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Abstract—The 1,3-dipolar cycloadditions of bis(diisopropylamino)phosphinodiazomethane, 10, to chiral electron-deficient olefins
have been investigated for the first time. The results have been compared with those corresponding to the reactions of
diazomethane and the same or similar substrates. The experimental observations have been rationalized by DFT theoretical
calculations. Diazomethane has been shown to be more reactive than 10 in all cases. The dipolarophiles include compounds
synthesized from D-glyceraldehyde acetonide and (−)-verbenone. The latter compounds, bearing a gem-dimethylcyclobutane
moiety, are less reactive than those derived from D-glyceraldehyde bearing a dioxolane ring. The influence of the Z/E geometry
of the double bond on the reactivity and the �-facial diastereoselectivity has been investigated. Thus, in the reactions of
diazomethane, the diastereoselectivity is not dependent on the Z/E stereochemistry but the reactivity is lower for (E)-cyclobutyl
derivatives than for their Z isomers. In the reactions between 10 and the glyceraldehyde derivatives, the E isomers are less reactive
than the Z ones and afford adducts with poor facial diastereoselectivity due to unfavorable interactions between the reactants in
the corresponding transition states. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Cyclopropane and pyrazoline moieties are present as
structural units in the skeletons of many natural and
designed products. Among the cyclopropane deriva-
tives, amino acids,1 peptidomimetics,2 and nucleosides3

are prominent and several synthetic methods have been
developed for their preparation. Certain �2-pyrazolines
have displayed significant biological activities.4 Much
effort has been directed, therefore, to achieve efficient
synthetic approaches to these compounds. The 1,3-
dipolar cycloadditions of diazoalkanes to electron-
deficient olefins offer synthetic entries to both types of
molecules. Usually, diazoalkanes add to trisubstituted
olefins to afford �1-pyrazolines that can be photolyzed
to the corresponding cyclopropanes, whereas �1-pyra-
zolines resulting from the addition to disubstituted
olefins can isomerize to �2-tautomers that are not suit-

able for photolysis. Since the stereochemistry is con-
served during the photochemical decomposition of
�1-pyrazolines,5 good stereocontrol in the cycloaddition
step is crucial to the diastereoselectivity of the whole
cyclopropanation process of chiral olefins.

Empirical or theoretical models suggested to explain the
�-facial diastereoselection of cycloaddition reactions,
such as the inside alkoxy theory6 or the principle of
1,3-allylic strain,7 do not explain satisfactorily the stereo-
chemical outcome of the reactions between diazo-
methane and chiral substrates as previously reported.8

Recently, we studied the cycloadditions of diazo-
methane to chiral olefins 1, 2, 4–6 (Chart 1), prepared
from D-glyceraldehyde acetonide, in order to establish
the origin of the �-facial diastereoselection.5,9

All these molecules bear an alkoxy substituent, pro-
vided by the bulky dioxolane ring. syn-Adducts were
obtained as the major isomers in all cases, indepen-
dently of the Z/E stereochemistry of the double bond
and the number and nature of the substituents. Theo-
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retical calculations performed on 4 and 6, chosen as
representative systems, showed that steric hindrance
due to the bulky dioxolane group is the main factor
governing the preference for the syn-attack of dia-
zomethane to the olefinic double bond. Therefore, the
origin of the �-facial diastereoselection in these cycload-
ditions is found in the chirality of the dioxolane stereo-
genic center, as the predominant feature determining
the stereochemistry of the resulting adducts.

We also described the cycloaddition of diazomethane to
cyclobutyl dehydroamino acid derivatives (Z)-8 and
(Z)-9 (Chart 1), prepared from (−)-�-pinene, to afford
adducts as single diastereoisomers.10 The configuration
of the new stereogenic centers could be explained by
considering that, for the most stable conformers, the
�-facial diastereoselection was the result of steric hin-
drance by the gem-dimethyl substituents and the side
chain of the cyclobutane-ring.

Only one cycloaddition reaction involving bis(diiso-
propylamino)phosphinodiazomethane 1011 has been
reported. Indeed, it reacted at 40°C with a monosubsti-
tuted achiral olefin with spontaneous loss of nitrogen to
afford the corresponding cyclopropane derivative in
near-quantitative yield. The high stereoselectivity of
this cycloaddition is noteworthy, since the phosphino
group and the substituent furnished by the olefin were
in a trans-disposition.12 The synthetic potential of this
reagent is enormous since it can provide an entry to
densely functionalized cyclic compounds.

Herein, we describe the first examples of the reaction
between the phosphinodiazoalkane 10 and chiral sub-
strates. The stereoselectivity of the cycloadditions
regarding the �-facial diastereoselection and the cis/
trans stereochemistry concerning the phosphino sub-
stituent has been investigated. The influence of the Z/E
configuration of the olefin has also been considered.
The experimental results have been rationalized by
DFT theoretical calculations considering not only the

conformational bias of the substrates but also the tran-
sition states leading to the diastereoisomeric adducts.
From these results, the reactivity of 10 is compared
with that of diazomethane towards the same dipolar-
ophiles. The discrepancies in the stereoselectivity
involved in the cycloadditions of both dipoles are also
pointed out.

