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ABSTRACT: A simple and efficient method for the
synthesis of novel spiropyrrolidines has been accom-
plished by regioselective 1,3-dipolar cycloaddition re-
actions of an azomethine ylide generated by thermal-
ring opening of cis-1-cyclohexyl-2-phenyl-3-benzoyl
aziridine with various (E)-3-arylidene-4-chromano-
nes. The synthesis proceeds in good yield to afford
novel spiropyrrolidines, 1-cyclohexyl-2-phenyl-3-aryl-
5-benzoylpyrrolidine-spiro-[4.38]48-chromanones. The
X-ray crystal structure analysis of one of the products
confirms its structure. Molecular orbital calculations
were performed to investigate the regioselectivity of the
cycloaddition process. q 1999 John Wiley & Sons,
Inc. Heteroatom Chem 10: 500–507, 1999

INTRODUCTION

Pyrrolidines are among the most common structures
in biologically active natural products. The diversity
of their biological function (as well as their struc-
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tures) has stimulated efforts for the synthesis of this
class of compounds [1]. Among the various synthetic
strategies, 1,3-dipolar cycloaddition reactions of
azomethine ylides occupy a unique position in the
synthesis of pyrrolidines [2].

A number of methods have been developed for
the generation of ylides such as the desilylation ap-
proach conceived by Vedejs [3] and the tautomerism
route by Grigg [4]. The generation of azomethine yli-
des by thermolysis of aroyl aziridines has attracted
considerable attention because of the potential of
these compounds to give pyrrolidine derivatives by
electrocyclic ring opening and their ability to cy-
cloadd to olefinic compounds. The intermolecular
cycloaddition of azomethine ylides generated by the
aziridine route has been extensively studied by Huis-
gen [5], Padwa [6] and others [7], and generalities
concerning the regiochemical and stereochemical
outcome of these cycloadditions have been well es-
tablished [8].

In this article, we present an efficient synthesis
of spiropyrrolidines by the 1,3-dipolar cycloaddi-
tion reaction of an azomethine ylide with the un-
usual dipolarophiles, (E)-3-arylidene-4-chromano-
nes. Molecular orbital calculations predicted the
regioselectivity of the cycloaddition process. (E)-3-
Arylidene-4-chromanones were used for the first
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TABLE 1 Spiropyrrolidines 3a–f

Analysis
Calcd/Found

Product
Yield
(%)

m.p.
(8C)

IR (KBr) mC40
(cm11)

MS (70 eV)
m/z (M`)

Molecular
Formula

C H N

3a 51 179–181 1673, 1686 541 C37H35O3N 82.07 6.47 2.58
82.12 6.45 2.55

3b 63 174–176 1673, 1689 555 C38H37O3N 82.16 6.67 2.57
82.12 6.63 2.48

3c 59 180–181 1673, 1686 571 C38H37O4N 79.86 6.48 2.45
78.86 6.43 2.48

3d 93 182–183 1673, 1689 575 C37H34O3NCl 77.22 5.88 2.44
77.24 5.86 2.40

3e 50 214–116 1673, 1686 584 C39H40O3N2 80.14 6.85 4.79
80.12 6.88 4.46

3f 55 206–207 1673, 1689 586 C37H34O5N2 75.77 5.80 4.78
75.76 5.78 4.80

time both as a dienophile and dipolarophile in the
synthesis of various polycyclic heterocyclic systems
[9,10].

Like other dipolarophiles, arylidene chromano-
nes are electron deficient and poised for facile cy-
cloaddition reactions to yield novel spiroadducts. It
is found that these compounds are moderately active
and give highly selective products in all the cycload-
ditions that we have studied [9,10].

RESULTS AND DISCUSSION

In the present study, refluxing a solution of cis-1-cy-
clohexyl-2-phenyl-3-benzoylaziridine 2 with various
(E)-3-arylidene-4-chromanones (1a–f) resulted in
the formation of novel spiropyrrolidines (3a–f) (Ta-
ble 1) in good yield (Scheme 1).

