CH2), 137.2 ppm (CH=

CH2); elemental analysis calcd (%) for C14H27NO3: C 65.33, H, 10.57,N
5.44; found: C 65.48, H 10.32, N 5.63.

(2R,3R,4R,5R)-3,4-Bis(benzyloxy)-2-(benzyloxymethyl)-5-vinylpyrrolidin-
1-ol (24a): Oil; [a]27

D =�198 (c=0.48, CHCl3); 1H NMR (500 MHz,
CDCl3): d=3.56 (dt, J= 6.4, 4.7 Hz, 1 H; H2), 3.68 (dd, J=9.6, 6.4 Hz,
1H; CH2OBn), 3.80 (dd, J =9.7, 4.9 Hz, 1H; CH2OBn), 3.84 (dd, J =8.3,
5.4 Hz, 1H; H5), 3.94 (dd J= 5.3, 3.0 Hz, 1H; H4), 4.01 (dd, J =4.1,
3.2 Hz, 1H; H3), 4.50 (d, J =11.9 Hz, 2H; CH2Ph), 4.55 (d, J =6.4 Hz,
1H; CH2Ph), 4.57 (d, J=6.4 Hz, 1H; CH2Ph), 4.59 (d, J =11.4 Hz, 2 H;
CH2Ph), 5.31 (ddd, JJ =10.2, 1.5, 0.6 Hz, 1H; CH=CHHtrans), 5.36 (ddd,
J =17.2, 1.5, 1.0 Hz, 1H; CH=CHHcis), 6.07 (ddd, J= 17.2, 10.2, 8.3 Hz,
1H; CH=CH2), 7.28–7.39 ppm (m, 15 H; Ar); 13C NMR (125 MHz,
CDCl3): d= 67.9 (CH2OBn), 69.6 (C2), 71.7 (CH2Ph), 71,9 (CH2Ph), 72.9
(C5), 73.4 (CH2Ph), 83.8 (C3), 86.1 (C4), 119.3 (CH=CH2), 127.6 (Ar),
127.7 (Ar), 127.7 (Ar), 127.8 (Ar), 127.9 (Ar), 128.0 (Ar), 128.4 (Ar),
128.4 (Ar), 128.4 (Ar), 135.5 (CH=CH2), 137.9 (Ar), 138.0 (Ar),
138.2 ppm (Ar); elemental analysis calcd (%) for C28H31NO4: C 75.48, H
7.01, N 3.14; found: C 75.26, H 7.18, N 3.06.

(2R,3R,4R,5R)-3,4-Bis(benzyloxy)-2-(benzyloxymethyl)-5-vinylpyrrolidin-
1-ol (24b): Oil; [a]27

D =�340 (c=0.48, CHCl3); 1H NMR (500 MHz,
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CDCl3): d=3.14 (c, J =5.4 Hz, 1 H; H2), 3.59 (dd, J=8.6, 5.6 Hz, 1 H;
H5), 3.71 (dd, J =9.8, 5.6 Hz, 1H; CH2OBn), 3.75 (dd, J=9.8, 5.3 Hz,
1H; CH2OBn), 3.83 (dd, J =5.3, 1.0 Hz, 1 H; H3), 3.89 (dd, J =5.6,
0.9 Hz, 1 H; H4), 4.45 (d, J =11.9 Hz, 1H; CH2Ph), 4.48 (d, J =11.9 Hz,
1H; CH2Ph), 4.49 (d, J =12.1 Hz, 1H; CH2Ph), 4.53 (d, J =12.1 Hz, 1H;
CH2Ph), 4.58 (d, J=12.0 Hz, 1H; CH2Ph), 4.61 (d, J =12.0 Hz, 1H;
CH2Ph), 5.35 (dd, J= 10.3, 1.8 Hz, 1 H; CH=CHHtrans), 5.42 (dd, J =17.4,
1.7 Hz, 1H; CH=CHHcis), 6.16 (ddd, J =17.3, 10.2, 8.6 Hz, 1H; CH=

CH2), 7.25–7.38 ppm (m, 15H; Ar); 13C NMR (125 MHz, CDCl3): d=

69.9 (CH2OBn), 71.5 (CH2Ph), 72.0 (CH2Ph), 72.1 (C2), 73.3 (CH2Ph),
73.9 (C5), 82.2 (C3), 82.5 (C4), 120.0 (CH=CH2), 127.7 (Ar), 127.7 (Ar),
127.8 (Ar), 127.9 (Ar), 128.4 (Ar), 128.4 (Ar), 134.3 (CH=CH2), 137.9
(Ar), 137.9 (Ar), 138.2 ppm (Ar); elemental analysis calcd (%) for
C28H31NO4: C 75.48, H 7.01, N 3.14; found: C 75.69, H 7.18, N, 3.22.
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