
ORIGINAL PAPER

DFT study of 1,3-dipolar cycloadditions of C,N-disubstituted
aldonitrones to chalcones evidenced by NMR and X-ray analysis

Nivedita Acharjee • Avijit Banerji • Thierry Prangé
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Abstract A DFT/B3LYP/6-31G* study was carried out

to predict the regio- and stereoselectivities of 1,3-dipolar

cycloadditions of C,N-disubstituted aldonitrones to chal-

cones in terms of FMO theory, DFT-based reactivity

indices, and activation energy calculations. The structures

of the resultant 2,3,4,5-tetrasubstituted isoxazolidines were

determined by means of NMR spectroscopy and X-ray

analysis.

Keywords Energy barrier � Electrophilicity index �
NMR spectroscopy � X-ray structure determination

Introduction

Isoxazolidines are attractive intermediates for the synthesis

of several natural products and biologically active com-

pounds [1–4]. The synthesis of N,O-psiconucleosides has

been recently designed on the basis of 1,3-dipolar cyclo-

addition (1,3-DC) of C-alkoxy carbonylnitrone to enol

esters [5]. Several computational studies [6–10] have been

carried out to explore the nature of the transition state and

rationalize the observed regio- and stereoselectivities of

nitrone cycloadditions. We have recently reported [11] the

exo-stereoselective cycloaddition reaction of 1-pyrroline-1-

oxide to chalcone by both experimental and theoretical

approaches. We have previously reported cycloaddition

reactions of C,N-disubstituted aldonitrones to substituted

cinnamic acid amides [12] and b-nitrostyrenes [13]. When

we carried out 1,3-DCs of these nitrones to chalcones, we

observed that the product composition depends on the

nature of the nitrogen substituent of the reacting nitrone.

With this in mind, we became interested in rationalizing

the observed regio- and stereoselectivities of these reac-

tions in terms of FMO theory, DFT based reactivity

indices, and activation energy calculations of the transition

states.

Results and discussion

Experimental results

Chalcones react with C,N-disubstituted aldonitrones to

generate 2,3,4,5-tetrasubstituted isoxazolidines in a stere-

oselective manner. We have attempted to study the effect

of changing the nitrogen substituent of the reacting nitrone

with groups differing in electronic demand (Fig. 1). C-(4-

Chlorophenyl)-N-phenyl nitrone (1) and C-phenyl-N-(4-

chlorophenyl) nitrone (2) were prepared according to the

existing procedure [2, 3] by heating the corresponding

N-substituted hydroxylamines with the respective alde-

hydes in ethanol. C-(4-Chlorophenyl)-N-methyl nitrone (3)

was obtained by a microwave-assisted procedure from

N-methyl hydroxylamine hydrochloride and 4-chloro-

benzaldehyde [14]. Chalcone (4) and anisalacetophenone

(5) were prepared by mixed aldol condensations developed

by Kohler and Chadwell [15]. The diastereomeric excesses

were evaluated from the integration pattern (protons of the
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isoxazolidine ring of the cycloadducts) of 300 MHz 1H

NMR spectra of the crude reaction mixtures prior to col-

umn chromatography.

The structural analyses of the cycloadducts were carried

out by means of 1H, 13C, and several 2D NMR spectro-

scopic techniques. 1,3-DC of 1 to 4 gives rise to two

cycloadducts 6 and 7. The 300-MHz 1H NMR spectrum of

the major cycloadduct 6 shows doublets at d = 5.25 ppm

(J = 7.2 Hz) and 5.31 ppm (J = 9.0 Hz). A double dou-

blet appears at d = 4.45 ppm with coupling constants of

7.2 and 9.0 Hz. This indicates that the proton signal at

4.45 ppm can be confidently assigned to H4 of the isoxa-

zolidine ring. The major cycloadduct 8 generated from the

reaction between 1 and 5 shows doublets at d = 5.28 ppm

(J = 7.2 Hz) and 5.23 ppm (J = 9.1 Hz); the double

doublet appears at 4.45 ppm. The doublet signal at 5.31

ppm in 6 is shielded to 5.23 ppm in 8 due to 4-methoxy

substitution in ring D. Therefore, we can assign the doublet

signals at d = 5.31 ppm and 5.23 ppm to H5 of the isox-

azolidine rings in 6 and 8. The H5 proton signal of the

minor cycloadduct 7 at d = 5.96 ppm is shielded to

5.88 ppm in 9. LR COSY couplings between H3 and H5 of

6 and 7 show that the corresponding ortho protons of the

aromatic rings are attached to C3 and C5, thus indicating

their benzylic disposition. The stereochemistry of the

cycloadducts can be assigned from the coupling constants

between H3 and H4 and that of H4 and H5. The coupling

constants J3,4 and J4,5 of the minor cycloadducts 7 and 9

are large enough (J3,4 = 10.1 Hz, J4,5 = 9.5 Hz for com-

pound 7 and J3,4 = 10.0 Hz, J4,5 = 9.8 Hz for compound

9) to support a 3,4-cis-4,5-trans geometry of the isoxa-

zolidine ring [12]. The stereochemistry of cycloadducts 6

and 8 was confirmed from single crystal X-ray analysis

(Fig. 2). The structures are all trans, including the lone pair

of nitrogen N2. Compound 6 has an intermediate envelope/

twist conformation, whereas 8 shows a pure envelope

conformation with the O1 atom out of the mean plane

defined by the four other atoms.