The reaction occurs by conrotatory ring opening
of the cis aziridine to generate the azomethine
ylide, which adds to the exocyclic double bond of
(E)-3-arylidene-4-chromanones to give the cyclo-
adducts. The reactions give a single product as evi-
denced by thin-layer chromatography (TLC) and
yield novel 1-cyclohexyl-2-phenyl-3-aryl-5-benzoyl-
pyrrolidine-spiro[4.38] 48-chromanones (3a–f).

The regiochemistry of cycloaddition was estab-
lished by NMR spectroscopy. Thus, the H NMR spec-
trum of product 3a exhibited peaks at d 0.66–1.39 (m,
H, cyclohexyl), 2.44 (m, N-CH), 3.48 (d, J 4 13Hz,
Hc), 4.17 (d, J 4 13Hz, Hb), 5.10 (s, Ha), 5.43 (d, 1H,
10Hz, OCH2), 4.58 (d, 1H, J 4 10Hz, OCH2) and
6.43–8.20 (m, 19H, aromatic) (Table 2). The larger
coupling constant (13 Hz) for the protons Hb and Hc

indicates that they are trans [11]. The 13C spectrum
of the product accords with this expectation (Table

3). Finally, X-ray crystal structure analysis of the
product confirms the assigned structure.

It is noteworthy that the cycloaddition produces
single stereoisomers. This suggests that the ylide that
was generated in the reaction adopts only one of the
two possible conformations and that because the ge-
ometry of the dipolarophile is fixed, it is presumed
that the trans conformation of the ylide reacts regio-
selectively to give the adduct.

The high stereoselectivity observed in the cy-
cloadditions indicates that a unique ylide geometry
and transition state orientation are involved in the
cycloaddition process. Molecular orbital calcula-
tions are in agreement with the observed
regioselectivity.

MOLECULAR ORBITAL ANALYSIS

The reactivity of the chromanone derivatives 1a–f
with the dipole 2 has been examined by quantum
chemical investigations at the semiempirical level.
The computations were performed using the AM1
[12] and PM3 [13] methods, incorporated in the
Gaussian 94 (version D.3) [14]. The reactant mole-
cules were subjected to complete structural optimi-
zation using the Berni algorithm. At the optimized
geometries of the reactant molecules, the electronic
properties of the interacting frontier molecular or-
bitals (HOMO and LUMO) were analyzed. It may be
mentioned that similar analysis was performed ear-
lier for the 1,3-dipolar cycloaddition of diphenylni-
trilimine with (E)-3-arylidene-4-chromanones [9] (R
4 H, Me, NO2) and (E)-3-arylidene butenolides [15].

The energies of the HOMO and LUMO and the
corresponding MO coefficients at the reactive sites
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SCHEME 1

TABLE 2 1H NMR d Values (CDCl3/TMS) of 3a–3fa

Cyclohexyl Ring

Product Aromatic Region OCH2 Ha Hb Hc N-CH 1CH2

3a 6.43–8.20 (m, 19H) 5.43 (d 1H, 10Hz)
4.58 (d, 1H, 10Hz)

5.10(s) 4.17 (d, 13Hz) 3.48 (d, 13Hz) 2.48 (m, 1H) 0.66–1.39 (m, 10H)

3b 6.42–8.17 (m, 18H) 5.39 (d, 1H, 10Hz)
4.49 (d, 1H, 10Hz)

5.07(s) 4.16 (d, 13Hz) 3.49 (d, 13Hz) 2.50 (m, 1H) 0.66–1.23 (m, 10H)

3c 6.42–8.17 (m, 18H) 5.37 (d, 1H, 10Hz)
4.45 (d, 1H, 10Hz)

5.07(s) 4.16 (d, 13Hz) 3.50 (d, 13Hz) 2.46 (m, 1H) 0.66–1.37 (m, 10H)

3d 6.49–8.20 (m, 18H) 5.34 (d, 1H, 11Hz)
4.42 (d, 1H, 11Hz)

5.10(s) 4.13 (d, 12Hz) 3.50 (d, 12H) 2.50 (m, 1H) 0.64–1.44 (m, 10H)

3e 6.50–8.27 (m, 18H) 5.39 (d, 1H, 10Hz)
4.48 (d, 1H, 10Hz)

