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Abstract—Uncatalyzed cycloaddition of a-alkoxycarbonylnitrones 1 with vinyl ethers 7 gave mixtures of cis- and trans-cycloadducts 8,
whereas Eu(fod);-catalyzed cycloaddition of 1 with 7 gave the trans-cycloadducts trans-8 in a highly stereoselective manner. NMR studies
indicated that Eu(fod); selectively activated (Z)-nitrones (Z)-1 in E,Z-equilibrium mixtures of nitrones 1. In contrast, the reaction of 1 with
allyl alcohols 12 in the presence of Eu(fod); resulted in sequential transesterification and intramolecular cycloaddition to give intramolecular
cycloadducts 13.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction N N
o NS COR? == _ N =

Intermolecular 1,3-dipolar cycloadditions of nitrones are CO,R? R®
fundamental and very useful for synthesizing various biolog- (Ex (@1
ically useful compounds, including alkaloids, antibiotics, R! R!
and amino acids.! Cycloaddition of o-alkoxycarbonyl- oM CO,R? o CO,R?
nitrone 1 is particularly attractive because of its high reactiv- )_7/ ¥ )_7
ity. However, the cycloaddition of 1 with olefins often gives R3 R3
mixtures of cis- and trans-isoxazolidines cis-2 and trans-2,> cis-2 trans-2

probably due to E,Z-equilibration of 1 in solution even at
room temperature (Scheme 1). Although, the geometrical
equilibration of 1 was reported in early 1980s,? there was lit- chiral copper catalyst® and cyclic nitrones as (E)-geometry-
tle attempt to control the equilibration in the cycloaddition fixed equivalents of 17-'° have been reported. Recently,
until the middle of the 1990s. we found that Eu(fod); [tris(6,6,7,7,8,8,8-heptafluoro-2,2-
dimethyl-3,5-octanatedionate) europium(IIl)] can selec-
tively activate (2)-1 by forming (Z)-1-Eu(fod); complex,
which reacts with vinyl ethers to give the trans-isoxazolidine
with excellent stereoselectivity.!! It was also reported that
treatment of 1 with allyl alcohols in the presence of Eu(fod)s
induces tandem transesterification and intramolecular cyclo-
addition, affording bicyclic compounds. We now present
S — i i ) i a full account of this work, including a consideration of
Keywords: 1,3-Dipolar cycloz.lddltlon; a-Alkoxycarbonylnitrones; Vinyl the electronic properties of 1, NMR studies of 1 in the pres-
ethers; Europium; Stereoselective. ’
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Scheme 1.

In the course of studies to achieve cycloaddition with control-
ling the equilibrium, the reaction of 1 with allyl alcohols in
the presence of magnesium bromide,* salt effects on 1,3-di-
polar cycloaddition of a-carboxylnitrone with olefins,? and
asymmetric reaction of nitrone 1 with vinyl ethers using a
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2. Results and discussion
2.1. Electronic properties of a-alkoxycarbonylnitrone 1

We considered that the resonance effect between the nitrone
moiety and a-carbonyl group may be the reason for the facile
E.Z-equilibration of 1; if this is so, the nitrone 1 can be re-
garded as an isoelectronic structure of a B-diketone anion
since both have six m-electrons in a five-membered conju-
gated system (Fig. 1).

To test this working hypothesis, the bond distances between
atoms were calculated at the HF/6-31G* level for the nitrone
3 bearing a ketone group as an electron-withdrawing group,
the nitrone 4 without a conjugated system, acetone 5, and the
anion of the B-diketone 6 (Fig. 2).'* The nitrogen—oxygen
single bonds of (E)-3 and (Z)-3 are shorter than that of 4,
and the nitrogen—carbon double bonds of (E)-3 and (Z2)-3
are longer than that of 4. These findings can be interpreted
by assuming that the nitrogen—oxygen single bond of 3 has
the partial nature of a double bond, and the nitrogen—carbon
double bond of 3 has the partial nature of a single bond. In
addition, the length of the carbon—oxygen double bond of
(E)-3 and (Z)-3 was estimated to be between those in acetone
5 and the anion 6. All these data strongly suggest that the
nitrone 3 exhibits a resonance effect between the nitrone
moiety and the a-carbonyl group similar to that of the anion
6; in other words, the nitrone 3 is isoelectronic with the
B-diketone anion.
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Figure 2. Results of HF/6-31G* calculations for 3-6.

2.2. Cycloaddition of 1 with vinyl ethers in the presence
of Eu(fod);

A shift reagent for NMR spectra, Eu(fod);, bears B-diketone
anions (fod; 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-
octanedionato) as ligands (Fig. 3). Therefore, we expected
that Eu(fod); would selectively activate (Z)-1 in an equilib-
rium mixture of (Z)-1 and (E)-1 by forming (Z)-1-Eu(fod);
complex, which, in turn, could stereoselectively undergo
1,3-dipolar cycloaddition (Scheme 2). Since the Lewis
acid should lower the LUMO energy of (Z)-1,!> use of
dipolarophiles having a high HOMO energy, for example,
vinyl ethers, is reasonable.'#~1°

CF,CF,CF3
Eul )
0=
3
Eu(fod)3
Figure 3.
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Scheme 2.

