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ABSTRACT 

Michael condensation of a-nitroalkenes with various 
nucleophiles, followed by the addition of trimeth- 
ylchlorosilane, led to novel syntheses of 45dihydro- 
isoxazoks via cycloadditions of silyl nitronates. 

INTRODUCTION 
As one of the most important classes of heterocy- 
cles, 4,5-dihydroisoxazole derivatives have been 
found to be important tools for natural product to- 
tal syntheses [l-31. As synthetic equivalents of p- 
h y drox y ketones, 1,3-diketones, y-aminoalcohols, 
a,@-unsaturated ketones, and other related func- 
tions, 4,5-dihydroisoxazoles play an important role 
in organic synthesis. Furthermore, intramolecular 
nitrile oxide-olefin cycloadditions (INOC) exhibit 
high stereoselectivities and can lead to the con- 
struction of polycyclic compounds [3,4]. These re- 
sults have stimulated the discovery of novel and 
convenient methods for the synthesis of various 45- 
dihydroisoxazoles [5-113. 

While 4,5-dihydroisoxazole rings can be con- 
structed by two possible routes, i.e., nitrile oxide- 
olefin cycloaddition and silyl nitronate-olefin cy- 
cloaddition [ 121, the latter has been investigated 
far less intensively than the former. Many prob- 
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lems concerning silyl nitronate reactivities and 
stereoselectivities, for example, remain unsolved. 
Herein, we wish to report our successful findings 
with respect to these conditions. Our work started 
with the conjugate additions of various nucleo- 
philes to a-nitroalkenes. 

a-Nitroalkenes have received attention in re- 
cent years because of their versatile applications 
in organic synthesis [ 13,141. Michael condensa- 
tions of various nucleophiles with a-nitroalkenes 
have led to convenient syntheses of many types of 
organic compounds [ 15,161, in particular, hetero- 
cycles [ 17- 191. 

RESULTS AND DISCUSSION 
As a part of our systematic investigations of the 
chemical behavior and transformations of tetra- 
ethyl methylenebisphosphonate and its derivatives 
[20-233, we carried out their reactions with a-ni- 
troalkenes, aiming at the preparation of cyclopro- 
pane-1 ,l -diylbisphosphonates. a-Cyanoacetates gave 
the corresponding 1 -cyanocyclopropane- 1 -carbox- 
ylates on reaction with a-nitroalkenes [14]. To our 
surprise, no such products 3 could be isolated. On 
the other hand, with the addition of trimethyl- 
chlorosilane (TMSCI), 4,5-dihydroisoxazole-5,5- 
diylbisphosphonates 6 were obtained in high yields. 
The reaction mechanism was in each case thought 
to proceed through the formation of the appropri- 
ate ethenylidenebisphosphonate 4 and silyl nitron- 
ate 5, which then underwent 1,3-dipolar cycload- 
dition to give the corresponding product 6,  as 
indicated in Scheme 1. An interesting phenomenon 
was that in each case, the bisphosphonate anion 2 
eliminated a nitronate anion rather than a nitrite 
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ion, which thereupon gave rise to the unexpected 
result [24]. 

As an extension, the possibility for these types 
of reactions was further investigated by the use of 
other active methylene compounds instead of the 
methylenebisphosphonate as the nucleophile [25]. 
As shown in Scheme 2, with the introduction of 
TMSCl after the Michael additions of the active 
methylene compounds to the a-nitroalkenes, sily- 
lation occurred at the carbonyl, sulfonyl, or cyano 
groups of intermediates 8 and the corresponding 
new intermediates 9,10, and 11, respectively, were 
formed. Treatment of these intermediates with acid 
gave the corresponding nitro compounds, while 
base-catalyzed reactions led to the isolation of the 
4,5-dihydroisoxazoles 13 in high yields in one-pot 
procedures. These results could be rationalized by 
the occurrence of novel 1,7-silicon migration pro- 
cesses of 9,10, and 11, by which the alkenes 12 and 
silyl nitronates 5 were formed. Therefore, com- 
pounds bearing an active methylene group were 
shown to react with a-nitroalkenes, followed by the 
addition of TMSCl to provide a novel and conve- 

nient syntheses of 4,5-dihydroisoxazoles having two 
electron withdrawing substituents at C-5 (Equa- 
tion (1)). The advantages of this method become 
more evident by comparison with the correspond- 
ing nitrile oxide-olefin cycloaddition approach. The 
latter variation gives rather low yields of or, in some 
cases, no desired products due to the low reactiv- 
ity of polysubstituted alkenes 4 or 12 and the high 
reactivity of nitrile oxides, which mainly lead to 
1,3-dipolar self-cycloaddition reactions [23,26]. 
These results also indicate the necessity for the rel- 
atively low reactivity of silyl nitronates. 

