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Regio- and Diastereoselectivity in 1,3-Dipolar Cycloaddition Reactions of
2-Phenylisatogen and Its 3-Phenylimino Derivative with Electron-Deficient
Alkenes!!
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The 1,3-dipolar cycloadditions of the cyclic nitrones 2-
phenyl-3H-indole-3-one N-oxide (2-phenylisatogen, 1a) and
2-phenyl-3-phenylimino-3H-indole N-oxide (1b) to several
electron-deficient alkenes 2a—d are reported. All the reac-
tions studied are highly diastereoselective: the regioisomers
with the ethoxycarbonyl group attached to the 4-position of
the isoxazolidine moiety are the only products isolated, ex-
cept in the reactions of nitrones 1a and 1b with ethyl acrylate
2a where mixtures of the two different regioisomers are ob-
tained. Crystal structures of compounds 3b, 5a, 5b, 9a and

10b were determined by X-ray analysis, while the structure
of the other cycloadducts was determined by spectroscopic
analysis. Ab initio calculations were carried out showing that
product distribution may be influenced by kinetic rather than
thermochemical factors. Ab initio calculations of the 'H NMR
shielding tensor were performed on compounds 3b, 4b, 5a
and 6b and the chemical shifts obtained are in perfect agree-
ment with the experimental ones.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

Isoxazolidines, the products of 1,3-dipolar cycloaddition
reactions between nitrones and dipolarophiles of different
types, may be optically active compounds.””) They are the
precursors of biologically important products such as 1,3-
amino alcohols® or B-lactams! in which the stereochem-
istry of the stereogenic centres of the cycloadducts is re-
tained. For these reasons, asymmetric 1,3-dipolar cycload-
dition reactions have received increasing attention and they
can be approached either by the use of chiral nitrones!* and
of dipolarophiles having chiral auxiliary groups!® or by a
chiral catalyst.”! Ab initio quantum mechanical calcu-
lations have been described extensively in the literature to
model the stereochemical outcome of cycloaddition reac-
tions.[l Although the most used nitrones in cycloaddition
reactions are acyclic ones, several papers have appeared in
the last decades describing the reactions of cyclic nitrones.!”)
We have recently studied the reactions between nitrones la
and 1b and maleimides variously substituted at the nitrogen
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atom;!!) these reactions were diastereoselective since in each
case both the endo and exo diastereomeric cycloadducts
were isolated with different yields. The catalytic activity of
metal cations such as Co™, Ca'l, Zn'" and Ni'! in these reac-
tions was also studied and it was found that in the presence
of these cations, there was an increase in the yields of the
reactions but no effect on their diastereoselectivity.

In this paper 1,3-dipolar cycloaddition reactions of 2-
phenyl-3 H-indole-3-one N-oxide (1a) and 2-phenyl-3-phe-
nylimino-3H-indole N-oxide (1b) with electron-deficient
asymmetric alkenes such as ethyl acrylate (2a), ethyl B-
methyl crotonate (2b), ethyl crotonate (2¢) and ethyl cinna-
mate (2d) are described (Scheme 1). It will be shown that
these reactions are highly regio- and diastereoselective.

Results and Discussion

Aromatic N-oxides 1a and 1b were allowed to react with
activated ethylenes 2a—d that were also used as solvents
and the expected cycloadducts were obtained, in some cases
in very good yields. Regio- and stereochemical details of
these additions along with reaction temperature and time,
isolated yield and composition of the isomeric cycloadducts
obtained are given in Table 1.
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* possible stereocenters

Scheme 1

Addition of ethyl acrylate (2a) to nitrones 1a and 1b af-
forded regioisomeric mixtures of all four possible adducts.
The '"H NMR spectra of the crude reaction products were
used to assign the stereochemistry of the diastereomers and
to determine the percentage composition of the mixtures by
integrating the methyl signals of the ethoxycarbonyl groups

(Table 1). From preparative chromatography, only com-
pounds 3b, 5a and 5b were obtained as racemic mixtures
(see Exp. Sect.). The drawings included throughout the text
only indicate the relative position of the different groups
and not the absolute configuration.

The formation of the four diastereomers is in agreement
with the tendency of electron-deficient monosubstituted
olefins to give mixtures of 4- and 5-substituted isoxazolidi-
nes."d# Four different routes are open to planar di-
polarophile ethyl acrylate (2a) in approaching N-oxides 1a
and 1b, the ethoxycarbonyl group being oriented towards
either the C-2 atom of the nitrone molecule or the oxygen
atom of the N-oxide function. Two regioisomers are ob-
tained and, in both of them, the ethoxycarbonyl group may
be syn or anti with respect to the phenyl group of the indole
moiety. The presence of the four possible diastereomeric
cycloadducts identified in the reaction is fully justified by
the existence of two chiral centres for both regioisomers.
The reaction of nitrone 1a is more regioselective than that
of 1b: in fact, in the former case, the two pairs of regioiso-
mers are obtained in a 7:3 ratio, while in the latter, roughly
in a 1:1 ratio (Table 1).

Table 1. Regio- and stereochemistry of cycloadditions of N-oxides 1a—b to alkenes 2a—d

Reaction | Time | Temperature Adducts and % Composition Overall
(h) °C) Yields (%)
X
oh Ph
X COOE _,COOEt
N N,
3 O 4 ©
1a+2a | 4 80 o 3750 b 120% 98
b
1b+2a 4 80 Fh 94
N\
6 %o
a: 48.8% a:23.9%
b: 17.0% b:33.5%
la+2b 8 130 45
1b+2b 8 130 a: 81.9% a: 18.1% 40
b: 83.3% b: 16.7%
la+2e¢ 4 80 85
1b + 2¢ 4 80 90
: 100%
- 100%
la+2d 10 130 47
1b+2d 10 130 - 100% 43
- 100%
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In our opinion, product distribution is determined by ki-
netic factors and not by thermodynamics. In fact, as already
documented with ab initio studies for other molecular sys-
tems,[®! energy differences among the possible transition
states may be responsible for product distribution. Unfortu-
nately, our systems are too computationally demanding for
such a systematic study and, to confirm our hypothesis, our
investigation was limited to the thermochemistry of the re-
actions between 1b and 2a and between 2a and 3¢, in par-
ticular (see Exp. Sect.). From the results obtained, collected
in Table 2, it is clear that the small differences in the Gibbs
free energy changes of the reaction do not account for the
yields of the various isomers. This is particularly evident in
the reaction between la and 2¢ whose thermodynamic data
are very similar for the four different possible isomers,
whereas only one diastereomer has been isolated. In this
case, investigation was also extended to the two isomers
with the ethoxycarbonyl group oriented toward the oxygen
atom of the N-oxide function, indicated in Table 2 as 1a
+2¢-C and 1a +2¢-T, which have never been detected in
the reaction (see below).