Thus, the reactions of nitrones 1a and 1b with several vinyl
ethers 7a—d were first examined as shown in Scheme 3 and
Table 1. Reactions of 1 with 7 in the absence of Eu(fod)s
gave mixtures of cycloadducts trans-8 and cis-8 (entries 1,
3,5, 8, and 10), whereas the reactions of 1 with 7 in the pres-
ence of a stoichiometric amount of Eu(fod); afforded trans-8
with high selectivity (entries 2, 4, 6,9, and 11). The effect of
Eu(fod); in the reactions of 1b with 7a—d was remarkably
compared with that in the reaction of 1la with 7a (entry 2
vs entry 4). Equilibration of 1b is known to be much faster
than that of 1a,>* and hence 1b would more efficiently form
the (Z)-1-Eu(fod); complex. Although, the use of a reduced
amount of Eu(fod); required a prolonged reaction time,
satisfactory trans-selectivity was still obtained (entry 7).
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Scheme 3.
Table 1. Reaction of nitrones 1a,b with vinyl ethers 7a—d
Entry Nitrone Eu(fod)s Conditions Product Yield (%) Ratio (trans-8/cis-8)
1 la None 7a (20 equiv), 36 h 8a 86 78:22
2 1 equiv 7a (20 equiv), 7h 87 85:15
3 1b None 7a (20 equiv), 36 h 8b 89 72:28
4 1 equiv 7a (20 equiv), 7h Quant. >08:2
5 1b None 7b (20 equiv), 36 h 8c 73 75:25
6 1 equiv 7b (20 equiv), 6 h Quant. >98:2
7 0.3 equiv 7b (3 equiv), 48 h 85 >08:2
8 1b None 7¢ (20 equiv), 36 h 8d 76 74:26
9 1 equiv 7c¢ (20 equiv), 7h 89 95:5
10 1b None 7d (20 equiv), 36 h 8e 82 71:29
11 1 equiv 7d (20 equiv), 7 h 92 >98:2
As shown in Scheme 4, the treatment of 8b (trans:cis= Bn Bn
72:28) with Eu(fod); resulted in complete recovery of the O,N ~COEt O,N SCOzEL
starting mixture without any change in the ratio.!” This )JHa )jHa
result strongly suggests that the product frans-8b obtained eid Hb Et0 Hb
by the reaction of 1b with 7a in the presence of Eu(fod)s % ,6
. .. . trans-8a™? cis-8a'?@
is a kinetically controlled product. The stereochemical as- He3.48 (dd J= 77 8.8 H
signments .of cycload.dulcts 8aand Sb were made on the basis Eg;g:gjl ((3{/ _=75'.70|_||—122)) Ha:3.48 gddj 41788 Hg
of comparison of their '"H NMRs with those of known com-
pounds trans-8a’®* and cis-8a’,°® as depicted in Figure 4. Bn Bn
! | 1
Furthermorf:, the structure of trans-8b was gomfirmed by N_.COpMe N__CO,Me
the NOE difference spectra. The stereochemistries of the Q Ha Q "a
other products, trans-8c¢.d, were assigned by comparing their o g
"H NMR spectra with that of trans-8b. EtO EtO Hb
trans-8a cis-8a

Eu(fod);

8b (trans : cis =78 : 22) 8b (trans : cis = 78 : 22)

CICH,CH,CI
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Scheme 4.

To examine the coordinating abilities of the nitrones and
vinyl ethers, NMR studies of the nitrones 1b and 9, and the
vinyl ether 7a in the presence or absence of Eu(fod); were
conducted (Table 2). In the '"H NMR spectrum (CDCl3) of
1b in the presence of 0.15 equiv of Eu(fod)s, the signals of
the methoxy protons (Ha) and methyne proton (Hb) of the
Z-isomer were shifted downfield by 1.23 and 0.46 ppm, re-
spectively, whereas the signal of the methoxy protons (Ha)
of the E-isomer was shifted by only 0.09 ppm. In the case
of 9, the signals of both Ha and Hb were more strongly
shifted than that of Ha'. However, in the '"H NMR spectrum

Ha: 3.94 (brt, J=7.6 Hz)
Hb: 5.26 (br d, J = 5.3 Hz)

Ha: overlapped with other signals
Hb: 5.16 (dd, J = 2.3, 5.6 Hz)

QHF(’:% " CHPh,
o NN _N__CO,Me
Ha O
Ly ‘)6% NOE ./ "Ha
Et0”, © 2
fb H e Ho
\— 59 NOE
trans-8b cis-8b
Ha: 4.02 (dd, J=56,7.8 Hz)  Ha:3.77 (dd, J = 6.9, 9.6 Hz)
Hb: 5.25 (br dd, J= 2.3, 5.6 Hz) Hb: 5.14 (dd, J = 2.0, 5.9 Hz)

Figure 4.

of 7a, none of the protons showed a large down-field shift
(<0.07 ppm). These results suggested that the nitrones 1b
and 9 formed (Z)-1b—Eu(fod); and 9-Eu(fod); complexes,
respectively, and that Eu(fod); did not readily coordinate
with the vinyl ether 7a (Fig. 5).

All these results are consistent with the reaction mechanism
as shown in Scheme 5. Thus, Eu(fod); selectively activates
(2)-1 by forming (Z)-1-Eu(fod); complex, which reacts



12230 O. Tamura et al. / Tetrahedron 62 (2006) 12227-12236

Table 2. Chemical shifts of 1b, 9, and 7a in the presence of Eu(fod);