2. Results and discussion

2.1. Cycloaddition reactions and stereochemical
assignments

The cycloadditions of 1011 to 1, 2, 3, 5 and 7 were
investigated and the cycloaddition of diazomethane to
7, both Z and E isomers, was also studied. Olefins 1,13

2,14 5,15 as pure Z and E diastereoisomers, as well as
(E)-316 were synthesized according to the procedures
described in the literature. D-Glyceraldehyde was the
chiral precursor bearing the stereogenic centre (S
configuration) that must induce �-facial diastereoselec-
tion in the addition of the dipoles to these substrates. In
turn, (Z)- and (E)-7 were synthesized from (−)-ver-
benone which provides the (1R,3R) configuration for
the stereogenic centers of the cyclobutane-ring.17 The
methods used involve Wittig or Wittig–Horner conden-
sations, except for (E)-3, which was synthesized
through nitroaldol reaction between D-glyceraldehyde
and nitromethane.

Previously, we have shown that excess diazomethane
reacts with substrates 1, 2, 4–6, as pure Z or E isomers,
under the conditions shown in Table 1 to afford the
corresponding adducts in high yields (entries 1, 3, 5,
7–13). syn-Adducts were always the major products
obtained in 82–100% de (Fig. 1).5,9 Nitro olefin (E)-3

Chart 1.

Figure 1. Newman projections for the conformers considered
to define syn/anti adducts: (a) for substrates 1–6; (b) for
substrates 7–9.
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Table 1. Reaction conditions, stereochemistry of the major adduct, yield, and syn/anti diastereomeric excess (% d.e.) in the
additions of diazomethane (CH2N2) and phosphinodiazocompound 10 to olefins 1–9a

Olefin Dipole T (°C) Time (h)Entry Adductb % Yieldc % d.e. Ref.

(Z)-1 CH2N21 rt 2.5 syn 90 96 9
(Z)-1 10 60 22 syn 75d 94f This work

3 (E)-1 CH2N2 rt 2.5 syn 90 96 9
(E)-1 104 70 20 anti 28d 5f This work
(Z)-2 CH2N2 0 1.55 syn 70 �98 9

6 (Z)-2 10 6 20 syn 25d 100f This work
(E)-2 CH2N2 0 1.57 syn 75 �98 9
(Z)-4 CH2N2 0 18 syn 75 84 9

9 (E)-4 CH2N2 0 1 syn 76 82 9
(Z)-5 CH2N2 rt 3 syn 90 86 910
(E)-5 CH2N2 rt 311 syn 71 84 9
(Z)-6 CH2N2 rt 312 syn 100 �98 5, 9
(E)-6 CH2N2 rt 313 syn 100 �98 5, 9

14 (Z)-7 CH2N2 rt 20 anti 50e �98g This work
(E)-7 CH2N2 rt 2015 anti 95 �98g This work

16 (Z)-8 CH2N2 rt 20 anti 80 �98 10
17 (Z)-9 CH2N2 rt 20 anti 83 �98 10

a Olefins (E)-2, (E)-3, (Z)-5, (E)-5, (Z)-7, and (E)-7 (see Chart 1) did not react with 10 under several conditions tried.
b Referred to the major isomer.
c Isolated yield referred to the major isomer.
d Isolated yield after thiolation referred to the major isomer.
e Conversion ratio.
f Determined by 31P NMR spectroscopy.
g Determined by 1H NMR spectroscopy.

afforded adducts contaminated with much undefined
and polymeric material.

Otherwise, anti-adducts (Fig. 1) were the only
diastereomers produced from the reactions between
diazomethane and olefins (Z)-8 and (Z)-9 (Table 1,
entries 16, 17).10

In this work, diazocompound 10 was allowed to react
with (Z)-1 in a THF solution at 60°C for 2 h to afford
a 97:3 mixture of �2-pyrazolines syn- and anti-11
(Scheme 1). The progress of the reaction was easily
monitored by 31P NMR spectroscopy following the
disappearance of the peak at 48.00 ppm concomitant to
the appearance of two peaks at 44.90 and 45.98 ppm
corresponding to both isomers. The reaction did not
take place at room temperature. The results were simi-
lar when one or 3 equiv. of 10 were used. The adducts
11 were treated in situ with an excess of elemental
sulphur to produce the corresponding thioxo deriva-
tives syn- and anti-12 in 75% yield after purification.
The major product was isolated by column chromatog-
raphy and fully characterized as a pale yellow solid. An
X-ray diffraction analysis allowed the unequivocal
assignment of configuration to the two new stereogenic
centers and the identification of this compound as
syn-12 (Fig. 2)18 (31P NMR: � 76.0, [� ]D +313.7). The
minor isomer was identified as described below. The
relative stereochemistry of the phosphino and diox-
olanyl groups was trans in both diastereoisomers.

Several conditions were tried for the cycloaddition of
10 to olefin (E)-1 which was shown to be much less
reactive than (Z)-1. Under the optimal conditions Scheme 1.
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Figure 2. Thermal ellipsoid diagram (50% probability) of
syn-12 showing the atom numbering scheme. Only one
molecule of the asymmetric unit is presented. Isopropyl
groups have been simplified and most of the H atoms have
been omitted for clarity.