Table 2. Computed parameters for compounds 1, 2a, 2¢, 3b—6b
and 9a

Hlallb] Glalle] A HYog A, GYogle)
la —743.840029  —743.893039 — -
1b —954.913948  —954.978262 — -
2a —345.652465  —345.694151 — -
3b —1300.585727 —1300.668201 —12.12  2.64
4b —1300.580758 —1300.664883  —9.00  4.73
Sb —1300.584359 —1300.669700 —11.26  1.70
6b —1300.584129 —1300.669936 —11.12  1.55
2c —384.944372  —384.989993  — -
9a-Cl1 —1128.797633 —1128.871203  —8.30  7.42
9a-TV! —1128.806010 —1128.879999 —13.56  1.90
la +2¢-CU1  —1128.795288 —1128.869946 —6.83  8.21
la +2¢-TV1  —1128.798277 —1128.873893 —8.71  5.73

[4l In Hartrees as obtained from the frequency calculations (1
Hartree = 627.5095 kcal) and related to the gas phase. ! Sum of
electronic and thermal enthalpies at 298.15 K. ) Sum of electronic
and thermal Gibbs free energies at 298.15 K. [l Heat of reaction
at 298.15 K in kcal. [l Reaction Gibbs free energy changes at
298.15 K in kcal. [ C denotes a cis relationship between the phenyl
group of the indole moiety and the ethoxycarbonyl group; T de-
notes a trans relationship between the same two groups.

X-ray analysis of compounds 3b, 5a and 5b was particu-
larly useful in determining their stereochemistry (Figures 1,
2, and 3). In fact, the "TH NMR spectrum of the crude reac-
tion mixture (1b +2a) did not easily allow the identification
of diastereomers 5b and 6b since the chemical shifts of their
ester methyl groups are very similar (8 = 1.09 and
1.19 ppm, respectively). Using both techniques, it was pos-
sible to attribute the lowest chemical shift value to the
methyl of 5b and, consequently, the value of 6 = 1.19 ppm
to the methyl of 6b. This difficulty was overcome in dia-
stereomers 3b and 4b because the methyl signals fall far
from each other, at & = 1.36 and 0.95 ppm respectively.

Diastereomers 4b and 6b were identified on the basis of
the 'H NMR spectrum of the crude reaction mixture, be-

2628 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. An ORTEP view (30% probability ellipsoids) of com-
pound 3b {ethyl (anti,3,3a)-3a-phenyl-4-[( E)-phenylimino]-2,3,3a,4-
tetrahydroisoxazolo[2,3-a]indole-3-carboxylate}

c13

Figure 2. An ORTEP view (30% probability ellipsoids) of com-
pound 5a {ethyl (anti,2,3a)-4-oxo-3a-phenyl-2,3,3a,4-tetrahydro-
1soxazolo[2,3-a]indole-2-carboxylate }

cause neither could be isolated. However, in the assignment
it was taken into account that unfavourable steric effects
deriving from the cis relationship between the ethoxycar-
bonyl and the phenyl groups in isomer 4b may be respon-
sible for the low yield of this cycloadduct.

Ab initio calculations of the '"H NMR shielding tensors
at the HF/6—31G(d) level, by means of the Gauge-Indepen-
dent Atomic Orbital (GIAO) method,™ starting from the
full optimized geometries at the B3LYP/6—31G(d) levell!V
of compounds 3b, 4b, 5b and 6b, were also performed. By
subtracting the computed values from those arising from
identical calculations on SiMe, as a reference, the chemical
shift (in ppm) of each nucleus can be estimated. Table 3
shows that the computed values for the methyl groups
mentioned are in good agreement with the experimental
data.
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Figure 3. An ORTEP view (30% probability ellipsoids) of com-
pound 5b  {ethyl -(anti,2,3a)-3a-phenyl-4-[(E)-phenylimino]-
2,3,3a,4-tetrahydroisoxazolo[2,3-a]indole-2-carboxylate}

Table 3. Computed '"H NMR —CH,— CH; chemical shifts (in ppm)
for compounds 3—6b

 (caled.)l 8 (exp.)®! AS (calcd. exp.)l
3b 1.37 1.36 0.01
4b 1.09 0.94 0.15
5b 1.26 1.10 0.16
6b 1.30 1.20 0.10

[al Computed values. P! Experimental values. [l Difference between
computed and experimental values.

The assignment of the structures of the diastereomers 3a,
4a, 5a and 6a may be solved as before, as the 'H NMR
spectra of the mixture of the four diastereomers are strictly
similar to those of diastereomers 3b, 4b, Sb and 6b.

Cycloaddition reactions of nitrones 1a and 1b with poly-
substituted olefins 2b—d are much more regioselective than
the ones with acrylate 2a: i.e. they yield only the regioiso-
mer(s) (Table 1) derived from the attack of the nucleophilic
oxygen atom of the nitrone on the double bond on the op-
posite site to the electron-withdrawing group. The regio-
specificity observed in these reactions is in perfect agree-
ment with that usually observed when 1,2-disubstituted ole-
fins bearing an electron-withdrawing group are used as
dipolarophiles®-!11 and, as previously stated, is not deter-
mined by thermodynamic factors (Table 2). The reactions
of 1a and 1b with alkenes 2¢—d are not only regiospecific,
but also diastereospecific. For example, the reaction of
either ethyl crotonate (2¢) or ethyl cinnamate (2d) afforded
only one regioisomer and, at least at the detection limit of
'H NMR spectroscopy, only one diastereoisomer. The