Compound No. additive (A) 6 (ppm) +0.15 equiv of Eu(fod); (B) ¢ (ppm) (B)-(A) Ad (ppm)
Ph Hc Ha: 3.71 Ha: 4.94 Ha: 1.23
4\+/)\ Hb: 6.28 - Hb: 6.74 Hb: 0.46
Ph Hb'}l_ CO,CHay Hc: —* Hc: —* Hc: —*
|-
Ph  CO,CHag Ha: 3.71 5 Ha: 3.80 Ha: 0.09
+ . a - . .
Ph N/ He Hb: — Hb: — Hb: —
Hb 1 Hc: 8.24 Hc: 8.28 Hc: 0.04
o~ (B)
1b
HbHb CO,CHa',
. Ha: 3.88 Ha: 4.31 Ha: 0.43
Ph™ "N” “CO,CHay Ha': 3.84 Ha': 3.97 Ha’: 0.13
o Hb: 5.73 Hb: 5.98 Hb: 0.25
9
He Hd Hd Ha: 3.98 Ha: 4.02 Ha: 0.04
H Hb: 4.18 Hb: 4.23 Hb: 0.05
A~ o) CHe, Hc: 6.46 Hc: 6.53 Hc: 0.07
Hb Hd: 3.75 Hd: 3.81 Hd: 0.06
7a He: 1.29 He: 1.34 He: 0.05
* The signal was overlapped with those of aromatic protons.
Ph CO,Me 0.0 # 0_0
H—<"0 [
+ M + oM =+ OEt H
N4\|(O © Ph/\N)\I( e [ T sHe H ~-0420
- b A A oy
L N o < M O—H
Eu Eu OEt Ph TsC OEt
(fod)s (fod)s 10 7a 11a
(2)-1b-Eu(fod); 9-Eu(fod);
. o__0O
Flgure 5. Eu (de)3 [ H
. . . - . _(eauv) gy + + 11a
with the vinyl ether 7 via endo transition state TS-B to give 15h, 88 % o—{n
the cycloadduct trans-8, because the exo transition state OEt
TS-A would have severe steric interaction between the sub- 11b
stituent (R?0) and the bulky Eu(fod)s. 48 : 39 o3

R1
& N 4
/ Eu(fod)s o) 1 0R27
(Z)-1 (de)3EUI’ T 'O/ OMe
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fod), \»(fod) —— trans-8
& 3
H/<OR2 RZO/’<
TS-A (exo) TS-B (endo)
Scheme 5.

For comparison with the reaction of the E,Z-equilibrating
nitrone 1, we examined the reaction of the cyclic nitrone
107> with vinyl ether 7a in the presence of Eu(fod)s
(Scheme 6). Because the nitrone 10 is fixed in E-geometry,
it cannot act as a bidentate ligand of Eu(fod)s. In the absence
of Eu(fod)s, the reaction of 10 with vinyl ether is known to
give 11a as the major cycloadduct via the B-exo transition
state TS-C having the least steric hindrance.” In contrast,
the reaction of 10 with 7a in the presence of Eu(fod)s, sur-
prisingly, afforded 11b as the major isomer. The stereo struc-
ture of 11b was established by X-ray diffraction analysis
(Fig. 6)'® and that of 11c¢ was tentatively assigned as shown

Scheme 6.

Figure 6. ORTEP drawing of 11b.
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Table 3. Chemical shifts of 10 in the presence of Eu(fod);

Compound No. additive (A) ¢ (ppm) +0.05 equiv of Eu(fod); (B) 6 (ppm) (B)—(A) A (ppm)
Ha Ha: 4.74 Ha: 4.85 Ha: 0.11
Ha' | 0.0 Ha': 4.84 Ha': 4.94 Ha’: 0.10 [ f
f Hb: 5.10 Hb: 5.40 Hb: 0.30
Ph' I
HbY- Eu(fod)3
10 10-Eu(fod),

in Scheme 6. To clarify the reason for the difference, the co-
ordination mode of 10 with Eu(fod); was verified again by
means of NMR experiments (Table 3). The 'H NMR spec-
trum of 10 with 0.05 equiv of Eu(fod); showed that the sig-
nal of proton Hb was shifted more than those of Ha and Ha'.
This suggested that Eu(fod); coordinated with the oxygen
atom of the nitrone moiety instead of the carbonyl-oxygen
atom, forming 10-Eu(fod); complex. The stereochemical
course of the reaction of 10 with 7a in the presence of
Eu(fod); can be explained by considering the transition
states TS-D and TS-E, as shown in Scheme 7. Thus,

Euffod);  /

?( j OEt 7a

Eu(fod);

[ \f Eu(fod)s

10

EtO—ZH Eu(fod),

}(N’Vf H ?fo
Ph }(Nf’” "
H’ZOEt Ph O
TS-D TS-E
11b 11c

Scheme 7.

Eu(fod); coordinating with the oxygen atom is located on
the opposite side of the phenyl group, thereby avoiding steric
interaction. As a result, the vinyl ether 7a approaches from
the vacant sites to react via a-exo TS-D and TS-E, affording
11b and 11c, respectively.

2.3. Reaction of 1 with allyl alcohols in the presence of
Eu(fod);

Next, we turned our attention to the use of allyl alcohols 12
as the dipolarophiles, which might coordinate with the Lewis
acid as in the case of the reaction using MgBr,.* However,
the reaction of allyl alcohols 12 in the presence of Eu(fod);
gave intramolecular-type bicyclic products 13 (Table 4).
Thus, treatment of the nitrone 1b with large excess of allyl
alcohol 12a and a stoichiometric amount of Eu(fod); caused
transesterification and intramolecular cycloaddition to give
13a (entry 1). Use of other allyl alcohols 12b and 12¢ also
gave the corresponding intramolecular cycloadducts 13b
and 13c in moderate yields (entries 2 and 3). As observed
in the titanium tetrachloride-catalyzed reaction, the amounts
of 12 and Eu(fod); could be reduced in the presence of
molecular sieves 4 A (entry 3).'%

These results are similar to those of the reactions employing
titanium catalyst,'® and different from those of the reactions
using magnesium bromide.* In the case of allyl alcohols,
transesterification was promoted by Eu(fod)s, and the cyclo-
addition proceeded not via TS-F but via TS-G to afford the

intramolecular cycloadducts 13 (Scheme 8).