Figure 3. Thermal ellipsoid diagram (50% probability) of
anti-12 showing the atom numbering scheme. Isopropyl
groups have been simplified and most of the H atoms have
been omitted for clarity.

Figure 4. Stereochemical assignment of syn-13 on the basis of
NOESY correlations.

found, (E)-1 reacted with 3 equiv. of 10 in THF at
70°C for 20 h to produce a ca. 1:1 mixture of
diastereoisomeric adducts syn- and anti-11 which, after
thiolation and subsequent purification, afforded syn-
and anti-12 in 55% yield and only 5% de. The later
product (31P NMR: � 72.3, [� ]D −419.0) was the major
isomer and it could be isolated by column chromatog-
raphy and submitted to an X-ray diffraction analysis to
secure its unambiguous identification (Fig. 3).18 Thus,
�-facial diastereoselection, responsible for syn/anti
stereochemistry, is almost null in this reaction. Never-
theless, the stereoselectivity (wrt the relative disposition
of the phosphino and the dioxolanyl groups) was excel-
lent, providing a trans-relationship of these substituents
in both adducts.

Vinyl sulphones 2 were less reactive than unsaturated
esters 1 in the cycloadditions to 10, the dependence of
the reactivity on the Z/E stereochemistry being more
evident indeed. Thus, (Z)-2 reacted with 10 in THF at
60°C for 20 h to afford, after treatment with elemental
sulphur, only one pyrazoline in 25% yield. This com-
pound was identified as syn-13 on the basis of NOESY
correlations (Fig. 4) and NOE-1D experiments that
allowed us to assign not only the configuration of the

newly created stereogenic centers but also the preferen-
tial conformation for the dioxolane ring.

Attempts to react 10 with (E)-2 and (E)-3 under several
conditions failed. Moreover, diazoalkane 10 decom-
posed when exposed at high temperatures for long
reaction times.

Otherwise, phosphinodiazo compound 10 did not react
with trisubstituted olefins like 5 in contrast with the
results from the reactions between diazomethane and 4,
5 or 6 (both Z/E isomers) that afforded adducts in
good yields (Table 1, entries 8–13).9

Reactions with substrates (Z)- and (E)-7 were also
considered to investigate the steric hindrance by the
bulky gem-dimethylcyclobutyl moiety in disubstituted
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olefins. After treatment of (Z)- or (E)-7 with 10 (3
equiv.) at 50°C for 6 days, only traces of adducts were
detected (31P NMR: � 75.0 from (Z)-7 and 74.9 from
(E)-7), along with many decomposition substances. In
contrast, (Z)-7 was made to react with excess of dia-
zomethane at room temperature overnight to afford
�1-pyrazoline 15 along with ca 50% recovered starting
material (Scheme 2). Significant further conversion was
not observed after longer periods of time but �2-pyra-
zoline 17 was then produced. This compound also
resulted when isolation of 15 was attempted by chro-
matography of the reaction mixture.

Olefin (E)-7 was more reactive and afforded quantita-
tively 16 after treatment with an excess of dia-
zomethane under similar conditions as (Z)-7.
�1-pyrazoline 16 tautomerized slowly to �2-pyrazoline
17 on standing at room temperature. Therefore, for
these substrates, the reactivity towards diazomethane
was strongly dependent on the Z/E geometry of the
double bond but the stereoselectivity of the cycloaddi-
tion was the same in both cases since a single anti
diastereomer was formed in every case. (Table 1, entries
14, 15). The stereochemistry of pyrazolines 15–17 was
assigned to be anti, as depicted in Scheme 2, by com-
parison with the adducts resulting from the cycloaddi-
tion of diazomethane to olefins (Z)-8 and (Z)-9 whose
configuration was unambiguously determined by X-ray
analysis.10

It is noteworthy to remark that the substrates derived
from verbenone, 7–9, are less reactive than the family
of substrates derived from D-glyceraldehyde acetonide,
1–6. Thus, it seems that the high steric requirements of
the gem-dimethyl substituted cyclobutane moiety in 7–9
impede the approach of the dipoles, accounting for the
lower reactivity of these compounds.

2.2. Theoretical calculations

In order to rationalize the experimental results concern-
ing the reactivity of these systems as well as the
stereoselectivity of the cycloadditions considered, theo-
retical calculations were carried out for selected reac-
tions. Fig. 5 presents the optimized structures of (Z)-1,
(E)-1, (Z)-18, and (E)-18, where 18 is a model of 7 in
which the 2-methyl-1,3-dioxolanyl group has been
replaced, for simplicity, by an acetyl group (Chart 2).

In all cases, we have considered all possible structures
arising from the rotation around C3�C4. For the Z
isomers there is only one conformational minimum.
The rotational barriers are 7.4 kcal mol−1 for (Z)-1 and
7.5 kcal mol−1 for (Z)-18. On the other hand, for the E
isomers there are two different conformers, that we
have denoted as a and b. (E)-1b is more stable than
(E)-1a (�G=0.2 kcal mol−1), whereas for (E)-18 the
most stable conformer is (E)-18a (�G=0.5 kcal mol−1).
The rotational barriers are 3.2 kcal mol−1 for (E)-1 and
2.5 kcal mol−1 for (E)-18.