Eur. J. Org. Chem. 2003, 2626—2634 WWw.eurjoc.org

structure of the cycloadducts 9a and 10b was determined
by X-ray analysis (Figure 4 and 5) and by '"H NMR spec-
troscopy; by analogy, the structure of the other two adducts
(9b and 10a) was also assigned. The complete stereoselectiv-
ity of addition obtained in the reactions with 2¢ and 2d is
due to steric factors: in approaching the nitrones, the ester
function of the (E)-dipolarophiles is in a trans relationship
both with the phenyl group of the indole moiety and with
the substituent of the alkene methylene, as shown in

Figure 4. An ORTEP view (30% probability ellipsoids) of com-
pound 9a {ethyl (syn,2,3a;anti,2,3)-2-methyl-4-oxo-3a-phenyl-
2,3,3a,4-tetrahydroisoxazolo[2,3-a]indole)-3-carboxylate}

C28

Cc29

Figure 5. An ORTEP view (30% probability ellipsoids) of com-
pound 10b {ethyl (syn,2,3a;anti,2,3)-2,3a-diphenyl-4-[( E)-phenyl-
imino]-2,3,3a,4-tetrahydroisoxazolo[2,3-alindole-3-carboxylate}

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2629
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Scheme 2

Scheme 2. The alternative orientation, i.e. the one with the
phenyl and ethoxycarbonyl groups in a cis relationship, is
so unfavourable that no traces of the corresponding isomer
are observed in the '"H NMR spectra of the crude reaction
mixtures, whereas in the reactions of acrylate 2a the same
diastereomers (4a,b) were formed, although in low yields.
Even in the reaction of ethyl B-methylcrotonate (2b) with
nitrones 1a or 1b, only one regioisomer was obtained as a
pair of two diastereomers: the regioisomer comes from the
attack of the oxygen atom of the nitrone on the f-ester car-
bon atom of the alkene, whereas the two diastereomers de-
rive from different orientations of the ethoxycarbonyl group
with respect to the phenyl group of the indole moiety. How-
ever, the reaction is still very diastercoselective, since the
two adducts are obtained in different yields (see Table 1).

Conclusions
Nitrones 1a and 1b react diastereoselectively with ethyl

acrylate: the four possible diastercomers are all obtained
with different yields. When ethyl acrylate is substituted at

the methylene carbon with an alkyl or phenyl group in trans
configuration, addition reactions to nitrones la and 1b are
regio- and diastereospecific, since only one regioisomer is
obtained and, among the three possible diastereomers, only
one can be isolated.

Experimental Section

Melting points are uncorrected and were measured with an electro-
chemical apparatus. IR solid-state spectra were measured with a
Nicolet Fourier Transform Infrared 20-SX spectrophotometer
equipped a Spectra Tech. “Collector” for DRIFT measurements.
'H NMR spectra were recorded at room temperature in CDCl; or
C¢Dg solution with a Varian Gemini 200 spectrometer (SiMe, was
taken as reference peak). Mass spectra were recorded with a Carlo
Erba QMD 1000 mass spectrometer, equipped with a Fisons GC
8060 chromatograph.

Compounds 1a,['?l and 1b['3! were prepared and purified according
to literature methods. Activated alkenes 2a—d were purchased from
Aldrich and used without further purification.

Reaction of 2-Phenyl-3H-indole-3-one N-Oxide (1a) and 2-Phenyl-3-
phenylimino-3H-indole N-Oxide (1b) with Activated Alkenes 2a—d.
General Procedure: Nitrone 1a (223 mg, 1 mmol) or 1b (298 mg,
1 mmol) was suspended in alkene (2a—d; 5 mL) and heated as de-
tailed in Table 1. The reaction solution (0.5 mL) was evaporated to
dryness under reduced pressure. The residue was taken up with
toluene (1 mL) and the solvents evaporated to dryness; this treat-
ment was repeated twice in order to completely eliminate the al-
kene. The residue was then dissolved in CDCl; and submitted to
'"H NMR spectroscopy for determining the diastereomers formed

Table 4. Experimental data for the X-ray diffraction studies on crystalline compounds 3b, 5a, 5b, 9a, and 10b

Compound 3b 5a 5b 9a 10b
Empirical formula C25H22N203 C19H17NO4 C25H22N203 C20H19N04 C31H26N203
a, A 18.957(2) 21.839(5) 12.770(3) 31.040(6) 11.789(2)

b, A 11.074(2) 8.212(2) 8.282(2) 8.070(2) 16.720(3)

c, A 20.885(2) 18.814(4) 20.635(5) 15.871(3) 12.688(3)

a, © 90 90 90 90 90

B, ° 104.63(2) 90 104.14(2) 119.42(2) 91.54(2)

Y, ° 90 90 90 90 90

v, A3 4236.1(11) 3374.1(13) 2116.3(9) 3462.9(14) 2500.0(9)

V4 8 8 4 8 4

Molecular mass 398.5 3233 398.5 337.4 474.6

Space group P2,/n (no. 14) Pbcn (no. 60) P2/n (no. 14) C2/c¢ (no. 15) P2/n (no. 14)
T, °C 25 25 25 25 25

A A 0.71069 0.71069 1.54178 1.54178 1.54178
Pealed.» £ M3 1.250 1.273 1.251 1.294 1.261

p, cm™ ! 0.83 0.90 6.65 8.39 6.50
Transmission coefficient 0.998—1.000 0.997—1.000 0.848—1.000 0.997—1.000 0.998—1.000
Rlal 0.054 0.046 0.084 0.047 0.049

WwR, 0.149 0.057 0.223 0.135 0.125

GOF 1.140 0.736 1.020 1.107 0.820
N-observed!®! 4833 589 2152 2365 1738
N-independent! 9007 2973 4004 3282 4736
N-refinementld! 4833 2109 2152 2365 3840
Variables 541 217 272 226 325

[al Calculated on the observed reflections having I > 2o(1). [} N-observed is the total number of the independent reflections having 7 >
26(1). 1 N-independent is the number of independent reflections. [ N-refinement is the number of reflection used in the refinement

having 7 > 0 for 5a, 10b and 7 > 2o(J) for 3b, 5b, 9a.