Table 4. Reaction of nitrone 1b with allyl alcohols 12a—c in the presence of Eu(fod);

Entry Allyl alcohol Conditions Yield (%) Product
Ry O
/\/OH . N
1 1 equiv Eu(fod)s, 4 A MS, CICH,CH,CI, t, 14 h 68 0 0
12a (10 eq.) H
13a
R'nw 0
Ph._~_OH . o’N %o
2 1 equiv Eu(fod)s, 4 A MS, CICH,CH,CI, 1t, 5 days 92 |
12b (5 eq. D0
(5eq.) PhH
13b
OH
3 ©/ 0.1 equiv Eu(fod)s, 4 A MS, CICH,CH,CI, rt then 60 °C, 10 h 71

12c (3 eq.)

13c
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3. Conclusion

We investigated the activation mode of a-alkoxycarbonyl-
nitrone derivatives with Eu(fod);. Eu(fod); selectively
activated the Z-isomer of nitrones (1) existing as E,Z-equi-
librium mixtures by forming the (Z)-1-Eu(fod); complex,
which reacts with vinyl ethers to give the frans-adducts
stereoselectively. In the reaction of E-geometry-fixed cyclic
nitrone, the major product is different from that of the
reaction without Eu(fod);. In the case of allyl alcohols 12,
Eu(fod); promoted the transesterification between the nitro-
nes 1 and allyl alcohols.

4. Experimental
4.1. General

All melting points were determined with a Yanagimoto MP-
21 melting point apparatus and were uncorrected. Infrared
(IR) spectra were recorded on Hitachi 270-30 and Shimadzu
FTIR-8100 spectrometers. 'H NMR spectra were measured
with a JEOL JNM-EX270 (270 MHz) or a JEOL-JNM-
AL300 (300 MHz) spectrometer. The chemical shifts are
expressed in parts per million downfield from tetramethyl-
silane, using tetramethylsilane (0=0) and/or residual chloro-
form (6=7.25) as an internal standard. Splitting patterns are
indicated as s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet; br, broad signal. Mass spectra were taken with
a JEOL JMS-DX302 mass spectrometer. Unless otherwise
noted, all experiments were carried out under an atmosphere
of dry argon using anhydrous solvents. For thin layer chro-
matographic (TLC) analyses, Merck precoated TLC plates
(silica gel 60 Fys4, 0.25 mm, Art 5715) were used.

4.2. Methyl [(phenylmethyl)imino]acetate N-oxide (1a)

This was prepared from N-benzylhydroxylamine and methyl
glyoxylate hemiacetal in refluxing benzene employing
a Dean-Stark trap; mp 89-92 °C (hexane—AcOEt) (lit.,>
mp 90-92 °C).

4.3. Methyl [(diphenylmethyl)imino]acetate N-oxide
(1b)

This was prepared from N-diphenylmethylhydroxylamine®°
and methyl glyoxylate by the same procedure as that

described for la; mp 133.5-134°C (hexane—AcOEt)
(lit.,* mp 131.5-132.5 °C).

4.4. General procedure A: cycloaddition of o.-methoxy-
carbonylnitrones (1a,b) with vinyl ethers (7a—d) in the
absence of Eu(fod); (Table 1, entries 1, 3, 5, 8, and 10)

To a stirred solution of 1 (1 equiv) in CICH,CH,Cl was
added 7 (20 equiv) at room temperature. After completion
of the reaction, the mixture was concentrated in vacuo to
give a crude product, which was purified by column chro-
matography on silica gel (hexane/AcOEt=4:1) to afford the
cycloadduct 8 as an inseparable mixture of frans-8 and
cis-8.

4.5. General procedure B: cycloaddition of «-methoxy-
carbonylnitrones (1a,b) with vinyl ethers (7a—d) in the
presence of Eu(fod); (Table 1, entries 2,4, 6,7,9, and 11)

To a stirred mixture of 1 (1 equiv) and Eu(fod); (1 equiv) in
CICH,CH,Cl was added 7 (20 equiv) at room temperature.
After completion of the reaction, the mixture was diluted
with CHCI; and washed successively with a 10% aqueous
solution of tartaric acid and brine. The organic phase was
subjected to column chromatography on Al,O5; to remove
fod. Further purification by column chromatography on
silica gel (hexane/AcOEt=4:1) afforded mainly trans-8.