As new derivatives of 4,5-dihydroisoxazoles, 
some of these compounds underwent interesting 
transformations in the presence of base. For ex- 
ample, compounds 13a and 13b bearing a sulfonyl 
group at C-5 eliminated PhSOzH in the presence of 
NaOEt, yielding the corresponding isoxazoles 14a 
and 14b, respectively (Equation (2)). In the pres- 
ence of a catalytic amount of triethylamine, com- 
pounds 13c and 13d underwent equilibration with 
16c and 16d through the elimination and readdi- 
tion of HCN, as depicted in Equation (3). Com- 
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pounds 13e and 13f underwent novel rearrange- 
ments in the presence of triethylamine and furan 
derivatives 18e and 18f, respectively, were iso- 
lated, as indicated in Equation (4). These results 
also demonstrated high acidity of the proton at C- 
4 of compounds 13 and helped to explain why the 
rings could be easily destroyed, especially under 
mass spectroscopy testing conditions [23,27]. 

1. LDNTHF 

13 

As for ordinary carbonucleophiles, their behav- 
iors were quite different from those of active meth- 
ylene compounds. Michael condensations of each 
carbonucleophile 19 with a nitroethylene, followed 
by the addition of TMSC1, led to O-silylation of the 
resulting nitro group, and the corresponding func- 
tionalized silyl nitronate 20 was isolated rather than 
the 4,5-dihydroisoxazole. However, when we added 

7 13 
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another portion of alkenes to the reaction mixture, 
1 $dipolar cycloaddition between the appropriate 
20 and the alkene occurred, and a functionalized 
4,5-dihydroisoxazole was isolated in moderate to 
good yield [28] (Equation (5)) .  The cycloadditions 
proceeded well with activated alkenes, such as 
methyl vinyl ketone or methyl acrylate, while other 
electron-rich alkenes such as styrene or 1-hexene 
did not undergo the reaction. These results could 
be ascribed to the lower reactivities of silyl ni- 
tronates than those of the corresponding nitrile ox- 
ides. Nevertheless, the reaction did take place in a 
tandem process, and various functionalized 45-  
dihydroisoxazoles 2 1 could easily be obtained, 
which should be of importance in organic synthe- 
sis. 

Another example using diethyl phosphite as the 
nucleophile gave similar results, and 3-( 18-dieth- 
oxyphosphorylalkyl) substituted 4,5dihydroisoxa- 
zoles 24 were isolated in moderate yields [29] 
(Equation (6) ) .  This one-pot procedure was much 
better than the literature method [ 1 11. 

Further investigations on the previously men- 
tioned reaction systems led us to pay attention to 

Ph 

intramolecular cycloaddition reactions of silyl ni- 
tronates, which are relatively uninvestigated [30]. 
Based on this idea, we carried out the reactions of 
diethyl but-3-en-I-ylphosphonate with a-nitroal- 
kenes. Condensation of the but-3-en- 1 -yl-phos- 
phonate with a-nitroalkenes, followed by the ad- 
dition of TMSCl, led to stereoselective syntheses of 
fused carboisoxazole derivatives 26. In the case of 
aryl substituted a-nitroalkenes, compounds 26a 
were obtained as the sole products (Equation (7)). 
These results could be rationalized by preferential 
formation of transition states 27 of the least steric 
hindrance during the Michael addition step, which 
gave rise to the exclusive formation of erythro iso- 
mers. With alkyl-substituted a-nitroalkenes, the 
diastereoselectivity was not obvious due to minor 
steric differences of the related groups. In the in- 
tramolecular silyl nitronate-olefin cycloaddition 
(ISOC) step, the substituent at C-6 showed the pre- 
dominant role in the stereoselectivity, while the 
phosphonate group had no significant influence on 
it. This stereoselectivity could best be rationalized 
by the preferential formation of the less sterically 
hindered transition states 28. The products 26 with 

Ph 

13 a (El = P(O)(OEt),) 

b (d  = C O O l 3 )  

14 a , b  

13 c ( E '  = COOU) 

d ( E 2 = C N )  
15 16 e ,  d 

13 e ( E ' . =  COoEt) 
f ( E2= COMe) 

17 18 e ,  f 
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fused isoxazole and carbocyclic rings bearing a 
phosphonate moiety should expand the applica- 
tions of 4,5-dihydroisoxazoles in natural product 
synthesis. By subsequent transformations, cis-2,3,5- 
tri-substituted cyclopentanone derivatives 30 could 
easily be obtained (Equation (8)). 