2630 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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and their relative ratios. The whole reaction mixture was then eva-
porated to dryness and the residue chromatographed on a column
of silica eluting with cyclohexane/ethyl acetate (95:5); further puri-
fication was carried out by preparative TLC using the same eluent.
The yields of the isolated products are reported in Table 1; m.p.,
crystallisation solvents and spectroscopic data are reported below.

X-ray Crystallography for Compounds 3b, 5a, 5b, 9a and 10b: Crys-
tal data and details associated with structure refinement are given
in Table 4. Data collections for all compounds were carried out at
room temperature (298 K). Data for 3b were collected with a
Bruker AXS 100 CCD by using Mo-K,, radiation. Data for 5a were
collected with a Philips PW1100 diffractometer using graphite-

monochromatized Mo-K, radiation, those for 5b with a Siemes
AED diffractometer using graphite-monochromatized Cu-K,, radi-
ation, and those for 9a, 10b with a Enraf—Nonius CAD4 dif-
fractometer by using graphite-monochromatized Cu-K,, radiation.
The solutions and refinements were carried out using the programs
SIR97 4l and SHELX97.1"3] Selected bond lengths and angles are
quoted in Table 5. A comparison of relevant conformational par-
ameters is given in Table 6.

CCDC-200978 to -200982 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or from
the Cambridge Crystallographic Data Centre, 12 Union Road,

Table 5. Selected bond lengths [A] and angles[°] for compounds 3b, 5a, Sb, 9a, and 10b

3b 5a 5b 9a 10b
Mol. A Mol. B

O(1)=N(1) 1.430(5) 1.435(3) 1.457(7) 1.461(3) 1.443(3) 1.438(4)
O(1)—C(10) 1.418(6) 1.432(3) 1.458(8) 1.432(5) 1.445(2) 1.431(4)
N(1)-C(1) 1.419(6) 1.421(3) 1.420(8) 1.429(5) 1.418(3) 1.421(4)
N(1)-C(8) 1.499(6) 1.498(3) 1.509(7) 1.499(5) 1.499(5) 1.492(4)
Cc(1)-CQ) 1.404(6) 1.389(4) 1.395(9) 1.365(6) 1.390(5) 1.369(5)
C(1)-C(6) 1.380(5) 1.382(3) 1.382(10) 1.400(6) 1.383(5) 1.397(5)
C(2)-C(3) 1.355(7) 1.377(5) 1.383(11) 1.392(6) 1.383(3) 1.378(5)
C(3)-C(4) 1.378(8) 1.392(5) 1.398(11) 1.392(6) 1.387(5) 1.380(5)
C(4)—C(5) 1.383(6) 1.378(6) 1.370(11) 1.359(7) 1.378(5) 1.360(5)
C(5)—-C(6) 1.399(6) 1.396(5) 1.408(10) 1.412(5) 1.393(3) 1.394(5)
C(6)—C(7) 1.468(4) 1.467(3) 1.446(9) 1.466(6) 1.418(3) 1.462(4)
C(7)-C(8) 1.533(5) 1.542(3) 1.570(9) 1.548(5) 1.499(5) 1.557(3)
C(7)-X] 1.271(4) 1.272(3) 1.217(7) 1.272(5) 1.212(5) 1.268(4)
C(8)—C(9) 1.566(5) 1.568(3) 1.561(7) 1.556(6) 1.561(4) 1.555(4)
C(8)—C(14) 1.525(6) 1.522(3) 1.507(8) 1.516(6) 1.514(5) 1.537(5)
C(9)—C(10) 1.515(7) 1.523(4) 1.524(8) 1.513(6) 1.532(5) 1.526(5)
C)—-C(11) 1.505(5) 1.511(3) - — 1.509(4) 1.522(5)
C(10)—Y™ - — 1.508(9) 1.510(6) 1.503(4) 1.499(4)
N(1)—O(1)—C(10) 104.1(4) 104.5(2) 106.5(4) 103.8(3) 105.0(2) 105.4(2)
O(1)~N(1)—C(1) 112.0(3) 111.4(2) 111.3(4) 109.3(2) 111.7(2) 112.7(2)
O(1)—N(1)—C(8) 106.6(3) 106.9(2) 107.8(4) 107.1(2) 107.4(2) 106.3(2)
C(1H)—N(1)—C(8) 107.3(3) 106.9(2) 107.9(5) 107.8(3) 107.2(2) 107.7(2)
N()—-C(1)-C(2) 126.9(4) 125.1(2) 125.8(6) 125.3(4) 125.6(2) 126.1(3)
N(1)—C(1)—C(6) 112.6(4) 112.2(2) 112.8(5) 111.5(3) 112.5(2) 111.2(3)
C(2)—C(1)—C(6) 120.4(4) 122.6(2) 121.2(6) 123.1(4) 121.6(3) 122.4(3)
C(1)—C(2)—C(3) 118.3(4) 116.9(3) 117.1(6) 117.8(4) 116.6(3) 117.5(3)
C(2)-C(3)—C(4) 122.4(5) 121.7(3) 121.7(7) 120.1(4) 122.3(2) 121.5(3)
C(3)—C#4)—C(5) 119.8(4) 120.5(3) 121.3(8) 122.1(4) 120.8(3) 120.7(3)
C4)—C(5)—C(6) 118.9(4) 118.9(3) 117.3(6) 118.7(4) 117.7(3) 119.7(3)
C(1)—C(6)—C(5) 120.1(4) 119.3(2) 121.3(6) 118.2(4) 121.0(2) 118.3(3)
C(1)—C(6)—C(7) 107.2(3) 108.0(2) 108.7(6) 108.8(4) 108.5(3) 108.7(3)
C(5)—C(6)—C(7) 132.7(3) 132.6(2) 129.9(6) 133.0(4) 130.5(2) 133.0(3)
X—=C(7)—C(6) 132.3(2) 133.8(2) 130.5(5) 133.7(4) 129.3(3) 133.8(3)
X—C(7)—C(8) 119.9(3) 119.3(2) 122.0(5) 119.7(3) 124.003) 119.8(2)
C(6)—C(7)—C(8) 107.8(2) 106.8(2) 107.5(5) 106.7(3) 106.7(2) 106.2(2)
N(D)—C(8)—C(7) 102.6(3) 103.2(2) 102.6(4) 104.1(3) 103.4(2) 103.3(2)
N(1)—C(8)—C(9) 103.7(3) 103.6(2) 103.8(4) 103.7(3) 103.7(2) 103.7(2)
N(1)—C(8)—C(14) 111.8(3) 111.12) 111.4(5) 111.33) 111.4(2) 111.0(3)
C(7)—C(8)—C(9) 114.003) 113.92) 111.3(4) 111.2(3) 114.5(2) 113.7(2)
C(7)—C(8)—C(14) 112.6(3) 110.8(2) 110.6(5) 111.4(3) 108.2(2) 112.3(2)
C(9)—C(8)—C(14) 111.4(3) 113.4(2) 116.0(4) 114.4(3) 115.002) 112.2(3)
C(8)—C(9)—C(10) 101.9(3) 102.7(2) 104.9(4) 102.7(3) 103.2(2) 104.0(2)
C(8)—C(9)—C(11) 115.3(3) 113.7(2) - - 115.9(2) 114.3(2)
C(10)—C(9)—C(11) 113.1(4) 112.6(2) - - 113.0(3) 112.5(2)
O(1)—C(10)—C(9) 104.8(4) 103.9(2) 103.6(4) 103.7(3) 102.9(2) 103.1(2)
O(1)-C(10)—Y - - 114.1(5) 108.2(3) 108.3(2) 108.3(2)
C(9)-C(10)—-Y - - 112.4(5) 116.1(3) 115.1(3) 117.4(3)
[l X should be read N(2) for 3b, 5b, 10b; O(4) for 5a, 9a. [®1' Y should be read C(11) for 5a, Sb; C(20) for 9a; C(26) for 10b.
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Table 6. Comparison of relevant conformational parameters for compounds 3b, 5a, Sb, 9a and 10b