4.6. Methyl (5-ethoxy-2-phenylmethylisoxazolidine-3-
yDcarboxylate (8a) (Table 1, entries 1 and 2)

Following general procedure A, a 78:22 mixture (21.9 mg,
96%) of trans-8a and cis-8a was obtained from 1la
(16.7 mg, 87 pumol), 7a (160 pul, 1.7 mmol), and
CICH,CH,Cl (1.5ml) (Table 1, entry 1). 'H NMR
(270 MHz, CDCls) 6 1.16 (t, 3Hx22/100, J=7.3 Hz), 1.23
(t, 3Hx78/100, J=7.3 Hz), 2.59 (ddd, 1Hx78/100, J=1.7,
7.6, 129 Hz), 2.5-2.8 (m, 2Hx22/100), 2.76 (ddd, 1Hx
78/100, J=5.3, 7.3, 12.9 Hz), 3.35-3.85 (m, 3Hx22/100),
348 (qd, 1Hx78/100, J=7.3, 9.6 Hz), 3.67 (s, 3Hx
78/100), 3.69 (s, 3Hx22/100), 3.80 (qd, 1Hx78/100,
J=7.3, 9.6 Hz), 3.94 (br t, 1IHx78/100, J=7.6 Hz), 4.05
(d, 1Hx22/100, J=13.9 Hz), 4.17 (d, 1Hx78/100, J=
12.9 Hz), 4.19 (d, 1Hx22/100, J=13.9 Hz), 4.35 (d, 1Hx
78/100, J=12.9Hz), 5.16 (dd, 1Hx22/100, J=2.3,
5.6 Hz), 5.26 (br d, 1Hx78/100, J=5.3 Hz), 7.24-7.42
(m, 5H).
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Following general procedure B, an 85:15 mixture (18.7 mg,
87%) of trans-8a and cis-8a was obtained from 1la
(15.7 mg, 87 umol), 7a (160 pl, 1.7 mmol), Eu(fod);
(90 mg, 87 umol), and CICH,CH,CI (1.5 ml) (Table 1, entry
2). IR (CHCI3) 1742 cm~!; 'H NMR (270 MHz, CDCl5)
o 1.16 (t, 3Hx15/100, J=7.3 Hz), 1.23 (t, 3Hx85/100,
J=7.3 Hz), 2.59 (ddd, 1Hx85/100, J=1.7, 7.6, 12.9 Hz),
2.5-2.8 (m, 2Hx15/100), 2.76 (ddd, 1Hx85/100, J=5.3,
7.3, 129 Hz), 3.35-3.85 (m, 3Hx15/100), 3.48 (qd,
1Hx85/100, J=17.3, 9.6 Hz), 3.67 (s, 3Hx85/100), 3.69 (s,
3Hx15/100), 3.80 (qd, 1Hx85/100, J=7.3, 9.6 Hz), 3.94
(br t, 1Hx85/100, J=7.6 Hz), 4.05 (d, 1Hx15/100, J=
13.9 Hz), 4.17 (d, 1Hx85/100, J=12.9 Hz), 4.19 (d, 1Hx
15/100, J=13.9 Hz), 4.35 (d, 1Hx85/100, J=12.9 Hz),
5.16 (dd, 1Hx15/100, J=2.3, 5.6 Hz), 5.26 (br d, 1Hx
85/100, J=5.3 Hz), 7.24-7.42 (m, 5H); '*C NMR (CDCl;,
67.8 MHz) 0 14.9, 15.0, 39.7, 52.4, 63.3, 65.0, 65.4, 103.5,
127.4, 128.3, 129.0, 137.0, 171.5; MS (m/z) 265 (0.3), 220
(28), 175 (10), 143 (13), 116 (43), 105 (100); HRMS calcd
for C4HoNOy4: 265.1314, found: 265.1309.

4.7. Methyl (2-diphenylmethyl-5-ethoxyisoxazolidine-3-
yl)carboxylate (8b) (Table 1, entries 3 and 4)

Following general procedure A, a 72:28 mixture (31.4 mg,
89%) of trans-8b and cis-8b was obtained from 1b
(23.2mg, 86 umol), 7a (160 pl, 1.7 mmol), and
CICH,CH,CI (1.5ml) (Table 1, entry 3). 'H NMR
(270 MHz, CDCl5) 6 1.14 (t, 3Hx72/100, J=7.3 Hz), 1.23
(t, 3Hx28/100, J=7.3 Hz), 2.45-2.72 (m, 2Hx28/100),
2.60 (ddd, 1Hx72/100, J=2.3, 7.9, 13.2 Hz), 2.80 (td, 1HXx
72/100, J=5.6, 13.2 Hz), 3.25 (qd, 1Hx72/100, J=7.3,
9.6 Hz), 3.31-3.44 (m, 2Hx28/100), 3.42 (s, 3Hx28/100),
3.38 (qd, 1Hx72/100, J=7.3, 9.6 Hz), 3.59 (s, 3Hx
72/100), 3.77 (dd, 1Hx28/100, J=6.9, 9.6 Hz), 4.02 (dd,
1Hx72/100, J=5.6, 7.8 Hz), 4.91 (br s, IHx28/100), 5.14
(dd, 1THx28/100, J=2.0, 5.9 Hz), 5.25 (br dd, 1Hx72/100,
J=2.3,5.6 Hz), 5.28 (br s, 1Hx72/100), 7.10-7.60 (m, 10H).

Following general procedure B, trans-8b (29.5 mg, quant)
was obtained from 1b (23.3 mg, 87 pmol), 7a (160 pl,
1.7 mmol), Eu(fod); (89.8 mg, 87 umol), and CICH,CH,Cl
(1.5 ml) (Table 1, entry 4). Mp 64—65 °C (MeOH-H,0); IR
(CHCl5) 1743 cm™'; "H NMR (270 MHz, CDCl3) 6 1.14 (t,
3H, J=7.3 Hz), 2.60 (ddd, 1H, J=2.3,7.9, 13.2 Hz, spin sat-
uration at 6=4.02 —NOE 6%), 2.80 (td, 1H, J/=5.6, 13.2 Hz,
spin saturation at 6=5.25— NOE 6%), 3.25 (qd, 1H, J=7.3,
9.6 Hz), 3.38 (qd, 1H, J=7.3, 9.6 Hz), 3.59 (s, 3H), 4.02 (dd,
1H, J=5.6, 7.8 Hz), 5.25 (br dd, 1H, J=2.3, 5.6 Hz), 5.28
(br s, 1H), 7.10-7.35 (m, 6H), 7.48 (br d, 2H, J=7.9 Hz),
7.57 (br d, 2H, J=7.9 Hz); '3C NMR (75.0 MHz, CDCl5)
0 14.8, 39.6, 52.2, 63.7, 64.3, 77.1, 104.3, 126.9, 127.2,
127.8,128.0, 128.2,128.7, 141.4, 142.7, 172.2; HRMS calcd
for C50H»3NOy: 341.1627, found: 341.1616.