In comparison, the corresponding INOC reac- 
tions were also investigated [31]. Reactions of di- 
ethyl alk-3-en-1-ylphosphonates with aryl-substi- 
tuted a-nitroalkenes gave diastereoselective 
formation of erythro isomers 32. By use of the Mu- 
kaiyama-Hoshino method [26], compounds 32 
underwent INOC reactions to give products 33 in 
high yield (Equation (9)). It could be seen that the 
stereoselectivity of ISOC reactions were the re- 
verse of those of INOC reactions, which might be 
ascribed to the different transition states 34 formed 
in INOC reactions of 32. The INOC reactions also 
gave the tricyclic compounds 35 with similar ster- 
eoselectivity. These results once again demon- 
strated the special properties of silyl nitronates in 
1,3-dipolar cycloadditions. 

An extension of the ISOC reactions was the use 
of heteroatom-centered nucleophiles 36 instead of 
alk-3-en- 1 -ylphosphonates in the foregoing reac- 
tion systems. The fused products 37 were obtained 
in one-pot procedures with high yields (Equation 
(10)). The stereoselectivity was also different from 
that of INOC reactions. Similar results were also 
reported by Dehean and Hassner [30]. 

+ 

-O,/N%Ar 

.. 
36 31 

R =  H, awl, aryl X =  0 ,  S, N(Ph) 

32 33 

In conclusion, the aforementioned investiga- 
tions provided novel and convenient strategies for 
the syntheses of various 4 5  dihydroisoxazole de- 
rivatives by conjugate addition reactions of a-ni- 
troalkenes. With the easy availability of a-nitroal- 
kenes [32-351 and fair performances in their 
utilization, these new strategies should be of wide 
application in organic syntheses. The synthesis of 
an analogue of a natural product, bisbolanelone 
1361, is an example and is shown in Scheme 3. 

EXPERIMENTAL 
Infrared spectra were obtained on an IR-440 in- 
frared spectrometer. 'H NMR s ectra were re- 
corded on an XL-200 spectrometer."P and I3C NMR 
were taken with broadband decoupling on an FX- 
90Q spectrometer using trimethylsilane (TMS) as 
the internal reference and 85% phosphoric acid as 
the external standard for 31P NMR. Mass spectra 
were recorded on a Finnigan 4021 mass spectrom- 
eter. Butyllithium (2.5 M solution in hexanes) was 
purchased from Aldrich Chemical Co. Tetrahydro- 
furan (THF) was dried with metallic sodium and 
then freshly distilled from sodium-dibenzophen- 
one under a nitrogen atmosphere. Other reagents 
were obtained from a local commercial source 
(Shanghai Chemical Reagents Co.) and purified by 
standard methods, prior to use. 

Diethyl 5-Methoxycarbonyl-3-methyl-4-phenyl-2- 
isoxazoline-5-ylphosphonate. The following de- 
scribes the general procedure of (13, R=C6H5, 
E'=COOMe, E2=P (0) (OEt),). Butyllithium (2.0 mL, 
5 mmol, 2.5 M solution in hexane) was added to 
diisopropylamine (0.8 mL, 5.5 mmol) in dry, freshly 
distilled THF (25 mL) at -2O"C, and the solution 
was stirred for 5 minutes under nitrogen in a 100 
mL three-necked flask fitted with a drying tube and 
a rubber septum. The solution was cooled to -70°C 
and methyl diethoxyphosphonoacetate (1 .OS g, 5 
mmol) was added dropwise. After the complete ad- 
dition, the solution was stirred for 30 minutes, and 
2-methyl-1-phenylpropene (0.82 g, 5.25 mmol) was 
added. The reaction temperature was allowed to 
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warm to room temperature (RT) and the solution 
stirred for an additional 5 hours. The solution was 
cooled to -4O"C, and trimethylchlorosilane (0.70 
mL, 5.5 mmol) was added. The temperature was 
then allowed to warm to RT again, and the solu- 
tion was stirred for 60 hours. The resulting mix- 
ture was concentrated under vacuum, and the res- 
idue was poured into water. Hydrochloric acid (1 
N) was added to the solution until the pH was 
slightly acidic. The mixture was extracted with 
CH2C12 (4 x 30 mL), the combined organic layers 
dried with anhydrous sodium sulfate, and concen- 
trated in vacuo to leave the crude product, which 
was then purified by column chromatography on 
silica gel with ethyl acetate/acetone (5/1, v/v) as 
eluent to give the pure product as a colorless oil. 
Yield 1.45 g (82%). IR (film) v: 3050, 1740, 1450, 
1240, 1025, 940, 730, 700. 'H NMR (CDC13) 6: 1.29, 
1.32 (2 X 3H, 2t, J = 8, CH3CH20), 1.80, 2.14 (3H, 
2s ( l / l ) ,  CH3C=N), 3.40 (3H, s, CH30), 3.72 (lH, m, 
CH), 4.15 (4H, m, CH20), 7.24 (5H, m, C6H5). 31P 