5.11(s) 4.21 (d, 2Hz) 3.51 (d, 12Hz) 2.54 (m, 1H) 0.73–1.29 (m, 10H)

3f 6.51–8.38 (m, 18H) 5.41 (d, 1H, 11Hz)
4.60 (d, 1H, 11Hz)

5.15(s) 4.10 (d, 13Hz) 3.50 (d, 13Hz) 2.48 (m, 1H) 0.66–1.39 (m, 10H)

ad values for the substituents in 3b: R 4 p-Me-2.27(s), 3c: R 4 p-OMe-3.74(s), 3e: R 4 p-NMe2-2.94(s)
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TABLE 4 Energy of the HOMO and the MO Coefficients at the Reactive Sites (1a–f)

HOMO Coefficients

HOMO Energy (eV) C1 C2

R HOMO M.O. No AM1 PM3 AM1 PM3 AM1 PM3

H 44 19.24 19.35 0.20 0.21 0.15 0.16
Me 47 19.17 19.26 0.29 0.31 0.19 0.22
OMe 50 19.01 19.06 0.34 0.31 0.19 0.21
Cl 47 19.37 19.30 0.22 0.29 0.16 0.21
NMe2 53 18.57 19.33 0.26 0.24 0.12 0.18
NO2 52 19.52 19.61 0.08 0.10 0.10 0.08

51 110.16 110.16 0.36 0.37 0.29 0.33

TABLE 3 13C NMR values (CDCl3/TMS) of 3a–3f

Product d Values (ppm)

3a 25.66, 25.88, 26.18, 29.96, 32.24, 54.64, 55.63, 56.66, 63.00, 70.10, 71.40, 117.62, 119.71, 121.57, 127.05,
127.26, 128.02, 128.18, 128.44, 128.55, 130.22, 133.12, 133.55, 136.24, 137.64, 141.86, 160.67, 192.88,
205.14

3b 25.62, 25.85, 26.15, 29.95, 32.19, 54.02, 55.60, 56.52, 62.88, 70.44, 71.22, 117.63, 119.59, 121.69, 127.43,
128.05, 128.29, 128.40, 128.46, 128.61, 131.61, 132.89, 133.25, 134.92, 135.67, 137.52, 141.53, 160.59,
192.65, 205.16.

3c 21.32, 25.98, 26.21, 26.51, 30.28, 32.56, 54.60, 55.96, 55.93, 63.32, 70.37, 71.76, 117.94, 120.08, 121.84,
127.53, 128.34, 128.50, 128.76, 128.87, 129.23, 130.39, 133.41, 135.83, 136.87, 138.01, 142.30, 161.02,
193.32, 205.51

3d 25.70, 25.91, 26.20, 29.98, 32.25, 53.94, 54.03, 55.08, 55.69, 56.63, 63.04, 70.40, 71.49, 117.61, 119.78,
121.57, 127.23, 128.06, 128.20, 128.41, 128.58, 131.27, 133.13, 135.55, 137.69, 142.03, 160.71, 193.06,
205.28

3e 25.71, 25.94, 26.23, 30.01, 32.28, 40.49, 54.00, 55.69, 56.78, 63.10, 70.09, 71.58, 117.65, 119.87, 121.43,
123.77, 127.08, 128.03, 128.14, 128.41, 128.52, 130.86, 133.03, 135.42, 137.76, 142.33, 149.47, 160.77,
193.30, 205.28

3f 25.60, 25.82, 26.12, 30.01, 32.16, 54.25, 55.57, 56.55, 62.78, 70.64, 71.02, 117.60, 119.46, 121.92, 125.21,
127.73, 128.14, 128.31, 128.46, 128.55, 129.22, 133.41, 135.88, 136.43, 136.87, 137.37, 141.03, 148.19,
160.50, 192.24, 204.84

are shown in Tables 4 and 5, respectively, for the (E)-
3-arylidene-4-chromanones. The HOMO of the m-ni-
tro derivative is largely delocalized over the phenyl
ring of the arylidene chromanone that results in a
small contribution at the reactive C4C double bond
site. However, the next lower MO (MO. No. 51) has
a significant contribution at the reactive site, and the
values are included in Table 4. It is seen that the en-
ergies of the HOMO and LUMO are raised by the
presence of an electron-donating substituent, and
the energy levels show a drastic decrease when the
electron-withdrawing nitro group is present. The
PM3 results do not show much change in the Fron-
tier orbital energies for the N,N-dimethyl derivative.
The MO coefficients do not vary significantly with
the nature of the substituents except in the nitro de-
rivative wherein both HOMO and LUMO coefficients
are reduced.