4.8. Methyl [5-(n-butyloxy)-2-diphenylmethylisoxazoli-
dine-3-yl]carboxylate (8c) (Table 1, entries 5-7)

Following general procedure A, a 75:25 mixture (17.4 mg,
73%) of trans-8¢ and cis-8¢ was obtained from 1b
(172 mg, 64 pumol), 7b (164 ul, 1.3 mmol), and
CICH,CH,Cl (1.5ml) (Table 1, entry 5). 'H NMR
(270 MHz, CDCl3) 6 0.90 (t, 3H, J=7.3 Hz), 1.2-1.7 (m,

4H), 2.4-2.9 (m, 2H), 3.1-3.8 (m, 2H+25/100H), 3.43 (s,
3Hx25/100), 3.57 (s, 3Hx75/100), 4.00 (dd, 1Hx75/100,
J=6.0, 7.3 Hz), 491 (s, 1Hx25/100), 5.13 (br dd, 1Hx
25/100, J=2.0, 5.9 Hz), 5.25 (br dd, 1Hx75/100, J=2.0,
6.0 Hz), 5.25 (s, IHx75/100), 7.1-7.6 (m, 10H).

Following general procedure B, compound trans-8c
(26.0 mg, quant) was obtained from 1b (17.9 mg,
67 umol), 7a (160 pl, 1.3 mmol), Eu(fod); (66.4 mg,
64 pmol), and CICH,CH,Cl (1.5 ml) (Table 1, entry 6). Fur-
thermore, frans-8c¢ (19.5 mg, 85%) was also obtained from
1b (16.7 mg, 60 pmol), 7a (23 pl, 0.18 mmol), Eu(fod);
(18.6 mg, 18 pmol), and CICH,CH,Cl1 (1.5 ml) (Table 1, en-
try 7). Mp 49-50 °C (MeOH-H,0); IR (CHCl3) 1740 cm ™ !;
'"H NMR (270 MHz, CDCl5) 6 0.90 (t, 3H, J=7.3 Hz), 1.32
(br sext, 2H, J=7.3 Hz), 1.42-1.58 (m, 2H), 2.59 (ddd, 1H,
J=2.0, 7.6, 12.9 Hz), 2.77 (br td, 1H, J=6.0, 12.9 Hz),
3.18 (td, 1H, J=6.9, 9.2 Hz), 3.36 (td, 1H, J=6.9, 9.2 Hz),
3.57 (s, 3H), 4.00 (dd, 1H, J=6.0, 7.3 Hz), 5.23 (dd, 1H,
J=2.0, 6.0 Hz), 5.25 (s, 1H), 7.14-7.31 (m, 6H), 7.46 (br
d, 2H, J=6.9 Hz), 7.57 (br d, 2H, J=6.9 Hz); '*C NMR
(CDCl3, 67.8 MHz) 6 14.0, 19.3, 31.6, 39.9, 52.3, 64.5,
68.2, 77.2, 104.5, 126.8, 12.2, 127.8, 128.1, 128.2, 128.6,
141.3, 142.7, 172.3; HRMS calcd for C,,H,7NOy,:
369.1940, found: 369.1925.

4.9. Methyl [5-(iso-butyloxy)-2-diphenylmethylisoxazo-
lidine-3-yl]carboxylate (8d) (Table 1, entries 8 and 9)

Following general procedure A, a 74:26 mixture (17.5 mg,
76%) of trans-8d and cis-8d was obtained from 1b
(16.7mg, 62 pumol), 7¢ (160 pl, 1.2 mmol), and
CICH,CH,Cl (1.5ml) (Table 1, entry 8). 'H NMR
(270 MHz, CHCl3) 6 0.90 (d, 6Hx74/100, J=6.6 Hz), 0.92
(d, 6Hx26/100, J=6.6 Hz), 1.26 (m, 1Hx26/100), 1.82
(sept, 1Hx74/100, J=6.6 Hz), 2.4-2.8 (m, 2H), 2.94 (dd,
1Hx74/100, J=6.6, 9.2 Hz), 3.08 (dd, 1Hx26/100, J=6.9,
9.6 Hz), 3.19 (dd, 1Hx74/100, J=6.6, 9.2 Hz), 3.44 (s, 3Hx
26/100), 3.4-3.7 (m, 2Hx26/100), 3.56 (s, 3Hx74/100),
4.00 (br t, 1Hx74/100, J=7.3 Hz), 4.91 (s, 1Hx26/100),
5.11 (dd, 1Hx26/100, J=2.3, 5.3 Hz), 5.21 (br dd, 1Hx74/
100, J=2.0,5.3 Hz), 5.24 (s, 1Hx74/100), 7.1-7.7 (m, 10H).

Following general procedure B, trans-8d (18.5 mg, 89%)
was obtained from 1b (15.2 mg, 57 pumol), 7¢ (160 pl,
1.2 mmol), Eu(fod); (59.0 mg, 57 pmol), and CICH,CH,C1
(1.5ml) (Table 1, entry 9). Mp 53-54 °C; IR (CHCl3)
1740 cm™!'; '"H NMR (270 MHz, CHCl5) 6 0.90 (d, 6H,
J=6.6 Hz), 1.82 (sept, 1H, J=6.6 Hz), 2.58 (ddd, 1H,
J=2.0, 7.9, 12.9 Hz), 2.24 (ddd, 1H, J=5.3, 6.6, 12.9 Hz),
294 (dd, 1H, J=6.6, 9.2 Hz), 3.19 (dd, 1H, J=6.6,
9.2 Hz), 3.56 (s, 3H), 4.00 (br t, 1H, J=7.3 Hz), 5.21 (br
dd, 1H, J=2.0, 5.3 Hz), 5.24 (s, 1H), 7.14-7.34 (m, 6H),
7.45 (br d, 2H, J=8.6 Hz), 7.57 (br d, 2H, J=8.6 Hz); MS
(mlz) 369 (11), 296 (4), 167 (100%); HRMS calcd for
C2,H27NOy4: 369.1940, found: 369.1940.