The experimental results are collected in Table 1. The

cycloaddition reaction of 2 to 4 gives rise to two diaste-

reomeric cycloadducts 10 and 11. We have then replaced

the N-aryl group of 1 to N-methyl in 3. Three cycload-

ducts, 12, 13, and 14, are generated in a 78:8:14 ratio

from 1,3-dipolar cycloaddition of 3 to 4 (Table 1). In the
1H NMR spectra, chemical shifts of H3, H4, and H5 are

sharply differentiated in three types of cycloadducts. The

coupling constants J3,4 and J4,5 in 13 are large enough

(J3,4 = 10.2 Hz, J4,5 = 8.0 Hz) to support the 3,4-cis-4,5-

trans geometry of the isoxazolidine ring. Two-dimen-

sional long-range COSY experiments reveal correlations

between the benzylic proton and H3 for all three cyc-

loadducts, 12, 13, and 14. Such long-range correlations

result from H5 and the benzylic protons in 12 and 13 as

well as from the benzylic protons and H4 in 14. In the

regioisomer 14, H3 and H5 are shielded by 0.18 and

0.23 ppm compared to 12.

C N
H

O

R1

1 Ph Cl
2 4-Cl-C6H4 H
3 Me Cl

PhOC

R2

R2

4 H
5 OMe

Toluene, 110 °C, N2

R1

O
N

H

COPh

R

H
H

R2

R1

O
N

H

COPh

R

H
H

R2

R1

O
N

H

R

H
H

R2

COPh

6 Ph Cl H
8 Ph Cl OMe

10 4-Cl-C6H4 H H
12 Me Cl H

7 Ph Cl H
9 Ph Cl OMe
11 4-Cl-C6H4 H H
13 Me Cl H

--------------------
--------------------
--------------------

14 Me Cl H

R

R R1

R R1 R2 R R1 R2 R R1 R2

Fig. 1 1,3-Dipolar

cycloadditions of

C,N-disubstituted aldonitrones

to a,b-unsaturated ketones
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Theoretical results

We selected the cycloaddition reactions of 1 and 3 to 4 as

the reaction models for theoretical investigations.

Prediction of regioselectivity

From Houk’s rule

The frontier orbital energies (calculated at DFT/B3LYP/6-

31G* level of theory, Table 2) and the coefficients (cal-

culated at HF/STO-3G level of theory) of 1, 3, and 4 are

given in Fig. 3. HOMO/LUMO energy gaps of the reac-

tants indicate a normal electron demand (NED) character

(where HOMOdipole–LUMOdipolarphile is the predominant

interaction) for 1,3-DCs of 1 and 3 to 4.

From Houk’s rule, it is evident that the HOMOdipole–

LUMOdipolarphile interaction between the reactants will

generate 4-benzoyl substituted isoxazolidines as the major

cycloadducts for both the cycloaddition reactions. This

agrees well with the experimental findings.

From NBO-derived charges

The NBO-derived charges of the reactive sites are collected

in Table 3. The natural population analysis of 1 indicates

that the oxygen and carbon atoms support negative charges

of -0.517e and -0.009e. In case of 4, Ca and Cb carry

negative charges of -0.288e and -0.173e. Hence, the

major isomers generated from the cycloaddition of 1 and 4

will be 4-benzoyl-substituted isoxazolidines with the oxy-

gen atom of 1 (which is the most negative end of the

dipole) attached to Cb (less negative end than Ca).

From DFT-based reactivity indices

The electronic chemical potential [16] l is the index

pointing to the direction of charge transfer (CT) within the

system in its ground state. Global hardness [17] g specifies

the resistance to the charge transfer process.

l � eHOMO þ eLUMOð Þ=2 ð1Þ
g � eLUMO � eHOMO ð2Þ

The electronic chemical potentials of 1 and 3 are higher

than that of 4. The chemical hardness of 4 is higher than

that of 1 and 3. This indicates that the CT at these reactions

Fig. 2 ORTEP view of cycloadducts 6 and 8 (ellipsoids at the 40%

probability level)

Table 1 Experimental results for 1,3-DCs of C,N-disubstituted

aldonitrones to a,b-unsaturated compounds

Nitrone Ketone Reaction

time (h)

Product ratios Total

conversion (%)

1 4 20 6:7 = 87:13 69

1 5 20 8:9 = 92:8 74

2 4 21 10:11 = 90:10 71

3 4 17 12:13:14 = 78:8:14 65

Table 2 DFT/B3LYP/6-31G* calculated HOMO and LUMO ener-

gies, and global properties of 1, 3, and 4

HO (a.u.) LU (a.u.) l (a.u.) g (a.u.) S (a.u.) x (eV)

1 -0.207 -0.068 -0.138 0.139 3.597 1.864

3 -0.208 -0.056 -0.132 0.152 3.289 1.560

4 -0.233 -0.072 -0.153 0.161 3.106 1.978
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will take place from the dipole to the dipolarophile, i.e., the

NED character of the cycloaddition reactions. The global

electrophilicity index x [18–21] measures the stabilization

in energy when the system acquires an additional electronic

charge from the environment.

x ¼ l2
�

2g ð3Þ

For 1,3-DCs of 1 and 3 to 4, the molecule with greater

x, i.e., the dipolarophile 4, will act as the electrophile. This

also suggests the NED character of both reactions. Small

differences in the global electrophilicity indices of the

reactants indicate a low polar character for both reactions.