The optimized bond lengths and bond angles at
the reactive site of the dipole intermediate 2b (Figure
1) are shown in Table 6. At the AM1-optimized ge-
ometry of 2b, we also performed single-point SCF
MO calculation with the STO-3G basis set and per-
formed Natural Bond Orbital analysis [16–18]. The
Wiberg bond orders at the reactive site 2b are listed
in Table 6. The optimized bond lengths and bond
orders clearly indicate that covalent bonding be-
tween the carbon centres C1 and C3 is very small; the
covalent bond order is 0.23. The C1N2 bond exhibits
partial double bond character with a bond order of
1.51.

Because we wanted to quantify the polarity of
the atoms at the reactive site, the net charges were
calculated using natural population analysis (NPA)
with the STO-3G basis. The natural charges are re-
ported to be more reliable than those obtained by
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TABLE 5 Energy of the LUMO and the MO Coefficients at the Reactive Sites (1a–f)

LUMO Coefficients

LUMO Energy (eV) C1 C2

R LUMO MO No. AM1 PM3 AM1 PM3 AM1 PM3

H 45 10.76 10.80 10.37 10.35 0.46 0.42
Me 48 10.74 10.78 10.37 10.36 0.46 0.42
OMe 51 10.53 10.76 10.36 10.34 0.46 0.42
Cl 48 10.92 10.93 10.39 10.36 0.49 0.41
NMe2 54 10.67 10.83 10.36 10.36 0.46 0.42
NO2 53 11.37 11.41 10.26 10.25 0.25 0.23

FIGURE 1 Reactive site of the dipole.

TABLE 6 Optimized Bond Lengths (bond orders) and Bond
Angle at the Reactive Site 2b

Bond Length in A (Bond orders)a

AM1 PM3

C1C3 2.318 (0.23) 2.320
C1N2 1.336 (1.51) 1.336
N2C3 1.370 (1.18) 1.375

Bond angle (8)

AM1 PM3
C1N2C3 118.0 117.7
aWiberg bond orders were obtained from NBO program using STO-
3G calculation at AM1 geometry.

TABLE 7 Frontier Orbital Energies and Coefficients for the
1,3-dipole 2b

HOMO LUMO

AM1 PM3 AM1 PM3

Energy 17.68 18.15 10.46 10.57

MO Coefficients
C1 0.52 0.49 `0.45 0.43
N2 0.01 0.02 10.48 10.53
C3 10.35 10.33 0.08 0.08

FIGURE 2 Reactive sites (1a–f).

Mulliken population analysis (MPA). The NPA and
MPA charges are `0.05 and `0.04 on carbon 1.

The carbon center 3 has the negative change of
the dipole with the corresponding charges 10.17
and 10.11, respectively. Table 7 shows the HOMO
and LUMO energies and their coefficients at the re-
active site in 2b. The orbital energies show that the
interaction between the HOMO of the 1,3-dipole
with the LUMO of the chromanone derivative is
more favorable than that between the HOMO of the
chromanone derivative with the LUMO of the 1,3-
dipole because the energy gap between the latter and
the former exceed 1.5 eV.

Calculation of the atomic coefficients of the di-
polarophile by both AM1 and PM3 methods reveal
that HOMO coefficients of the olefinic carbons are
comparable in magnitude. In all the cases (1a–f), it
is seen that the LUMO coefficient of the olefinic car-
bon C1 of the dipolarophile is comparable in value
with that of the cationic carbon in the 1,3-dipole, and
the coefficient of the C2 carbon to that of the anionic
carbon of the dipole results in an overlap between
these corresponding orbitals leading to the forma-
tion of the observed regioisomer. Thus, the molecu-
lar orbital concept explains the regiochemistry of
this cycloaddition.