4.10. Methyl [5-cyclohexyloxy-2-diphenylmethylisox-
azolidine-3-yl]carboxylate (8e) (Table 1, entries 10
and 11)

Following general procedure A, a 71:29 mixture (25.1 mg,
83%) of trans-8e and cis-8e was obtained from 1b
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(17.6 mg, 65pumol), 7d (170 ul, 1.2 mmol), and
CICH,CH,Cl (1.5ml) (Table 1, entry 10). 'H NMR
(270 MHz, CDCl3) 1.1-2.0 (m, 10H), 2.4-2.8 (m, 2H),
3.33 (m, 1Hx71/100), 3.4-3.9 (m, 2Hx29/100), 3.45 (s,
3Hx29/100), 3.55 (s, 3Hx71/100), 3.99 (dd, 1Hx71/100,
J=6.6, 7.6 Hz), 4.95 (s, 1Hx29/100), 5.26 (s, 1Hx71/
100), 5.29 (dd, 1Hx29/100, J=2.3, 5.6 Hz), 5.42 (dd,
1Hx71/100, J=2.0, 5.6 Hz), 7.1-7.6 (m, 10H).

Following general procedure B, trans-8e (22.2 mg, 92%)
was obtained from 1b (16.5 mg, 61 umol), 7d (170 pl,
1.2 mmol), Eu(fod); (61.3 mg, 590 pmol) and CICH,CH,Cl
(1.5ml) (Table 1, entry 11). IR (CHCl3) 1740 cm™!; 'H
NMR (270 MHz, CDCl3) 1.1-1.9 (m, 10H), 2.55 (ddd, 1H,
J=2.0, 7.6, 12.9 Hz), 2.73 (ddd, 1H, J=5.6, 6.6, 12.9 Hz),
3.33 (m, 1H), 3.55 (s, 3H), 3.99 (dd, 1H, J=6.6, 7.6 Hz),
5.26 (s, 1H), 5.42 (dd, 1H, J=2.0, 5.6 Hz), 7.1-7.3 (m,
6H), 7.45 (br d, 2H, J=8.3 Hz), 7.57 (br d, 2H, J=8.3 Hz);
3C NMR (CDCl;, 67.8 MHz) 6 23.8, 24.1, 25.6, 30.9,
33.3, 40.3, 52.1, 64.6, 74.9, 77.2, 101.2, 126.8, 127.1,
127.8, 128.2, 128.6, 141.2, 142.7, 172.4; MS (m/z) 395
(12), 182 (6), 167 (100); HRMS calcd for C,4H9NOy:
395.2097, found: 395.2093.

4.11. (1R,5R,8R)-6-Aza-8-ethoxy-3,7-dioxa-5-phenylbi-
cyclo[4.3.0]nonan-2-one (11a), (15,5R,8S)-isomer (11b),
and (1R,5R,8S)-isomer (11c)

A solution of the nitrone 10 (57.3 mg, 0.30 mmol), 7a
(0.08 ml, 0.86 mmol), and Eu(fod); (311 mg, 0.30 mmol)
in benzene (5 ml) was stirred at room temperature for
15 h. The mixture was diluted with benzene, washed succes-
sively with a 10% aqueous solution of tartaric acid and brine,
dried (MgSQ,), and concentrated under reduced pressure.
The residue was chromatographed on silica gel with hex-
ane—AcOEt (4:1) to give a 48:39:13 mixture of 11b, 1lc,
and 11a (68.7 mg, 87%). The ratio was estimated on the ba-
sis of integrations of the triplets (OCH,CH3) in the 'TH NMR
spectrum of the mixture. "H NMR (300 MHz, CDCl;) 6 1.13
(t, 3Hx39/100, J=7.1 Hz, 11c¢), 1.19 (t, 3Hx13/100,
J=7.1 Hz, 11a), 1.21 (t, 3Hx48/100, J/=7.1 Hz, 11b). The
mixture was subjected to column chromatography on silica
gel with hexane—AcOEt (4:1). The first fraction gave a mix-
ture of 11a and 11b, and the second fraction gave 1lc.
Further chromatography of the mixture of 11a and 11b on
silica gel with toluene—ether (20:1) gave 11a and 11b. Com-
pound 11a: 'H NMR (300 MHz, CDCl3) 6 1.19 (t, 3H,
J=7.1 Hz), 2.68 (ddd, 1H, J=1.0, 8.2, 13.2 Hz), 2.79 (ddd,
1H, J=5.0, 8.9, 13.2 Hz), 3.42 (qd, 1H, J=7.1, 9.6 Hz),
3.72 (qd, 1H, J=7.1, 9.6 Hz), 4.12 (dd, 1H, J=3.6,
9.9 Hz), 4.27 (dd, 1H, J=9.9, 11.9 Hz), 4.36 (dd, 1H,
J=3.6, 11.9 Hz), 4.49 (br t, 1H, J=8.2 Hz), 5.19 (br d, 1H,
J=5.0 Hz), 7.32-7.50 (m, 5H). This spectrum was identical
with that of an authentic sample.”® Compound 11b: mp 144—
145 °C (hexane—CH,Cl,); [a]%’ 2.24 (¢ 0.151, CHCl;); IR
(KBr) 1730 cm™!'; 'TH NMR (300 MHz, CDCls) 6 1.21 (t,
3H, J=7.2 Hz), 2.70 (ddd, 1H, J=2.7, 9.0, 14.0 Hz), 2.99
(ddd, 1H, J=1.5, 6.3, 14.0 Hz), 3.51 (ddd, 1H, J=7.2, 9.6,
14.3 Hz), 3.75 (ddd, 1H, J=7.2, 9.6, 14.3 Hz), 4.33 (dd,
1H, J=1.5, 9.0 Hz), 4.57 (dd, 1H, J=4.5, 11.0 Hz), 4.65
(br dd, 1H, J=4.5, 11.0 Hz), 5.11 (t, 1H, J=11.1 Hz), 5.27
(br d, 1H, J=6.3Hz), 7.31-7.49 (m, 5H); '*C NMR
(75.5 MHz, CDCl3) 6 15.0, 41.1, 59.6, 62.0, 64.2, 67.3,

100.6, 127.4, 128.2, 128.6, 134.9, 170.4; HRMS calcd for
C,,H,,NO,;: 263.1158, found: 263.1166.