The calculation of Fukui functions [22] of an atom in a

molecule proves to be a useful criterion to characterize the

reactive sites within a chemical species. For the two dipoles 1

and 3, O1 (k = 1, Table 3) has higher fk
- than C3 (k = 3,

Table 3). xk
? of Cb (k = 5, Table 3) is higher than that of Ca

(k = 4, Table 3) in the dipolarophile 4. Thus, the preferred

interaction will take place between O1 of dipoles and Cb of 4.
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-0.47353-0.38763

0.165a.u.

0.177a.u.

-0.52396 0.65649

-0.39318 0.40458

Fig. 3 HOMO and LUMO

energies (in a.u.) (calculated at

DFT/B3LYP/6-31G* level of

theory) and the coefficients

(calculated at HF/STO-3G level

of theory) of the reacting

termini of 1, 3, and 4 (not to

the scale)

Table 3 DFT/B3LYP/6-31G* calculated local properties and natural

charges (N) of the reactive sites in 1, 3, and 4; k is the reactive site

according to Fig. 4

K N fk
? s? (a.u) xk

? (eV) fk
- s- (a.u.)

1 1 -0.517 0.099 0.356 0.185 0.217 0.781

3 -0.009 0.123 0.442 0.229 0.125 0.450

3 1 -0.515 0.126 0.414 0.197 0.258 0.849

3 -0.019 0.118 0.388 0.184 0.134 0.441

4 4 -0.288 0.036 0.112 0.071 0.089 0.276

5 -0.173 0.119 0.370 0.235 0.050 0.155
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Global softness S is represented as S ¼ 1=2g ð4Þ

Regioselectivity can be analyzed in terms of the softness

matching index Dij
kl [23, 24], defined in terms of local

softnesses by:

Dkl
ij ¼ s�i � sþk

� �2þ s�j � sþl

� �2

ð5Þ

where atoms i and j of the nucleophile interact with atoms

k and l of the electrophile to give rise to the preferred

regioisomer; si
-, sk

?, sj
-, and sl

? are the respective local

softnesses of the reactive sites. Calculation of softness

matching index ensures the simultaneous fulfillment of

the local HSAB concept at the two reacting termini. The

reaction pathway involving a lower value of Dij
kl will be the

favored one. For 1,3-DCs of 1 and 3 to 4, Dij
kl for the gen-

eration of 4-benzoyl substituted isoxazolidines is smaller

compared to that for the generation of 5-benzoyl substi-

tuted isoxazolidines (Table 4). This suggests a preference

for the generation of 4-benzoyl substituted isoxazolidines

along the cycloaddition reactions and hence agrees well

with the experimental results.

Activation energy calculations

(Z)-Isomers of both 1 and 3 are lower in energy than their

(E)-counterparts by 34.85 and 30.54 kJ mol-1 at DFT/

B3LYP/6-31G* level of theory. The preference for (Z)-

configuration in both the nitrones is in agreement with

NMR investigations [25, 26], dipole moment measure-

ments [27, 28], and X-ray crystallographic studies [29].

The dipolarophile 4 exists exclusively in trans form.

Transition state optimizations for the corresponding regio-

attacks leading to the generation of 5-benzoyl substituted

cycloadducts were attempted. However, such computations

for reactions 1–4 and 3–4 lead to unrealistic structures and

wrong activation energies of the transition states. Activa-

tion energy calculations of 1-pyrroline-1-oxide to chalcone

also lead to similar observations [11]. In several calcula-

tions, the DFT method predicts a different regioisomer [10,

30]. Domingo et al. [31] have also reported the inability of

DFT calculations to predict the regioselectivity of some

nitrone cycloadditions. We are now left with activation

energy calculations of the two stereoisomeric channels for

the generation of 4-benzoyl substituted isoxazolidines from

the investigated cycloadditions. They are related to the

endo-carbonyl and exo-carbonyl approach modes of the

dipolarophile 4 over the nitrogen atoms of the (Z)-nitrones

1 and 3 (Fig. 4).

The two reacting systems 1–4 and 3–4 have been

denoted by prefixes 1 and 2, respectively, for the products

and transition states. On grounds of structural symmetry, it

is obvious that the calculations will be equivalent for both

re and si faces of the nitrones 1 and 3. We have focused our

attention to one particular face, i.e., the si face of the nit-

rone. The naming symbols are coined according to a

particular highlighted combination (products/transition

states, endo/exo). In each case, the calculated C–C bond

distance is longer than the C–O bond (Table 5). The index

of Pauling’s [32] partial bond order (PBO) has been cal-

culated to comment on the bonding nature. Magnuson et al.