3b 5a 5b 9a 10b
Mol. A Mol. B
Out-of-plane distances within the indole ring [A]
N(1) 0.137(4) 0.137(2) 0.068(5) 0.059(3) 0.058(1) 0.141(3)
C(1) 0.002(4) 0.010(2) —0.012(7) —0.028(4) —0.042(3) —0.011(3)
C(2) —0.050(4) —0.083(2) —0.043(6) —0.071(5) —0.080(3) —0.065(4)
C(3) —0.044(4) —0.099(4) —0.042(7) —0.045(5) —0.046(3) —0.056(4)
C4) 0.001(4) —0.013(4) 0.045(9) 0.012(5) 0.030(3) 0.003(4)
C(5) 0.034(4) 0.059(4) 0.048(7) 0.043(4) 0.066(3) 0.061(4)
C(6) 0.015(3) 0.053(2) 0.022(7) 0.017(4) 0.013(3) 0.023(3)
C(7) —0.001(2) 0.004(2) —0.029(5) —0.0144) —0.029(3) —0.002(3)
C(8) —0.122(4) —0.132(2) —0.032(5) —0.0924) —0.1353) —0.115(3)
Out-of-plane distances within the isoxazole ring (A)
Oo(1) 0.191(4) 0.207(2) 0.109(3) 0.153(2) 0.162(2) 0.201(2)
N(1) —0.136(4) —0.139(2) —0.143(5) —0.103(2) —0.114(2) —0.192(3)
C(8) 0.043(4) 0.033(2) 0.015(6) 0.071(4) 0.070(2) 0.037(3)
C©9) 0.058(4) 0.077(2) 0.120(5) 0.157(4) 0.144(2) 0.114(3)
C(10) —0.342(5) —0.310(3) —0.302(6) —0.358(4) —0.332(2) —0.246(3)
Dihedral angles (°):
N(1),C(1)--C(8) C(14)---C(19) 121.8(1) 107.8(1) 107.7(2) 112.0(1) 102.1(1) 124.6(1)
N(1),C(1)-C(8) C(20)--C(25) 90.9(1) 97.5(1) - 93.1(2) - 92.6(1)
Torsion angles (°):
X—C(7)—C(8)—CC(14) —47.2(4) —51.5(3) —58.0(7) —54.4(5) —52.1(4) —53.7(4)
C(14)—C(8)—C((9)—C(11) 107.8(4) 108.4(2) 101.3(3) 110.7(3)

C(14)—C(8)-+C(10)—C(11)
C(14)—C(8)--C(10)—Y ™ - -

1_70,7(6) _20.1(8) - -
- - 18.6(6) 17.8(5)

[al X should be read N(2) for 3b, 5b, 10b; O(4) for 5a, 9a. [® Y should be read C(20) for 9a and C(26) for 10b.

Cambridge CB2 1EZ, UK; fax: (internat.) +44—1223/336—033;
E-mail: deposit@ccdc.cam.ac.uk].

Ab-initio Calculations: Ab initio calculations were carried out by
means of a Gaussian!'®! package at the B3LYP/6—31G(d) level for
geometry optimization and frequencies calculations. For all com-
puted geometries the structures from X-ray analysis were employed
as the initial guess; the results are referred to the gas phase but,
since the studied reactions were carried out in solution, we believe
that the computed structures should be considered rather than
those obtained from the solid state which are usually affected by
constraints due to crystal packing. In any case, negative values were
never found in these calculations (imaginary frequencies), con-
firming that the computed geometries were always referred to a
minimum.

Physical and Spectroscopic Data of Isolated Compounds

Compound 3b: C,sH,,N,O;; isolated 140 mg (yield 35%); m.p.
132—134 °C (ligroin 60—80 °C). '"H NMR (200 MHz, CDCl;, 25
°C):8 =136 (t,J = 7.2 Hz, 3 H, —CH,CHs5), 4.03 (q, / = 10.9 Hz,
2 H, —CH,CH3), 425 (q, J = 7.2 Hz, 2 H, —CH,—), 6.38 (d, J =
8.0 Hz, 1 H, arom.), 6.86 (d, / = 7.6 Hz, 1 H, arom.), 7.12 (pseudo-
t,J = 7.3 Hz | H, arom.), 7.28—7.50 (m, 7 H, arom.), 7.97 (d, J =
7.6 Hz, 2 H, arom.) ppm. IR (KBr): v = 1734 (—=COO-), 1669
(—C=N-), 1592 (-C=C—)cm '. MS (EI'*): m/z = 398 (3) [M*],
325 (20), 297 (26), 282 (100), 205 (22.5), 179 (92). C,5sH»,N,04
(398.47): caled. C 75.36, H 5.57, N 7.03; found C 75.41, H 5.48,
N 7.12.