Compound 11¢: mp 133.5-136.5 °C (hexane—CH,Cl,); (o]
+38.9 (¢ 0.196, CHCl3); IR (KBr) 1753 cm~!; 'H NMR
(300 MHz, CDCl5) 6 1.13 (t, 3H, J=7.1 Hz), 2.82 (ddd, 1H,
J=2.3,7.3, 13.5 Hz), 3.01 (ddd, 1H, J=5.9, 10.2, 13.5 Hz),
3.32 (qd, 1H, J=7.1, 9.3 Hz), 3.48 (qd, 1H, J=7.1, 9.3 Hz),
420 (dd, 1H, J=9.9, 11.5Hz), 4.26 (dd, 1H, J=3.9,
11.5Hz), 4.43 (dd, 1H, J=7.5, 10.5 Hz), 4.64 (dd, 1H,
J=4.3, 99 Hz), 5.19 (dd, 1H, J=2.3, 5.6 Hz), 7.32-7.48
(m, 5H); '3C NMR (75.5 MHz, CDCl5) 6 14.8, 41.3, 61.7,
63.9, 64.3, 70.5, 103.2, 127.6, 128.6, 128.8, 135.9, 169.3;
HRMS calcd for C;4H7NOy4: 263.1167, found: 263.1179.

4.12. General procedure C: transesterification and in-
tramolecular cycloaddition of the nitrone 1a with allyl
alcohols 12

A suspoension of the nitrone 1b, allyl alcohol 12, Eu(fod)s,
and 4 A MS in CICH,CH,ClI was stirred at the temperature
indicated in Table 4 for a period. After filtration, the filtrate
was diluted with CH,Cl,, washed successively with 10%
aqueous solution of tartaric acid and brine, dried (MgSQ,),
and concentrated under reduced pressure. The residue was
chromatographed on Al,O3 with CH,Cl, to give the crude
cycloadduct 13, which was further chromatographed on
silica gel with n-hexane—AcOEt to afford 13.

4.13. (3aR*,6aR*)-Tetrahydro-1-diphenylmethyl-
1H,6H-furo[3,4-clisoxazole-6-one (13a)

A crude product was obtained from 1b (28.9 mg,
0.11 mmol), 12a (56 pl, 0.82 mmol), Eu(fod); (112 mg,
0.11 mmol), and 4 A MS (300 mg). Purification by prepara-
tive TLC on silica gel with CH,Cl, gave 13a (21.5 mg,
68%). '"H NMR (270 MHz, CDCl3) 6 3.52 (m, 1H), 3.89
(dd, 1H, J=2.3, 9.2 Hz), 4.13 (d, 1H, J=8.3 Hz), 4.26 (dd,
1H, J=2.6, 9.6 Hz), 4.33 (dd, 1H, J=7.5, 9.0 Hz), 4.43
(dd, 1H, J=7.3, 9.6 Hz), 4.96 (br s, 1H), 7.17-7.37 (m,
6H), 7.5-7.58 (m, 4H). This spectrum was identical with
that of an authentic sample.'®?

4.14. (3R*,3aR*,6aR*)-Tetrahydro-3-phenyl-1-diphe-
nylmethyl-1H,6 H-furo[3,4-c]isoxazol-6-one (13b)

A crude product was obtained from 1b (30.0 mg,
0.112 mmol), 12b (1914 mg, 0.56 mmol), Eu(fod); (116 mg,
0.112 mmol), and 4 A MS (300 mg). Purification by prepar-
ative TLC on silica gel with CH,Cl, gave 13a (37.7 mg,
92%). 'H NMR (270 MHz, CDCl;) 6 3.37 (dddd, 1H,
J=3.0, 5.6, 6.3, 8.6 Hz), 4.16 (d, 1H, J=8.6 Hz), 4.41 (dd,
1H, J=9.9, 5.6 Hz), 4.45 (dd, 1H, J=9.9, 3.0 Hz), 4.97 (d,
1H, J=6.3 Hz), 5.29 (s, 1H), 7.15-7.38 (m, 11H), 7.42—
7.60 (m, 4H). This spectrum was identical with that of an
authentic sample. '

4.15. 3R*,3aS5*,45*,6aR*)-Tetrahydro-1-diphenyl-
methyl-3,4-propano-1H,6H-furo[3,4-clisoxazol-6-one
(13¢)

A crude product was obtained from 1b (30.0 mg,
0.111 mmol), 12¢ (34 pl, 0.33 mmol), Eu(fod); (11.6 mg,
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0.011 mmol), and 4 A MS (300 mg). Purification by prepar-
ative TLC on silica gel with CH,Cl, gave 13c (26.4 mg,
71%). 'H NMR (270 MHz, CDCls) 6 1.31-1.70 (m, 4H),
1.90-2.05 (m, 1H), 2.15-2.27 (m, 1H), 3.25 (q, 1H,
J=7.6 Hz), 4.28 (d, 1H, J=8.6 Hz), 4.45 (br, 1H), 4.62 (dt,
1H, J=2.6, 6.9 Hz), 5.05 (br s, 1H), 7.17-7.35 (m, 6H),
7.52-7.58 (m, 4H). This spectrum was identical with that
of an authentic sample.!%*
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