[33] have reported their utilization in similar investiga-

tions. The comparable magnitudes of the PBOs for the

transition states are within the range of concerted mecha-

nism for both the cycloaddition reactions (Table 5).

Table 4 DFT/B3LYP/6-31G* calculated softness matching index for

1,3-DCs of 1 to 4, and 3 to 4

1 ? 4 3 ? 4

D4-oxophenyl substitution [(sO1
- –sC5

? )2 ? (sC3
- –sC4

? )2] 0.283 0.338

D5-oxophenyl substitution [(sC3
- –sC5

? )2 ? (sO1
- –sC4

? )2] 0.454 0.548
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Fig. 4 Endo and exo attack on 1 and 3 by 4

Table 5 DFT/B3LYP/6-31G* calculated bond lengths and partial

bond order (PBO) values of transition states

Transition state rC–O (Å) (PBO)C–O rC–C (Å) (PBO)C–C

1tn 2.109 0.119 2.149 0.154

1tx 2.092 0.127 2.163 0.150

2tn 1.982 0.165 2.152 0.146

2tx 1.936 0.196 2.093 0.182
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The endo-cycloadducts 1pn and 2pn are thermodynam-

ically more stable compared to the exo-stereoisomers 1px

and 2px, respectively (Table 6). The cycloaddition reaction

between 1 and 4 is favored in the endo-reaction channel,

being stabilized through an activation energy difference of

6.374 kJ mol-1 between 1tn and 1tx (Table 6). This is in

concordance with the experimentally evaluated diastereo-

meric ratio of 1pn:1px *87:13 (Table 1). The exo-

stereoisomer 13 is obtained in least quantity from 1,3-DC

of 3 to 4 (Table 1). The exo-transition state 2tx is desta-

bilized by 17.328 kJ mol-1 relative to the endo-transition

state 2tn. The computed activation energies of exo-transi-

tion states 1tx and 2tx differ by 12.332 kJ mol-1 and that

of the endo-transition states 1tn and 2tn by 1.378 kJ mol-1.

This computational feature states that replacement of the

N-phenyl group of 1 by N-methyl in 3 brings about a

greater destabilization of the exo-carbonyl approach com-

pared to that in case of the endo-carbonyl attack. The

influence of the basis set was analyzed by comparing

B3LYP/6-311??G** single-point energy calculations at

the B3LYP/6-31G* geometry with the corresponding cal-

culations of the B3LYP/6-31G* level of theory. The

activation energy differences of the transition states are in

good agreement. The inclusion of solvent effects gives rise

to an increase of 8.4-10 kJ mol-1 in the energies relative to

the gas phase calculations.

Computational methods

The geometries of the nitrones and chalcone have been

optimized by Density Functional Theory with Becke’s [34]

three-parameter hybrid exchange functional in combination

with the gradient-corrected correlation functional of Lee,

Yang, and Parr [35] (B3LYP) using 6-31G* basis set. The

electronic populations are computed from natural population

analysis (NPA) [36] at DFT/B3LYP level of theory using

6-31G* basis set. The transition states have been localized at

DFT/B3LYP/6-31G* level of theory. All the stationary

points are definitely identified for minima (number of

imaginary frequencies = 0) or transition states (number of

imaginary frequencies = 1). Intrinsic reaction coordinate

(IRC) calculations starting at the saddle points have been

done to verify the connections between the transition states

and their preceding and following minima along the reaction

path. Solvent effects are considered by DFT/B3LYP/6-31G*

single-point energy calculations at the gas phase geometries

using the Polarized Continuum Model of Tomasi and

coworkers [37, 38] (CPCM [39]) in toluene. The influence of

the basis set has been studied by single-point energy calcu-

lations at the DFT/B3LYP/6-311??G** level of theory at

the DFT/B3LYP/6-31G* optimized gas phase geometries.

All calculations were carried out using a Gaussian 2003 [40]

set of programs along with the graphical interface Gauss

View 2003.

Experimental

Melting points were recorded on an electrically heated

Kofler Block apparatus. UV spectra were recorded in dry

acetonitrile using a Shimadzu UV-3101 PC spectropho-

tometer. IR spectra were recorded from KBr pellets

using a Perkin-Elmer RX-9 FT-IR spectrophotometer. 1H

NMR and 13C NMR spectra were recorded using a

Bruker AV-300 NMR spectrometer at 300 and

75.5 MHz. 1H NMR assignments were confirmed by

decoupling, COSY, and COSY-LR experiments. 13C

NMR assignments were confirmed by DEPT and

two-dimensional correlation experiments. Chemical shifts

for 1H NMR and 13C NMR are reported in parts per

million, downfield from tetramethylsilane (TMS). Mass

spectra were recorded with a JEOL JMS600 mass

spectrometer.