We have studied the attack of diazomethane to both
geometrical isomers of 1 and 18. For each system we
have considered the attack of the dipole to both �-faces
of the olefin. Figs. 6 and 7 present the structures of the
transition states corresponding to these reactions. For
(E)-1 and (E)-18 we have considered the attack to both

Figure 5. Optimized structures of olefins 1 and 18. �1 is the
C2�C3�C4�C5 dihedral angle.

Scheme 2.

Chart 2.
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Table 2. Activation Gibbs energies, at 1 atm and 298.15 K, and selected geometry parameters corresponding to the transition
states of the reactions of olefins 1 and 18 with diazomethane and 19

Dipole TSa �G‡,b C1�C3cOlefin N1�C2c �1
d �2

e �3
f

2.2025.6synCH2N2(Z)-1 2.2(−12.7)77.02.59
29.3 2.20 2.62anti 70.6 (−19.1) −8.5

(E)-1 CH2N2 syn 24.6 2.20 2.60 85.6 (−26.9) 4.5
anti 27.3 2.22 2.55 −63.9 (+45.9) −3.7

(Z)-18 0.0(−67.0)175.32.542.2330.7synCH2N2

1.7(+35.5)−82.22.552.2028.8anti
(E)-18 CH2N2 syn 28.9 2.23 2.54 −179.3 (−36.2) 10.0

anti 27.7 2.20 2.55 −83.1 (+38.4) −7.6
−15.0(Z)-1 19 (−56.7)syn 31.4 2.17 2.45 77.7 (−12.0) 13.2

anti (+51.9)10.2−15.035.1 (−18.6)71.12.472.17
19 (−88.2)(E)-1 −46.52.6(−28.1)84.42.492.1633.2syn

34.3anti −66.32.46 1.2(+43.5) (+75.5)33.82.20

a See Figs. 6, 7 and 8.
b In kcal mol−1.
c In A� .
d C2�C3�C4�C5 dihedral angle in degrees. In parentheses variation with respect to the isolated olefin.
e C2�C3�C1�N2 dihedral angle in degrees.
f N2�C1�P�N3 dihedral angle in degrees. In parentheses variation with respect to isolated 19.

conformers and the structures presented in Figs. 6 and
7 correspond to the most favorable ones. Activation
Gibbs energies and selected geometry parameters corre-
sponding to the transition states are shown in Table 2.

We have also studied the attack of bis(dimethyl-
amino)phosphinodiazomethane 19, as a model of 10, to
1 (Chart 2). For this process, in addition to the �-facial
selectivity (syn/anti ) two different stereoisomers related
to the cis or trans arrangement of the phosphino group
and the olefin substituent a C3 can be formed. Prelimi-
nary calculations using phosphinodiazomethane as a
model have shown that the trans transition states are
always more favorable than the cis ones. For this
reason, only trans transition states have been consid-
ered for the attack of 19 to 1. Fig. 8 shows the
structures of these transition states and the correspond-
ing activation Gibbs energies and selected geometry
parameters have been included in Table 2. We can

Figure 7. Structures of the transition states corresponding to
the reaction of diazomethane with 18.

Figure 6. Structures of the transition states corresponding to
the reaction of diazomethane with 1.

observe that the interatomic distances corresponding to
the two forming bonds do not significantly change from
one transition state to another, C1�C3 distances rang-
ing between 2.16 and 2.23 A� and N1�C2 distances
ranging between 2.46 and 2.62 A� .

For the reactions of diazomethane with (Z)- and (E)-1
the syn attack is kinetically more favorable than the
formation of the anti products, in excellent agreement
with the experimentally observed diastereoselectivity.
Moreover, (E)-1 is predicted to be slightly more reac-
tive than (Z)-1. According to Table 2, olefins (Z)- and
(E)-18 are less reactive towards diazomethane than (Z)-
and (E)-1, in good accordance with the experimental
results. Regarding the diastereoselectivity, anti transi-
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Figure 8. Structures of the transition states corresponding to
the reaction of 19 with 1.

C1�C3 axis (�2) (see Fig. 9). When the dipole is 19 the
variation of the N2�C1�P�N3 dihedral angle (�3) is also
involved in the lowering of steric repulsion.

For the reaction of diazomethane with (Z)-1 the forma-
tion of the syn product involves the attack to the less
hindered face of the olefin. On the other hand, the
formation of the anti product involves the attack of
diazomethane to the more hindered face and so a larger
geometry distortion is required, as it can be observed
from the variation of �1 and �2 (Table 2). The (E)-1-syn
transition state comes from the attack of diazomethane
to the (E)-1a conformer and the (E)-1-anti transition
state corresponds to the attack to the (E)-1b conformer.
Rotation around C3�C4 is easier for (E)-1, so that
relief of steric repulsion with the incoming dia-
zomethane molecule is more efficient than for (Z)-1. As
a consequence, potential energy barriers corresponding
to the reaction of diazomethane with (E)-1 are lower
than those corresponding to (Z)-1.