42 

NMR (CDC13) 6: 21.51, 21.76 (l / l) .  I3C NMR (CDC13) 

Ph), 48.37 (d, J (C-P) = 97, C-P), 51.79, 52.04 (CH30), 
62.86, 62.90 (CH20), 127.15, 128.4, 128.6, 128.8, 
129.7, 138.1, 138.8 (Ph), 156.6 (C=N), 168.3 (C=O). 
Anal calcd for C ~ ~ H Z ~ N O ~ P :  c, 54.09; H, 6.24; N, 3.94. 
Found: C, 54.20; H, 6.07; N,  3.88. 

3a,4,6-Trihydro-3H-furano[3,4-c]isoxazole. The 
following describes the general procedure of (37, 
R=H, X=O). A solution of diisopropylamine (0.77 
mL, 5.5 mmol) in THF (20 mL) was introduced to 
a 100 mL three-necked flask fitted with a ther- 
mometer, reflux condenser, and stirred under ni- 
trogen. After the solution had been cooled to -4O"C, 
butyllithium (3.125 mL, 5 mmol, 1.6 M solution in 
hexane) was added gradually from a syringe, and 
stirring was continued for an additional 30 min- 
utes. Upon vigorous mixing, ally1 alcohol (0.30 g, 
5.5 mmol) was introduced, and then the reaction 
mixture was allowed to stir for another 30 min- 

6: 13.28 (C-C-N), 16.10, 16.20 (CH3CH20), 30.39 (CH- 
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Utes. Subsequently, a THF solution (4 mL) of ni- 
troethene (0.40 g, 5.5 mmol) was added with stir- 
ring and the Dry-Ice bath was removed. The 
reaction mixture was then allowed to warm to RT 
and kept overnight with stirring. The mixture was 
cooled again to -5O"C, followed by addition of 
TMSCI (0.70 mL, 5.5 mmol). When the mixture had 
warmed to RT, stirring was continued for another 
hour, and then the mixture was subjected to reflux 
for 8 hours. After cooling, the reaction mixture was 
treated with hydrochloric acid (1 N) to become 
slightly acidic and then extracted with ether (4 x 
30 mL). The combined ether extracts were dried 
over anhydrous sodium sulfate, and the solvent was 
removed in a rotatory evaporator. The crude prod- 
uct thus obtained was purified by column chro- 
matography on silica gel using petroleum ether/ 
acetone (2/1, v/v) as eluent. The pure compound 
was a yellowish liquid, yield 0.34 g or 61%. IR (film) 
v: 1470. 'H NMR (CDCI3) 6: 3.70-4.60 (5H, m, 2CH20 
+ CH), 4.80 (2H, m, CH20). EIMS (m/z): 113 (M+). 
HRMS calcd for C5H7N02: 113.0960. Found: 
113.0964. 

6-Methyl-3a,4,6-trihydro-3H-furano [3,4-c] isoxa- 
zole. (37, R=Me, X=O) was obtained analogously 
using allyl alcohol and 1-nitropropene as sub- 
strates. A pale yellow liquid was obtained, yield 
65%. IR (film) v: 1465. 'H NMR (CDC13) 6: 1.40, 
1.44 (3H, 2d, J = 7, CH3), 3.60 (lH, m, CH), 3.8- 
4.80 (5H, m, 2CH20 + CHO). EIMS (m/z): 127 (M+). 
HRMS calcd for C6H9NO2: 127.0633. Found: 
127.0634. 