Table 6 Total energies (a.u.)

and relative energies (kJ mol-1,

in parentheses) relative to the

reactants for 1,3-DCs of 1 to 4,

and 3 to 4

B3LYP/6-31G* B3LYP/6-311??G** B3LYP/6-31G* (in toluene)

1 -1,091.512317 -1,091.705883 -1,091.518683

3 -899.775870 -899.925976 -899.781311

4 -654.034373 -654.204907 -654.041028

1pn -1,745.561900 (-39.934) -1,745.916118 (-13.989) -1,745.569975 (-26.948)

1px -1,745.556387 (-25.459) -1,745.910318 (1.239) -1,745.565362 (-14.837)

1tn -1,745.512553 (89.627) -1,745.870635 (105.427) -1,745.521760 (99.640)

1tx -1,745.510125 (96.001) -1,745.868045 (112.227) -1,745.519911 (104.495)

2pn -1,553.828363 (-47.574) -1,554.137122 (-16.380) -1,553.835431 (-34.373)

2px -1,553.822688 (-32.674) -1,554.132231 (-3.539) -1,553.830525 (-21.492)

2tn -1,553.775581 (91.005) -1,554.088952 (110.090) -1,553.784210 (100.108)

2tx -1,553.768981 (108.333) -1,554.082420 (127.240) -1,553.777667 (117.286)
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General procedure

A solution of 4.4 mmol nitrone and 6.6 mmol a,b-unsatu-

rated ketone in 5 cm3 dry thiophene-free toluene was

refluxed under nitrogen atmosphere. The progress of each

reaction was monitored by thin-layer chromatography

(solvent system: petroleum ether:benzene 1:1). Toluene

was removed under reduced pressure in a Büchi rotary

evaporator from the post-reaction mixtures. The crude

post-reaction mixtures were purified by column chroma-

tography over neutral alumina (Activity I-II, Merck) using

petroleum ether (60–80 �C) as the eluent. All solvents for

thin-layer chromatography and column chromatography

were distilled prior to use. Organic extracts were dried over

anhydrous sodium sulfate.

(3a,4b,5a)-4-Benzoyl-3-(4-chlorophenyl)-2,5-

diphenylisoxazolidine (6, C28H22ClNO2)

White needle-shaped crystals; yield 0.99 g (51%); isolated

from 10% benzene in petroleum ether eluates; Rf = 0.55

(silica gel, petroleum ether:benzene = 1:1); m.p.: 120 �C;

UV–Vis (acetonitrile, c = 5 9 10-5 mol dm-3): kmax (log

e) = 245 (4.00) nm; IR (KBr): �m = 3,045 (w), 1,677 (s),

1,594 (s), 1,487 (s), 825 (m), 755 (s), 695 (s) cm-1; 1H

NMR (300 MHz, CDCl3): d = 5.25 (d, J = 7.2 Hz, H3),

4.45 (dd, J = 7.2, 9.0 Hz, H4), 5.31 (d, J = 9.0 Hz, H5),

6.96 (d, J = 7.7 Hz, H2,6(A)), 6.90 (tt, J = 7.3, 1.0 Hz,

H4(A)), 7.12–7.32 (m, H3,5(A), H2,3,5,6(B), H2,3,4,5,

6(D)), 7.33–7.39 (m, H2,3,4,5,6(C)) ppm; 13C NMR

(75.5 MHz, CDCl3): d = 74.48 (C3), 69.41 (C4), 84.77

(C5), 151.35 (C1(A)), 114.34 (C2,6(A)), 127.90 (C3,5(A)),

122.06 (C4(A)), 136.29, 136.34 (C1(B), C1(D)), 133.60

(C4(B)), 140.06 (C1(C)), 133.74 (C4(C)), 126.77 (C2,6(D)),

128.91 (C4(D)), 129.19, 129.07, 128.79, 128.68, 128.48

(C2,6(B), C3,5(B), C2,6(C), C3,5(C), C3,5(D)), 196.40

(C=O) ppm; MS: m/z = 439 [C28H22ClNO2, M?], 334

[C21H17ClNO], 242 [C15H11ClO], 231 [C13H10ClNO], 216

[C13H11ClN], 209 [C15H12OH?], 139, 131 [C9H7O?], 111

[C6H4Cl?], 105 [C7H5O?], 91 [C7H7
?].

(3a,4a,5b)-4-Benzoyl-3-(4-chlorophenyl)-2,5-

diphenylisoxazolidine (7, C28H22ClNO2)

White crystals; yield 0.12 g (6%); isolated from 20%

benzene in petroleum ether eluates from the mother liquor

left after removing the crystals of 6; Rf = 0.50 (silica gel,

petroleum ether:benzene = 1:1); m.p.: 110 �C; IR (KBr):

�m = 3,043 (w), 1,668 (s), 1,591 (s), 1,486 (s), 827 (m), 756

(s), 695 (s) cm-1; 1H NMR (300 MHz, CDCl3): d = 5.05 (d,

J = 10.1 Hz, H3), 4.55 (dd, J = 10.1, 9.5 Hz, H4), 5.96 (d,

J = 9.5 Hz, H5), 6.94 (d, J = 7.8 Hz, H2,6(A)), 6.91 (dist.