For the reactions of (E)-18 with diazomethane, we can
observe that the syn transition state comes from the
attack of diazomethane to the (E)-18b conformer and
that the anti transition state corresponds to the attack
of diazomethane to (E)-18a. If we compare the varia-
tion of �1 when going from the reactant to the transi-
tion state for (E)-1-syn and (E)-18-anti transition states
(see Table 2), we can observe a larger distortion in the
latter case. This fact seems to indicate that the differ-
ence in reactivities between (E)-1 and (E)-18 is due to
steric effects related to the gem-dimethyl group. A
similar conclusion can be reached from the comparison
between (Z)-1-syn and (Z)-18-anti transition states.

For the reactions of 19 with (Z)-1 and (E)-1, the
variation of the C2�C3�C4�C5 dihedral angle (�1) when
going from isolated olefin to the transition states is
similar to that observed for the attack of diazomethane.
For the transition states corresponding to the reaction
of (Z)-1 torsion around C1�C3 (�2) is larger than for
the reactions of diazomethane, whereas for the transi-
tions states corresponding to the reactions of (E)-1 the
deviation from planarity is insignificant. This torsion is
hindered by the steric repulsion between the bis-
(dimethylamino)groups of 19 and the ester group of
(E)-1.

For the optimized equilibrium geometry of 19 the
N3�P�C1�N2 dihedral angle (�3) is 41.7° (when it is

tion states are predicted to be the most favorable ones,
as it has been observed for the reactions of (Z)- and
(E)-7. The differences between syn and anti activation
Gibbs energies (1.9–1.2 kcal mol−1) are lower than
those corresponding to the reactions of (Z)- and (E)-1
(2.7–3.7 kcal mol−1), so that reactions of (Z)- and
(E)-18 with diazomethane are predicted to be less selec-
tive than reactions of (Z)- and (E)-1. This result is not
in agreement with the observed diastereoselectivities for
(Z)- and (E)-7.

For the attack of 19 to (Z)- and (E)-1 the Gibbs
activation energies are notably higher than the values
corresponding to the attack of diazomethane, so that
the reaction is expected to be much slower, in excellent
agreement with the experimental results corresponding
to the reactions of 10. Regarding the selectivity, there is
a remarkable difference between both geometrical iso-
mers: for (Z)-1 the difference between anti and syn
activation Gibbs energies is 3.7 kcal mol−1, whereas for
(E)-1 the difference is only 1.1 kcal mol−1. If we com-
pare these values with those corresponding to the reac-
tion with diazomethane, we can observe that for the syn
transition states the relative reactivity of (Z)- and (E)-1
towards diazomethane and 19 are different. For dia-
zomethane the most reactive isomer is (E)-1, whereas
for 19 (Z)-1 is more reactive than (E)-1. On the other
hand, for the anti transition states both diazomethane
and 19 show the same trend. This result suggests that
the low selectivity observed for the reaction between 19
and (E)-1 is due to a destabilization of the syn transi-
tion state.

There are two ways to relieve steric repulsion between
the olefin and the incoming dipole molecule: a rotation
around the C3�C4 bond (�1) and a rotation around the

Figure 9. Newman projection corresponding to the approxi-
mation of dipole 19 to olefin 1.
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oriented as in the syn transition states). So, the P lone
pair is perpendicular to the C1�N2�N1 axis (see Fig. 9).
When 19 attacks the olefin, a significant rotation
around C1�P is produced in order to minimize repul-
sion. For (Z)-1-syn and (E)-1-syn transition states, the
phosphorus atom and one of the dioxolane oxygens are
close enough to induce repulsion (P�O distances are
3.75 and 3.68 A� , respectively) due to the orientation
adopted by the dioxolane ring (Fig. 8). This repulsion
can be relieved through rotation around C3�C1 or
around C1�P. As we have already mentioned, for (E)-
1-syn rotation around the C3�C1 axis is hindered by
steric repulsion between the N(Me)2 and ester groups,
so that the variation of �3 is larger than for the (Z)-1-
syn transitions state.

The rotation around C1�P (�3) in (E)-1-syn transition
state moves one of the N(Me)2 groups of 19 towards
the ester group or the (E)-1, thus generating steric
repulsion. This kind of interaction is absent in (Z)-1-
syn (Fig. 8).

So, the lower stereoselectivity of (E)-1 relative to (Z)-1
in their reactions with 19 can be attributed to the
destabilization of the (E)-1-syn transition state due to a
repulsion between P and dioxolane oxygen lone pairs
and to steric hindrance between the N(Me)2 and ester
groups. This effect is expected to be more important
when the dipole is 10, since the i-Pr groups are much
more cumbersome than the methyl groups used in
calculations.

3. Concluding remarks

From these studies, we can conclude that diazomethane
is much more reactive than the phosphinodiazoalkane
10 towards all of the dipolarophiles considered.

In turn, the family of substrates derived from D-glycer-
aldehyde acetonide is more reactive towards both
dipoles than the olefins synthesized from (−)-verbenone.
The higher steric congestion produced by the bulky
3�-substituted gem-dimethylcyclobutane moiety can
account for the lower reactivity of 7–9.