2632 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Compound 5a: C;oH;;NO,; isolated 190 mg (yield 48%); m.p.
104—106 °C (diethyl ether/petroleum ether). "H NMR (200 MHz,
CDCl;. 25 °C): & = 1.09 (t, J = 7.1Hz, 3 H, —CH,CHy),
2.98-3.29 (m, 2 H, —CH,—), 4.77 (pseudo-q, J = 8.0, 5.1 Hz, 1
H, —CH-), 7.22—7.47 (m, 4 H, arom.), 7.58—7.78 (m, 4 H, arom.)
ppm. IR (KBr): ¥ = 1730 (-COO-), 1602 (—C=0) cm~!. MS
(E1"): m/z = 323 (22) [M*], 250 (80), 222 (100), 193 (34).
CoH7NO, (323.35): caled. C 70.58, H 5.30, N 4.33; found C
70.41, H 5.38, N 4.27.

Compound 5b: C,sH,,N,Oj3; isolated 63 mg (yield 16%); m.p.
113—-115 °C (ligroin 60—80 °C). '"H NMR (200 MHz, CDCl;, 25
°C): 6 = 1.09 (t, J = 7.2 Hz, 3 H, —CH,CHs), 3.3 (dd, J = 12.8,
59Hz, 2 H, —CH,—), 3.82—4.02 (m, 2 H, —CH,CHy), 4.77
(pseudo-q, J = 8.0Hz, 1 H, —CH-), 6.38 (d, / = 7.8 Hz, 1 H,
arom.), 6.70 (d, J = 7.8 Hz, 2 H, arom.), 7.13 (pseudo-t, J =
1.4 Hz, 1 H, arom.), 7.28—7.67(m, 7 H, arom.), 7.83(d, J = 1.4 Hz,
2 H, arom.) ppm. IR (KBr): ¥ = 1727 (-COO—), 1677 (—C=N-),
1591 (—C=C—) cm~'. MS (EI"): m/z = 398 (2) [M "], 368 (12),
323 (34), 295 (92), 282 (100), 205 (30), 79 (96). C,sH»,N>O3
(398.47): caled. C 75.36, H 5.57, N 7.03; found C 75.29, H 5.63,
N 7.15.

Compound 7a: C, H, NO, isolated 130 mg (yield 37%); m.p.
96—98 °C (petroleum ether). "H NMR (200 MHz, CDCl;, 25 °C):
6 = 1.13 (s, 3 H, —CHy), 1.21 (t, J/ = 7.2 Hz, 3 H, —CH,CH3),
1.37 (s, 3 H, —CH3;), 3.71 (s, 1 H, —CHCOOE), 4.16 (q, J =
7.2Hz, 2 H, —CH,CH;), 7.20—7.42 (m, 4 H, arom.), 7.52 (d, 1
H, arom.), 7.60—7.76 (m, 4 H, arom.) ppm. IR (KBr): v = 1723
(—=COO0-), 1602 (—C=0) cm~!. MS (EI""): m/z = 351 (11) [M*],
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322 (16), 294 (7), 248 (29), 223 (100), 193 (29), 179 (42), 105 (35),
77(28). Cy H, NO, (351.41): caled. C 71.78, H 6.02, N 3.99; found
C 71.68, H 6.11, N 4.05.

Compound 7b: C,;H,N,Os; isolated 133 mg (yield 33%); m.p.
160—162 °C (ligroin 60—80 °C). 'H NMR (200 MHz, CDCl;, 25
°C): 6 = 1.17 (s, 3H, —CH3), 1.26 (t, J = 7.2 Hz, 3 H, —CH,CHs),
1.37 (s, 3 H, —CH3), 4.23 (dq, J = 7.2, 1.6 Hz, 2 H, — CH,CHy),
6.38 (d, J/ = 7.6 Hz, 1 H, arom.), 6.70—7.86 (m, 2 H, arom.), 7.1
(pseudo-t, 1 H, arom.), 7.27—7.47 (m, 7 H, arom.), 7.85 (pseudo-
q, 2 H, arom.) ppm. IR (KBr): v = 1736 (—COO—), 1670 (—C=
N-), 1593 (—=C=C—) cm~!. MS (EI"): m/z = 426 (2.3) [M*], 411
(21.5), 368 (6.5), 323 (46.5), 295 (100), 282 (5), 223 (13), 105 (40).
C,7H6N,0O5 (426.51): caled. C 76.03, H 6.14, N 6.57; found C
76.10, H 6.18, N 6.51.

Compound 9a: C,yH;oNO,; isolated 287 mg (yield 85%); m.p.
133-135 °C (ligroin 60—80 °C). 'H NMR (200 MHz, CDCl;, 25
°C): & = 1.32(d, 3 H, —CHs), 1.33 (t, 3 H, —CH,CHs,), 3.38 (d,
1 H, CHCOOE), 4.18—4.43 (m, 3 H, —CH,CH; + —CHCHy),
7.23—7.44 (m, 4 H, arom.), 7.53—7.87 (m, 5 H, arom.) ppm. 'H
NMR (200 MHz, C¢Dg, 25 °C): 8 = 0.97 (d, 3 H, —CHz), 1.07 (t,
3 H, —CH,CH;), 3.43 (d, 1 H, CHCOOEt), 3.92—4.23 (m, 2 H,
—CH,CHs;), 4.43—4.58 (m, 1 H, —CHCHs;), 6.78 (pseudo-t, 1 H,
arom.), 7.05—7.30 (m, 4 H, arom.) 7.40 (pseudo-d, 1 H, arom.),
7.48 (pseudo-d, 1 H, arom.), 8.2 (pseudo-d,2 H, arom.) ppm. IR
(KBr): ¥ = 1730 (-COO—-), 1605 (—C=0) cm~'. MS (EI'"): m/
z = 337 (27) [M"], 223 (87), 179 (100), 105 (40). CrH;oNO,
(337.38): caled. C 71.20, H 5.68, N 4.15; found C 71.15, H5.70,
N 4.11.