t, H4(A)), 7.07–7.35 (m, H3,5(A), H2,3,5,6(B), H2,3,4,

5,6(D)), 7.32–7.42 (m, H2,3,4,5,6(C)) ppm; 13C NMR

(75.5 MHz, CDCl3): d = 71.78 (C3), 66.31 (C4), 81.68

(C5), 149.07 (C1(A)), 115.90 (C2,6(A)), 127.98, 127.02

(C3,5(A), C2,6(D)), 122.72 (C4(A)), 133.50 (C1(B)),

134.51 (C4(B)), 139.92 (C1(C)), 134.02 (C4(C)), 135.96

(C1(D)), 129.12 (C4(D)), 129.28, 128.70, 128.58, 128.42,

128.18 (C2,6(B), C3,5(B), C2,6(C), C3,5(C), C3,5(D)),

195.81 (C=O) ppm; MS: m/z = 439 [C28H22ClNO2,

M?], 231 [C13H10ClNO], 209 [C15H12OH?], 139, 111

[C6H4Cl?], 105 [C7H5O?].

(3a,4b,5a)-4-Benzoyl-3-(4-chlorophenyl)-5-

(4-methoxyphenyl)-2-phenylisoxazolidine

(8, C29H24ClNO3)

White crystals; yield 1.11 g (54%); isolated from 10%

benzene in petroleum ether eluates; Rf = 0.42 (silica gel,

petroleum ether:benzene = 1:1); m.p.: 140 �C; UV–Vis

(acetonitrile, c = 5 9 10-5 mol dm-3): kmax (e) = 231.5

(4.25) nm; IR (KBr): �m = 3,054 (w), 1,676 (s), 1,597 (s),

1,483 (s), 1,249 (s), 827 (m), 756 (s), 694 (s) cm-1; 1H NMR

(300 MHz, CDCl3): d = 3.69 (s, OCH3), 5.28 (d,

J = 7.1 Hz, H3), 4.45 (dd, J = 7.1, 9.1 Hz, H4), 5.23 (d,

J = 9.1 Hz, H5), 6.96 (d, J = 7.7 Hz, H2,6(A)), 7.13 (dist. t,

H3,5(A)), 6.89 (tt, J = 7.3, 1.0 Hz, H4(A)), 7.16–7.40

(H2,3,5,6(B), H2,3,4,5,6(C), H2,6(D)), 6.76 (d, J = 8.8 Hz,

H3,5(D)) ppm; 13C NMR (75.5 MHz, CDCl3): d = 55.30

(OCH3), 74.42 (C3), 69.28 (C4), 84.77 (C5), 151.48 (C1(A)),

114.19, 114.17 (C2,6(A), C3,5(D)), 127.82 (C3,5(A)),

121.90 (C4(A)), 136.29 (C1(B)), 133.51 (C4(B)), 140.26

(C1(C)), 133.70 (C4(C)), 127.91 (C1(D)), 160.08 (C4(D)),

129.17, 129.06, 128.69, 128.49, 128.27 (C2,6(B), C3,5(B),

C2,6(C), C3,5(C), C2,6(D)), 196.40 (C=O) ppm; MS: m/z =

469 [C29H24ClNO3, M?], 231 [C13H10ClNO], 239 [C16H14

O2H?], 139, 111 [C6H4Cl?], 91 [C7H7
?].

(3a,4a,5b)-4-Benzoyl-3-(4-chlorophenyl)-5-

(4-methoxyphenyl)-2-phenylisoxazolidine

(9, C29H24ClNO3)

White amorphous powder; yield 0.14 g (7%); isolated from

20% benzene in petroleum ether eluates from the mother

liquor left after removing the crystals of 8; Rf = 0.36 (silica

gel, petroleum ether:benzene = 1:1); IR (KBr): �m = 3,050

(w), 1,674 (s), 1,596 (s), 1,480 (s), 1,250 (s), 828 (m), 756 (s),

695 (s) cm-1; 1H NMR (300 MHz, CDCl3): d = 3.72 (s,

OCH3), 5.04 (d, J = 10.0 Hz, H3), 4.55 (dd, J = 10.0,

9.8 Hz, H4), 5.88 (d, J = 9.8 Hz, H5), 6.95 (d, J = 7.8 Hz,

H2,6(A)), 6.92 (dist. t, H4(A)), 7.09 (dist. t, H3,5(A)),

7.14–7.38 (H2,3,5,6(B), H2,3,4,5,6(C) H2,6(D)), 6.72 (d,

J = 8.7 Hz, H3,5(D)) ppm; 13C NMR (75.5 MHz, CDCl3):

d = 54.99 (OCH3), 71.74 (C3), 66.18 (C4), 81.65 (C5),

149.15 (C1(A)), 115.79 (C2,6(A)), 127.87 (C3,5(A)), 122.52

(C4(A)), 133.51 (C1(B)), 134.48 (C4(B)), 140.11 (C1(C)),

133.96 (C4(C)), 127.61 (C1(D)), 114.43 (C3,5(D)), 160.32

(C4(D)), 129.25, 128.68, 128.45, 128.22, 128.02 (C2,6(B),

C3,5(B), C2,6(C), C3,5(C), C2,6(D)), 195.82 (C=O) ppm;

MS: m/z = 469 [C29H24ClNO3, M?], 231 [C13H10ClNO],

239 [C16H14O2H?], 139, 111 [C6H4Cl?].
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(3a,4b,5a)-4-Benzoyl-2-(4-chlorophenyl)-3,5-

diphenylisoxazolidine (10, C28H22ClNO2)