For the two families of dipolarophiles, theoretical cal-
culations predict E isomers to be more reactive than
their Z counterparts due to the lower restrictions in the
rotation around the bond linking one of the olefinic
carbons and the bulkiest substituent (dioxolane or
cyclobutane). In the reactions with diazomethane, this
dependence on the Z/E geometry is experimentally
observed only for the cyclobutyl derivatives (Z)- and
(E)-7. These compounds do not react with the phos-
phinodiazoalkane 10.

In contrast, (E)-1 and (E)-2 react with 10 much more
slowly than (Z)-1 and (Z)-2, in good accordance with
the theoretical calculations, due to repulsive interac-
tions between the dipole and both substituents of the
C�C double bond in the substrates. These unfavorable

interactions are also responsible for the low �-facial
diastereoselectivity observed in the cycloaddition of
(E)-1 to 10.

4. Experimental

4.1. General

All manipulations involving diazo compound 10 were
performed under a nitrogen atmosphere using standard
Schlenk techniques and dry, oxygen-free solvents were
employed. Flash column chromatography was carried
out on silica gel (240–400 mesh). Melting points were
determined on a hot stage and are uncorrected. Signals
in IR spectra are reported in cm−1. In the 250 or 500
MHz 1H, 62.5 MHz 13C, and 101.2 MHz 31P NMR
spectra, chemical shifts are given on the � scale. Cou-
pling constants (J) are given in Hz. Electron impact
mass spectra were recorded at 70 eV.

4.2. Computational details

All calculations have been done using density func-
tional (DFT) methods within the generalized gradient
approximation (GGA). Molecular geometries have
been fully optimized using Becke’s19 functional for
exchange and the correlation functional due to Perdew
and Wang20 (BPW91). The level of calculation has been
shown to provide excellent results for the reaction
between diazomethane and ethylene.21 Molecular
geometries have been fully optimized at this level of
calculation using the standard 6-31G(d) basis set.22

Harmonic vibrational frequencies have been calculated
for all structures to characterize them as energy minima
(all frequencies are real) or transition states (one and
only one imaginary frequency). These calculations have
been done with the Gaussian-98 program.23 In order to
minimize the basis set superposition error, single point
calculation have been done for the previously optimized
geometries using an uncontracted Slater type orbital
(STO) triple-� basis set supplemented with a set of d
polarization functions for C, N, and O, and with a set
of p functions for H (TZP). These calculations have
been done using the ADF program.24 The reported
Gibbs energies at 1 atm and 298.15 K have been
calculated from energies computed with the TZP basis
set, whereas zero-point and thermal corrections to the
energy and entropies have been calculated from fre-
quencies computed with the 6-31G(d) basis set.

4.3. Crystallographic details

All data were collected at low temperature using an
oil-coated shock-cooled crystal on a Bruker-AXS CCD
1000 diffractometer. Both structures were solved by
direct methods (SHELXS-97)25 and refined using the
least-squares method on F2.26 Crystallographic data
(excluding structure factors) have been deposited with
the Cambridge Crystallographic Data Centre as supple-
mentary publication No CCDC 194968 (for syn-12)
and 194969 (for anti-12). Copies of the data can be
obtained free of charge on application to CCDC, 12
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Union Road, Cambridge CB21EZ, UK (fax: (+44)
1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

Crystal data for syn-12: C24.5H49N4O4PS, M=526.71,
monoclinic, C2, a=24.6842(16), b=10.1743(6), c=
24.8571(16) A� , �=108.117(1)°, V=5933.2(6) A� 3, Z=8,
�c=1.179 Mg m−3, F(000)=2296, �=0.71073 A� , T=
193(2) K, �(Mo K�)=0.197 mm−1, crystal size 0.1×
0.2×0.6 mm, 1.72°���24.71°, 22729 reflections
(10074 independent, Rint=0.0297) and 711 parameters
were refined. Largest electron density residue: 0.634 e
A� −3, R1 (for I>2�(I))=0.0390 and wR2=0.0986 (all
data).

Crystal data for anti-12: C22H43N4O4PS, M=490.63,
monoclinic, P21, a=8.8265(4), b=17.2015(8), c=
9.9600(5) A� , �=115.605(1)°, V=1363.71(11) A� 3, Z=2,
�c=1.195 Mg m−3, F(000)=532, �=0.71073 A� , T=
193(2) K, �(Mo K�)=0.210 mm−1, crystal size 0.2×
0.3×0.3 mm, 2.27°���25.35°, 11252 reflections (4968
independent, Rint=0.0340) and 428 parameters were
refined. Largest electron density residue: 0.279 e A� −3, R1

(for I>2�(I))=0.0452 and wR2=0.1070 (all data).