Compound 9b: C,sH,4N,Os; isolated 371 mg (yield 90%); m.p.
178—179 °C (ligroin 60—80 °C). 'H NMR (200 MHz, CDCl;, 25
°C): 6 = 1.34—1.38(d +t,J = 7.2 Hz, 6 H, —CH; + —CH,CHy),
3.55(d, J = 10.4 Hz, 1 H, CHCOOE), 4.28—4.45(q +d, J = 7.2,
10.3 Hz, 3 H, —CH,CH; + —CHCHj;), 6.37 (pseudo-q, 1 H,
arom.), 6.73 (pseudo-q, 1 H, arom.), 6.78—6.88 (m, 1 H, arom.),
7.26—7.47 (m, 8 H, arom.), 7.92 (pseudo-d, 2 H, arom.) ppm. IR
(KBr): v = 1734 (—COO-), 1665 (-C=N-), 1596 (—-C=C~)
cm ™1 MS (EI"): m/z = 413 (3) [M* + 1], 368 (12), 323 (24), 295
(65), 282 (72), 205 (19.5), 179 (55.%) 77 (100). CysH»4N,O3
(412.49): caled. C 75.71, H 5.86, N 6.79; found C 75.75, H 5.79,
N 6.82.

Compound 10a: C,sH, NOy; isolated 188 mg (yield 47%); m.p.
119—121 °C (benzene/petroleum ether). 'H NMR (200 MHz,
CDCl; 25°C): 6 = 1.30 (t, J = 7.1 Hz, 3 H, —CH,CH;), 3.75 (d,
J=104Hz, 1 H, —-CH-), 4.2 (q, J = 7.1 Hz, 2 H, —CH,CH,;),
528 (d, J = 104 Hz, 1 H, —CH-), 7.22—7.48 (m, 9 H, arom.),
7.6—7.82 (m, 3 H, arom.), 7.92 (pseudo-q, 2 H, arom.) ppm. IR
(KBr): v = 1729 (—COO—), 1604 (—C=0) cm '. MS (EI'"): m/z =
399 (10) [M*], 326 (6.5), 223 (100), 105 (41.5),77 (48.5). C,5sH,> NOy4
(399.45): caled. C 75.17, H 5.30, N 3.51; found C 75.22, H 5.34,
N 3.56.

Compound 10b: C5;H,4N,O5; isolated 204 mg (yield 43%); m.p.
166—167 °C (benzene/petroleum ether). 'H NMR (200 MHz,
CDCl; 25°C): 6 = 1.29 (t, J = 7.1 Hz, 3 H, —CH,CH,), 3.94 (d,
J=104Hz, 1 H, —CH-), 4.3 (q, J = 7.1 Hz, 2 H, —CH,CHy),
528 (d, J = 104Hz, 1 H, —CH-), 642 (d, J = 8.0Hz, 1 H,
arom.), 6.78 (pseudo-q, J = 7.9 Hz, 2 H, arom.), 6.83—6.94 (m, 1
H, arom.), 7.12 (t, J/ = 7.4 Hz, 1 H, arom.), 7.28—7.52 (m, 12 H,
arom.), 8.01 (pseudo-d, J/ = 7.2 Hz, 2 H, arom.) ppm. IR (KBr):
v = 1733 (-COO0-), 1662 (—C=N-), 1592 (-C=C—) cm~'. MS
(EI"): mlz = 475 (6) [M™ +1], 368 (24), 323 (46.5), 295 (100), 281
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(23.5), 267 (25). C31H6N,O5 (474.56): caled. C 78.46, H 5.25, N
5.90; found C 75.50, H 5.22, N 5.95.

Selected '"H NMR Spectroscopic Data of Compounds Observed in
the Reaction Mixture

Compound 3a: '"H NMR (200 MHz, CDCl;_ 25 °C): § = 1.33 (t,
J =173 Hz 3 H, —CH,CH;) ppm
Compound 4a: '"H NMR (200 MHz, CDCl;_ 25 °C): § = 0.94 (t,

J = 7.3 Hz, 3 H, —CH,CH,;) ppm.

Compound 6a: 'H NMR (200 MHz, CDCl;_ 25 °C): § = 1.20 (t,
J =17.1Hz 3 H, —CH,CH;), 2.89-3.28 (m, 2 H, —CH,—), 4.13
(q,J = 7.1 Hz, 2 H, —CH,CH3;), 4.56 (pseudo-q, J = 9.1 and 7 Hz,
1 H,—CH-) ppm.

Compound 4b: '"H NMR (200 MHz, CDCl;_ 25 °C): §
J =173 Hz 3 H, —CH,CH3) ppm.

Compound 6b: '"H NMR (200 MHz, CDCl;_ 25 °C): § = 1.19 (t,
J =7Hz, 3 H, —-CH,CH;), 3.12—3.37.(m, 2 H, —CH,—), 4.13 (q,
J = 7.2Hz, 2 H, —CH,CH3;), 4.62 (pseudo-q, J = 8.9, 7.2 Hz, 1
H, ,—CH-) ppm.

Compound 8a: '"H NMR (200 MHz, CDCl; 25 °C): § = 0.99 (t, 3
H, —CH,CH;), 1.0 (s, 3 H, —CH3) 1.38 (s, 3 H, —CH3), 3.86 (q,
2 H, —CH,CH3), 3.93 (s, 1 H, —CHCOOEY) ppm.

Compound 8b: 'H NMR (200 MHz, CDCl;_ 25 °C): § = 0.9 (t, 3
H, —CH,CH,), 1.18 (s, 3 H, —CH3) 1.38 (s, 3 H, —CHj), 3.86 (q,
2 H, —CH,CHs), 3.72 (s, 1 H, —CHCOOEL) ppm.