White crystals; yield 1.01 g (52%); isolated from 10%

benzene in petroleum ether eluates; Rf = 0.54 (silica gel,

petroleum ether:benzene = 1:1); m.p.: 138 �C; IR (KBr):

�m = 3,057 (w), 1,670 (s), 1,590 (s), 1,484 (s), 838 (m), 754

(s), 696 (s) cm-1; 1H NMR (300 MHz, CDCl3): d = 5.27

(d, J = 7.2 Hz, H3), 4.59 (dd, J = 7.2, 9.0 Hz, H4), 5.38

(d, J = 9.0 Hz, H5), 6.99 (d, J = 9.0 Hz, H2,6(A)), 7.21

(d, J = 9.0 Hz, H3,5(A)), 7.24–7.50 (m, H2,3,4,5,6(B),

H2,3,4,5,6(C), H2,3,4,5,6(D)) ppm; 13C NMR (75.5 MHz,

CDCl3): d = 75.32 (C3), 69.37 (C4), 84.79 (C5), 150.18

(C1(A)), 115.66 (C2,6(A)), 126.44, 126.74 (C3,5(A),

C2,6(D)), 126.80 (C4(A)), 136.23, 136.29 (C1(B),

C1(D)), 127.97 (C4(B)), 140.99 (C1(C)), 133.68 (C4(C)),

128.77 (C4(D)), 128.92, 129.09, 128.78, 128.70, 128.41

(C2,6(B), C3,5(B), C2,6(C), C3,5(C) C3,5(D)), 196.55

(C=O) ppm; MS: m/z = 439 [C28H22ClNO2, M?], 334

[C21H17ClNO], 231 [C13H10ClNO], 216 [C13H11ClN], 209

[C15H12OH?], 131 [C9H7O?], 91 [C7H7
?].

(3a,4a,5b)-4-Benzoyl-2-(4-chlorophenyl)-3,5-

diphenylisoxazolidine (11, C28H22ClNO2)

White powder; yield 0.12 g (6%); isolated from 10%

benzene in petroleum ether eluates from the mother liquor

after removal of the cycloadduct 10; Rf = 0.50 (silica gel,

petroleum ether:benzene = 1:1); IR (KBr): = 3,055 (w),

1,668 (s), 1,589 (s), 1,482 (s), 839 (m), 756 (s), 697 (s) cm-1;
1H NMR (300 MHz, CDCl3): d = 4.97 (d, J = 10.2 Hz,

H3), 4.88 (dd, J = 10.2, 9.4 Hz, H4), 5.99 (d, J = 9.4 Hz,

H5), 6.94 (d, J = 9.1Hz, H2,6(A)), 7.17 (d, J = 9.1 Hz,

H3,5(A)), 7.20–7.52 (m, H2,3,4,5,6(B), H2,3,4,5,6(C),

H2,3,4,5,6(D)) ppm; 13C NMR (75.5 MHz, CDCl3): d =

72.61 (C3), 66.20 (C4), 81.70 (C5), 148.00 (C1(A)), 116.97

(C2,6(A)), 126.54 (C3,5(A)), 127.45 (C4(A)), 133.46

(C1(B)), 128.89 (C4(B)), 140.86 (C1(C)), 133.98 (C4(C)),

135.91 (C1(D)), 127.68 (C2,6(D)), 129.92 (C4(D)), 129.22,

129.04, 128.89, 128.45, 128.09 (C2,6(B), C3,5(B), C2,6(C),

C3,5(C), C3,5(D)), 195.97 (C=O) ppm; MS: m/z = 439

[C28H22ClNO2, M?], 231 [C13H10ClNO], 209 [C15H12OH?],

131 [C9H7O
?], 105 [C7H5O?], 91 [C7H7

?].

(3a,4b,5a)-4-Benzoyl-3-(4-chlorophenyl)-2-methyl-5-

phenylisoxazolidine (12, C23H20ClNO2)

White amorphous powder; yield 0.81 g (49%); isolated

from 10% benzene in petroleum ether eluates; Rf = 0.60

(silica gel, benzene:ethylacetate = 4:1); 1H NMR (300

MHz, CDCl3): d = 2.95 (NCH3), 4.18 (d, J = 8.4 Hz, H3),

4.32 (dd, J = 8.4, 6.7 Hz, H4), 5.35 (d, J = 6.7 Hz, H5),

7.06 (d, J = 7.7 Hz, H2,6(B)), 7.19–7.22 (m, H3,5(B),

H2,3,4,5,6 (D)), 7.40-7.62 (m, H2,3,4,5,6(C)) ppm; 13C

NMR (75.5 MHz, CDCl3): d = 43.40 (NCH3), 68.31 (C3),

54.32 (C4), 82.07 (C5), 136.29, 136.79, (C1(B), C1(C)),

134.78 (C4(B)), 133.82 (C4(C)), 137.81 (C1(D)), 128.21

(C4(D)), 129.48, 129.32, 128.68, 128.57, 128.39, 128.34

(C2,6(B), C3,5(B), C2,6(C), C3,5(C), C2,6(D), C3,5(D)),

197.48 (C=O) ppm; MS: m/z = 377 [C23H20ClNO2, M?],

242 [C15H11ClO], 209 [C15H12OH?], 167 [C8H8ClNO-

2H.], 105 [C7H5O?], 91 [C7H7
?].