4.4. General procedure for the cycloadditions of
phosphinodiazocompound 10 to substrates (Z)-1,
(E)-1, and (Z)-2

Temperature and reaction time is shown in Table 1 for
each reaction (entries 2, 4, 6). The procedure for the
cycloaddition of 10 to olefin (Z)-1 is described. A
solution of (Z)-1 (400 mg, 2.2 mmol) in THF (5 mL)
was added to phosphinodiazocompound 10 (570 mg,
2.1 mmol) and the mixture was stirred at 60°C for 2 h.
The progress of reaction was monitored by 31P NMR
spectroscopy. When the reaction was complete the solu-
tion mixture was evaporated under vacuum, and the
phosphinopyrazolines 11 were analyzed without any
further purification to determine the diastereomeric
excess. Treatment of a THF solution of phosphinopyra-
zolines 11 with an excess of elemental sulphur (100 mg)
gave the corresponding thioxo derivatives 12, which
were purified by column chromatography on silica gel
(1:1 hexane–ether as eluent). Chemical yields for the
major isomers and diastereomeric excesses are shown in
Table 1. Spectroscopic and analytical data are listed
below.

4.4.1. (4R,5R)-5-[Bis(diisopropylamino)thioxophosphor-
anyl] - 4 - [2�,2� - dimethyl - (4�S) - 1�,3� - dioxolan - 4� - yl] - 3-
methoxycarbonyl-1H-pyrazoline, syn-12. Mp 54–57°C
(from pentane); [� ]D +313.7 (c 0.77, ether); IR (KBr):
1701; 31P NMR (CDCl3): 76.00; 1H NMR (CDCl3):
1.24–1.37 (complex absorption, 30H, NCHCH3 and
OCCH3), 3.50–3.70 (complex absorption, 4H,
NCHCH3), 3.76 (s, 3H, OCH3), 3.91 (dd, 2JHH=8.7,
3JHH=6.4, 1H, H5�a), 4.07 (dt, 3JPH=27.4, 3JHH=4.9,
1H, H4), 4.30 (dd, 2JHH=8.7, 3JHH=6.7, 1H, H5�b), 4.39
(m, 2H, H4�, H5); 13C NMR (CDCl3): 23.20–26.45 (6C,
NCHCH3 and OCCH3), 47.33–47.64 (4C, NCHCH3),
51.46–51.99 (2C, C4 and OCH3), 66.58 (d, 1JPC=83.9,
C5), 67.07 (C5�), 74.53 (d, 3JPC=16.2, C4�), 108.54 (C2�),

141.33 (C3), 162.31 (C�O). Anal. calcd for
C22H34N4O4PS: C, 53.86; H, 8.83; N, 11.42; S, 6.53.
Found: C, 53.94; H, 8.93; N, 10.95; S, 6.04%.

4.4.2. (4S,5S)-5-[Bis(diisopropylamino)thioxophosphor-
anyl] - 4 - [2�,2� - dimethyl - (4�S) - 1�,3� - dioxolan - 4� - yl] - 3-
methoxycarbonyl-1H-pyrazoline, anti-12. Mp 112–
114°C (from pentane); [� ]D −419.0 (c 0.84, ether); IR
(KBr): 1703; 31P NMR (CDCl3): 72.35; 1H NMR
(CDCl3): 1.30–1.38 (complex absorption, 30H,
NCHCH3 and OCCH3), 3.70–3.95 (complex absorp-
tion, 6H, NCHCH3, H5�a, H5�b), 3.81 (s, 3H, OCH3),
4.07 (dt, 3JPH=26.4, 3JHH=4.2, 1H, H4), 4.43 (dd,
3JHH=4.2, 2JPH=1.5, 1H, H5), 4.63 (ddt, 3JHH=6.8,
3JHH=4.2, 4JPH=0.9, 1H, H4�); 6.60 (d, 3JPH=7.3, 1H,
NH), 13C NMR (CDCl3): 23.70–26.30 (6C, NCHCH3

and OCCH3), 47.63–47.93 (4C, NCHCH3), 49.09–52.19
(2C, C4 and OCH3), 64.02 (d, 1JPC=87.7, C5), 66.27
(C5�), 75.11 (d, 3JPC=16.2, C4�), 109.41 (C2�), 143.19
(C3), 162.45 (C�O). Anal. calcd for C22H34N4O4PS: C,
53.86; H, 8.83; N, 11.42; S, 6.53. Found: C, 53.82; H,
8.96; N, 10.93; S, 6.31%.

4.4.3. (4R,5R)-5-[Bis(diisopropylamino)thioxophosphor-
anyl] - 4 - [2�,2� - dimethyl - (4�S) - 1�,3� - dioxolan - 4� - yl] - 3-
phenylsulphonyl-1H-pyrazoline, syn-13. Mp 135–137°C
(from pentane); [� ]D +210.38 (c 0.77, CH2Cl2); IR (film)
3374, 1551, 981; 31P NMR (CDCl3): 76.55; 1H NMR
(CDCl3): 1.16–1.39 (complex absorption, 30H,
NCHCH3 and OCCH3), 3.36–3.6 (complex absorption,
4H, NCHCH3), 4.04 (dd, 2JHH=9.1, 3JHH=6.6, 1H,
H5�a), 4.35 (ddd, 3JPH=27.7, 3JHH=5.6, 3JHH=3.7, 1H,
H4), 4.42 (m, 2H, H5�, H5), 4.65 (ddd, 3JHH=6.6,
3JHH=6.4, 3JHH=3.7, 1H, H4�), 6.30 (d, 3JPH=5.5, 1H,
NH), 7.51 (m, 2Hm), 7.60 (m, 1Hp), 7.99 (m, 2Ho); 13C
NMR (CDCl3): 23.30–24.85 (4C, NCHCH3), 26.88/
31.34 (2C, OCCH3), 47.89–48.05 (4C, NCHCH3), 53.65
(C4), 66.37 (C5�), 67.82 (d, C5, 1JCP=84.9 Hz), 74.74 (d,
C4�, 3JPC=13.8 Hz), 109.08 (C2�), 128.94 (2Co), 129.39
(2Cm), 134.10 (Cp), 140.22 (Cipso), 150.03 (C3); HRMS
(EI) m/z calcd. for C25H42N4O4PS2 (M).