The MO correlation diagram for the interaction
between 1a and 2b is shown in Figure 3 using the
AM1 energies. We have also optimized the geometry
of the product formed in the cycloaddition of 1a
(R4H) with 2b, the optimized AM1 geometrical pa-
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FIGURE 3 Correlation diagram.

rameters being compared with the crystallographic
structure (Figure 4) in Table 6. There is good agree-
ment between the calculated and experimental ge-
ometries. The AM1 calculation predicts the enthalpy
of formation of 3a to be 24.95 kcal/mol.

Crystal Data for Compound 3a

Molecular Formula: C37H35O3N. Molecular weight
541, monoclinic, space group 4 P21/c, a 4
14.021(0.0030), b 4 18.682(0.0040), c 4
11.362(0.0020), Dc 4 1.3072 g/cm3, V 4 2961.69, a
4 908 (0.00), b 4 95.758 (0.00), c 4 908 (0.00). Mo
Ka radiation, k 4 0.71073 Å, l 4 0.813 cm11, F(000)
4 892. The crystal is yellow and square-shaped.
Number of atoms 4 76.

A crystal with dimensions of 0.31 2 0.25 2 0.20
mm was used for X-ray data collection at 293 K on
an ENRAF-NONIUS CAD4 diffractometer using
molybdenum radiation and a graphite monochro-
mator. A total of 5383 independent reflections for
2hmax 4 50.68 were measured, out of which 3794
were considered. The structure was solved by direct
methods using the program SHELXS86 [19].

The structure was refined by the full matrix least-
squares method using SHELXL93 [20]. The final R

indices are R 4 0.0658 (6.58%). All the nonhydrogen
atoms were refined anisotropically. All the hydrogens
were located from the difference Fourier map. The
maximum shift/e.s.d was 0.002 min, and maximum
values in the final difference electron density maps
are 0.37 and 0.55 e/Å3. Atomic scattering factors were
taken from international tables [21].

EXPERIMENTAL

All the melting points are uncorrected. The IR spec-
tra were recorded on an IR-470 Shimadzu instru-
ment. 1H and 13C NMR spectra were recorded in
CDCl3 using TMS as an internal standard on JOEL
FX 90 Q at 90 MHz and JOEL GX 400 at 100.4 MHz
instruments, respectively. Elemental analyses were
performed on a CEST 1106 instrument. Mass spec-
tra were recorded on a JOEL DX 303 HF spectrom-
eter with a MASPEC system (MSW/9629)

All the (E)-3-arylidene-4-chromanones [9] and
aziridine [22] reported here were prepared as per the
literature procedures.

General Procedure

Reaction of (E)-3-arylidene-4-chromanones with cis-
1-cyclohexyl-2-phenyl-3-benzoyl aziridine: a mixture
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FIGURE 4 ORTEP diagram of 3a.

TABLE 8 Selected Bond Lengths and Bond Angles for
Compound 3a (Excluding H Atoms)

Bond angle (8) Bond length (A)

Type Observed
Theoretical

(AM1) Type Observed
Theoretical

(AM1)

C11-O1-C16 115.88 (0.19) 114.3 O1-C11 1.3515 1.380
O4-C5-C14 123.80 (0.11) 122.7 O1-C16 1.4443 1.434
O4-C5-C15 121.34 (0.28) 122.5 O4-C5 1.2104 1.236
O1-C11-C26 117.48 (0.20) 116.4 N3-C7 1.4675 1.478
O1-C11-C15 122.01 (0.11) 122.5 N3-C12 1.4589 1.458
N3-C12-C27 111.21 (0.20) 112.8 N3-C13 1.4489 1.468

of (E)-3-arylidene-4-chromanone and aziridine was
refluxed in toluene under a nitrogen atmosphere for
48 hours. After the reaction was complete the solvent
was evaporated in vacuo, and the resulting crude
product was purified by column chromatography us-
ing a hexane–benzene mixture (70:30) as eluent. The
product crystallized from ethanol as yellow needles.
The spectral details for 3a–f are reported in Tables 2
and 3. The selected bond angles and lengths for 3a
are shown in Table 8.
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