Crystal Data for Ethyl (anti,3,3a)-3a-Phenyl-4-[(E)-phenylimino]-
2,3,3a,4-tetrahydroisoxazolo|2,3-alindole-3-carboxylate (3b)
(CCDC-200978): C,sH,»,N-,O3, M, = 398.5, monoclinic, space
group P2,/n, a = 18.957(2), b = 11.074(2), ¢ = 20.885(2) A, p =
104.63(2)°, V = 4236.1(11) A3, Z = 8, p = 1.250 g cm3; M(Mo-
K,) = 0.71069 A, w(Mo-K,) = 0.83 cm~!: colourless plate, crystal
dimensions 0.06 X 0.19 X 0.30 mm. The structure was solved by
direct methods (SIR97) and anisotropically refined for all the non-
H atoms. The hydrogen atoms were localized from a difference
Fourier map and introduced as fixed contributors in the last stage
of refinement (Uy, = 0.08 A2). The structure was refined on F2
values (SHELX97) by using the weighting scheme w = 1/[c*(F3) +
(0.0928P)%] (with P = (F2 + 2F2)/3). For 4833 unique observed
reflections [/ > 2o(/)] collected at 7"= 298(3) K on a Bruker AXS
100 CCD diffractometer (3 < 20 < 54°) the final R is 0.054 (WR2 =
0.149; S = 1.140). The structure contains two crystallographically
independent molecules showing a very similar geometry.

0.95 (t,

Crystal Data for Ethyl 4-Oxo-3a-phenyl-2,3,3a,4-tetrahydroisox-
azolo|2,3-alindole-2-carboxylate (5a) (CCDC-200979): C;oH{7,NOy,
M, = 323.3, orthorhombic, space group Pbcn, a = 21.839(5), b =
8.212(2), ¢ = 18.814(4) A, V = 3374.1(13) A3 Z=8p=1273¢g
cm™3; MMo-K,) = 0.71069 A, p(Mo-K,) = 0.90 cm™!: pale yellow
plate, crystal dimensions 0.10 X 0.28 X 0.45 mm. The structure
was solved by direct methods (SIR97) and anisotropically refined
for all the non-H atoms. The hydrogen atoms were localized from
a difference Fourier map and introduced as fixed contributors in
the last stage of refinement (U, = 0.08 ;\2). The structure was
refined on F? values (SHELX97) by using the weighting scheme
w = 1/6%(F2). For 589 unique observed reflections [I > 2o(1)] col-
lected at T = 298(3) K on a Philips PW1100 diffractometer (3 <
260 < 50°) the final R is 0.046 (wR2 = 0.057 for 2109 unique reflec-
tions with / > 0 used in the refinement; S = 0.736).

Crystal Data for Ethyl (anti,2,3a)-3a-Phenyl-4-|(E)-phenylimino]-

2,3,3a,4-tetrahydroisoxazolo|2,3-a]indole-2-carboxylate (5b)
(CCDC-200980): C,sH,N,Os3, M, = 398.5, monoclinic, space
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group P2i/n, a = 12.770(3), b = 8.282(2), ¢ = 20.635(5) A, B =
104.142)°, V = 2116.3(9) A3, Z = 4, p = 1.251 gem™3; M(Cu-
K, = 1.54178 A, W(Cu-K,) = 6.65 cm™!: colourless plate, crystal
dimensions 0.12 X 0.30 X 0.42 mm. The structure was solved by
direct methods (SIR97) and anisotropically refined for all the non-
H atoms. The hydrogen atoms were put in geometrically calculated
positions and introduced as fixed contributors in the last stage of
refinement (Ui, = 0.10 A2). The structure was refined on F2 values
(SHELX97) by using the weighting scheme w = 1/[c*(F3) +
(0.2079P)?]; with P = (F3 + 2F2)/3. For 2152 unique observed re-
flections [/ > 2o(])] collected at 7" = 298(3) K on a Siemens AED
diffractometer (3 < 26 < 140°) the final R is 0.084 (wR2 = 0.223;
S = 1.020).

Crystal Data for Ethyl (syn,2,3a;anti,2,3)-2-Methyl-4-o0xo0-3a-phe-
nyl-2,3,3a,4-tetrahydroisoxazolo|2,3-aindole3-carboxylate (9a)
(CCDC-200981): C,)H;yNO,4, M, = 337.4, monoclinic, space
group C2/c, a = 31.040(6), b = 8.070(2), ¢ = 15.871(3) A, B =
119.42(2)°, V = 3462.9(14) A3, Z = 8, p = 1.294 g cm~3; M(Cu-
K,) = 1.54178 A, w(Cu-K,) = 8.39 cm™!: colourless prism, crystal
dimensions 0.20 X 0.22 X 0.28 mm. The structure was solved by
direct methods (SIR97) and anisotropically refined for all the non-
H atoms. The hydrogen atoms were put in geometrically calculated
positions and introduced as fixed contributors in the last stage of
refinement (U, = 0.08 Az). The structure was refined on F? values
(SHELX97) by using the weighting scheme w = 1/[c*(F3) +
(0.0844P)]; with P = (I3 + 2 F2)/3. For 2365 unique observed
reflections [/ > 2o(I)] collected at 77 = 298(33) K on a
Enraf—Nonius CAD4 (3 < 20 < 140°) the final R is 0.047 (WwR2 =
0.135; § = 1.107).

Crystal Data for Ethyl (syn,2,3ajanti,2,3)-2,3a-Phenyl-4-|(E)-phe-
nylimino|-2,3,3a,4-tetrahydroisoxazolo|2,3-alindole-3-carboxylate
(10b) (CCDC-200982): C;H,sN,O;3, M, = 474.6, monoclinic,
space group P2,/n, a = 11.789(2), b = 16.720(3), ¢ = 12.688(3) A,
B = 91.54(2)°, VV = 2500.0(9) A3, Z = 4, p = 1.261 g cm 3; A(Cu-
K,) = 1.54178 A, W(Cu-K,) = 6.50 cm™!: pale yellow prism, crystal
dimensions 0.16 X 0.18 X 0.40 mm. The structure was solved by
direct methods (SIR97) and anisotropically refined for all the non-
H atoms. The hydrogen atoms were put in geometrically calculated
positions and introduced as fixed contributors in the last stage of
refinement (U, = 0.08 /c\z). The structure was refined on F? values
(SHELX97) by wusing the weighting scheme w = 1/
[62(F3) + (0.0512P)?]; with P = (F2 + 2 F2)/3. For 1738 unique ob-
served reflections [/ > 2o(])] collected at 7" = 298(3) K on an
Enraf—Nonius CAD4 (3 < 26 < 140°) the final R is 0.049 (wR2 =
0.125 for 3840 unique reflections with 7 > 0 used in the refinement;
S = 0.820).
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