4.5. General procedure for cycloadditions of diazo-
methane to olefins (Z)-7 and (E)-7

A typical experiment is described for the synthesis of
pyrazoline 16. An ethereal solution of excess diazo-
methane was distilled onto a solution of (E)-7 (130 mg,
0.5 mmol) in ether (22 mL). The light-protected resul-
tant solution was stirred at rt overnight, then excess
diazomethane was destroyed by addition of CaCl2, and
solvent was removed to afford 16 as a yellowish oil (124
mg, 98% yield). On standing as an ethereal solution at
rt for 24 h, this compound was converted into the
tautomer 17, as a pasty solid unsuitable for microanaly-
sis.

Attempts to purify oily pyrazolines 15 and 16 by chro-
matographic techniques resulted in �1/�2 isomerization
and/or partial decomposition. Consequently, these
compounds were only characterized by their NMR
spectroscopic data as follows.
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Compound 16: 1H NMR (CDCl3): 1.00 (s, 3H, cis-2�-
CH3), 1.05 (s, 3H, trans-2�-CH3), 1.13 (s, 3H, O2CCH3),
1.5–2.4 (complex absorption, 5H, H4, H1�, H3�, 2H4�),
3.70 (s, 3H, OCH3), 3.70–4.03 (complex absorption,
5H, -OCH2CH2O-, H5), 4.76 (dd, 1H, H5, 2J=17.0,
3J=8.6), 5.29 (dd, 1H, H3, 3J=9.3, 3J �=2.3); 13C NMR
(acetone-d6): 18.11 (cis-2�-CH3), 23.80 (C4�), 24.35
(O2CCH3), 31.64 (trans-2�-CH3,), 38.42 (C4), 41.74
(C2�), 49.69/52.26 (C1�, C3�), 53.73 (OCH3), 64.09/65.85
(2C, -OCH2CH2O-), 80.67 (C5), 89.55 (C3), 110.09
(O2CCH3), 167.93 (C�O).

Compound 17: 1H NMR (CDCl3): 0.99 (s, 3H, cis-2�-
CH3); 1.11 (s, 3H, trans-2�-CH3), 1.17 (s, 3H, O2CCH3),
1.36–1.54 (m, 2H, H4�), 1.79–1.89 (m, 1H, H3�), 1.97–
2.05 (m, 1H, H1�), 2.24–2.36 (m, 1H, H3�), 3.75 (s, 3H,
OCH3), 3.74–3.95 (complex absorption, 4H,
-OCH2CH2O-), 4.25 (ddd, 1H, H5a, 2J=17.91, 3J=4.48,
3J �=1.25), 4.55 (ddd, 1H, H5b, 2J=17.91, 3J=8.42,
3J �=2.51), 4.90 (m, 1H, H3); 13C NMR (acetone-d6):
18.01 (cis-2�-CH3), 23.90 (C4�), 24.6 (O2CCH3), 31.83
(trans-2�-CH3), 37.66 (C4), 41.49 (C2�), 46.56 (C1�), 49.61
(C3�), 52.72 (OCH3), 64.11/65.90 (2C, -OCH2CH2O-),
82.08 (C5), 93.63 (C3), 109.99 (O2CCH3), 169.37 (C�O).

Compound 18: [� ]D −22.5 (c 2.00, CH2Cl2); IR (KBr)
3331, 1709; 1H NMR (CDCl3): 1.05 (s, 3H, cis-2�-CH3),
1.15 (s, 3H, trans-2�-CH3), 1.20 (s, 3H, O2CCH3), 1.67
(m, 1H, H4�a), 1.85 (m, 1H, H4�b), 2.04 (complex absorp-
tion, 2H, H1�, H3�), 3.30 (m, 1H, H4), 3.55 (m, 2H, H5a,
H5b), 3.80 (s, 3H, OCH3), 3.78–4.00 (complex absorp-
tion, 4H, -OCH2CH2O-); 13C NMR (CDCl3): 16.85
(cis-2�-CH3), 22.61 (C4�), 23.68 (O2CCH3), 30.75 (trans-
2�-CH3), 42.14 (C2�), 42.37 (C4), 43.24 (C1�), 49.10 (C3�),
51.90 (OCH3), 53.27 (C5), 63.60/65.45 (2C,
-OCH2CH2O-), 109.85(O2CCH3), 146.37 (C3), 163.06
(C�O).
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