(3a,4a,5b)-4-Benzoyl-3-(4-chlorophenyl)-2-methyl-5-

phenylisoxazolidine (13, C23H20ClNO2)

White powder; yield 0.09 g (5.5%); isolated from 10%

benzene in petroleum ether eluates; Rf = 0.54 (silica gel,

benzene:ethylacetate = 4:1); 1H NMR (300 MHz, CDCl3):

d = 2.72 (NCH3), 4.00 (d, J = 10.2 Hz, H3), 4.40 (dd,

J = 10.2, 8.0 Hz, H4), 5.86 (dd, J = 8.0 Hz, H5), 7.04 (d,

J = 7.8 Hz, H2,6(B)), 7.14–7.16 (m, H3,5(B), H2,3,4,5,

6(D)), 7.32–7.57 (m, H2,3,4,5,6(C)) ppm; 13C NMR (75.5

MHz, CDCl3): d = 42.82 (NCH3), 67.16 (C3), 50.35 (C4),

81.50 (C5), 134.79, 134.10 (C1(B), C4(B)), 136.62 (C1(C)),

133.55 (C4(C)), 137.48 (C1(D)), 128.36 (C4(D)), 129.37,

128.96, 128.47, 128.36, 128.07, 128.02 (C2,6(B), C3,5(B),

C2,6(C), C3,5(C), C2,6(D), C3,5(D)), 196.42 (C=O) ppm;

MS: m/z = 377 [C23H20ClNO2, M?], 242 [C15H11ClO], 209

[C15H12OH?], 167 [C8H8ClNO-2H.], 105 [C7H5O?].

(3a,4b,5a)-5-Benzoyl-3-(4-chlorophenyl)-2-methyl-4-

phenylisoxazolidine (14, C23H20ClNO2)

White powder; yield 0.12 g (7.5%); isolated from 20%

benzene in petroleum ether:benzene (4:1) eluates; Rf = 0.65

(silica gel, benzene:ethylacetate = 4:1); 1H NMR (300

MHz, CDCl3): d = 2.76 (NCH3), 4.00 (d, J = 8.6 Hz, H3),

4.20 (dd, J = 8.6, 4.7 Hz, H4), 5.12 (d, J = 4.7 Hz, H5),

7.00 (d, J = 7.7 Hz, H2,6(B)), 7.10–7.40 (m, H3,5(B),

H2,3,4,5,6(C), H2,3,4,5,6(D)) ppm; 13C NMR (75.5 MHz,

CDCl3): d = 42.56 (NCH3), 70.78 (C3), 51.81 (C4), 81.12

(C5), 135.30 (C1(B)), 133.72 (C4(B)), 137.71, 138.02

(C1(C), C1(D)), 133.12 (C4(C)), 128.01 (C4(D)), 129.61,

129.56, 129.42, 129.06, 128.58, 128.20 (C2,6(B), C3,5(B),

C2,6(C), C3,5(C), C2,6(D), C3,5(D)), 196.20 (C=O) ppm;

MS: m/z = 377 [C23H20ClNO2, M?], 209 [C15H12OH?],

167 [C8H8ClNO-2H.], 105 [C7H5O?].

X-ray structure determination

Suitable crystals of sizes 0.3 9 0.3 9 0.15 mm for com-

pound 6 and 0.4 9 0.2 9 0.2 mm for compound 8 were

dispersed in oil (Nujol) and fished with a nylon loop

under microscope. They were directly mounted on a CCD

Kappa Nonius diffractometer operating with Mo Ka
radiation (k = 0.7107 Å). The measurements were

recorded at 291 K for both compounds. Refinement was

done with the SHELXL program [41], using isotropic then

anisotropic thermal parameters. The hydrogen atoms were

localized on Fourier difference maps and introduced with
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an isotropic thermal factor equal to that of the bonded

atom.

6: Space group monoclinic, P21/c; Z = 4; Cell param-

eters: a = 10.443(2) Å, b = 20.542(2) Å, c = 11.028(2)

Å, a = c = 90�, b = 103.51(1)�; V = 2,300.3(6) Å3.

8: Space group triclinic P1; Z = 2; Cell parameters:

a = 9.984(2) Å, b = 11.347(2) Å, c = 11.646(2) Å, a =

99.762(5)�, b = 105.486(5)�; c = 101.499(5)�, V = 1,210.

8(4) Å3.

These X-ray data have been deposited at the Cambridge

Structural Data Centre under CCDC numbers 755889 and

755890. The data can be obtained free of charge via

www.ccdc.cam.ac.uk/data_request/cif or by e-mailing

data_request@ccdc.cam.ac.uk, or by contacting The Cam-

bridge Crystallographic Data Centre, 12, Union Road,

Cambridge CB2 1EZ, UK; fax: ?441223 336033.
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