6-Phenyl-3a, 4,6-trihydro-3H-furano[3,4-c]isoxa- 
zole. (37, R=C&j, X=O) was obtained analo- 
gously using allyl alcohol and l-nitro-styrene as 
substrates. A pale yellow liquid was obtained, yield 
80%. IR (film) v: 1710, 1605, 1500, 1450, 740, 700. 
EIMS (rnlz):  175, 159, 119, 77. 'H NMR (CDCI3) 6: 
3.75-4.00 (2H, m, CH20), 4.40 (lH, dd, J = 4,9, CH), 
4.61-5.10 (3H, m, CHPh + CH20), 7.35 (SH, m, Ph). 
13C NMR (CDCI,) 6: 54.55 (CH), 69.98 (CH20), 77.12 
(CH20), 80.39 (CHPh), 117.6, 127.5, 128.4, 129.1, 
133.7 (C6H,), 170.3 (C=N). Anal calcd for Cl1HllNO2: 
C, 69.83; H, 5.86; N, 7.41. Found: C, 70.33; H, 5.59; 
N,  7.44. 

3a, 4, 6-Trihydro-3H-thiopheno[3, 4-c]isoxazole. 
(37, R=H, X= S) was synthesized similarly using 
allyl mercaptan and nitroethene as substrates and 
with refluxing for 5 hours. Yield 77%. Yellowish 
liquid. IR (film) v: 1460. EIMS (m/z): 129 (M+). 'H 
NMR (CDCIJ 6: 2.70 (lH, d, J = 10,4-H), 3.00 (lH, 
dd, J = 9, 11, 4-H), 3.95 (2H, S ,  6-H), 4.05 (lH, d, 
J = 6, 3-H), 4.20 (lH, m, 3a-H), 4.50 (lH, dd, J = 
8,9, 3-H). Anal calcd for C5H7NOS: C, 46.49; H, 5.46; 
N,  10.85. Found: C, 46.44; H, 5.76; N, 10.80. 

6-Methyl-3a, 4,6-trihydro-3H-thiopheno[3,4-c] is- 
oxazole. (37, R=Me, X=H) was synthesized sim- 
ilarly using allyl mercaptan and 1-nitropropene as 
substrates and with refluxing for 5 hours. Yield 82% 
as yellowish liquid. IR (film) v: 1470. EIMS (m/z): 
143 (M+). 'H NMR (CDCl,) 6: 1.55 (3H, ddd, J = 7, 
CH3), 2.75 (lH, t,  J = 10, 4-H), 3.07 (lH, dd, J = 9, 
11, 4-H), 4.06 ( lH,  ddd, J = 1.1,6.8,13, 3-H), 4.30 
(lH, m, 3a-H), 4.45 (lH, m, 6-H), 4.55 (lH, dd, J = 
6,10, 3-H). Anal calcd for C6H9NOS: C, 50.32; H, 
6.34; N, 9.78. Found: C, 50.44; H, 6.17; N, 9.77. 

6-Phenyl-3a, 4,6-trihydro-SH-thiopheno[3,4-c]is- 
oxazole. (37, R=Ph, X=O) was synthesized simi- 
larly using allyl mercaptan and 1-nitro-styrene as 
substrates and with refluxing for 6 hours. Yield 90%, 
a yellowish liquid. IR (film) v: 3030, 1710, 1605, 
1460, 970. EIMS (m/z): 205 (M+). 'H NMR (CDC13) 

4-H), 4.15 (lH, dd, J = 8,10, 3-H), 4.35 (lH, m, 3a- 

7.35 (5H, m, Ph). Anal calcd for CllHIINOS: C, 64.36; 
H, 5.40; N,  6.83. Found: C, 64.33; H, 5.43; N, 6.95. 

6: 2.92 (lH, t,  J = 9, 4-H), 2.22 (lH, dd, J = 8,10, 

H), 4.65 (IH, dd, J = 8'10, 3-H), 5.10 (lH, S ,  6-H), 

5-N-Phenyl-3, 3a, 4, 6-tetrahydropywo[3,4-c]isoxa- 
zole. (37, R=H, X=PhN) was prepared similarly 
using N-ally1 aniline and nitroethene as substrates 
under reflux for 10 hours. Yield 84%, a yellowish 
oily liquid. IR (film) v: 3030, 1450, 740, 700. EIMS 
(rn/z):  188 (My). 'H NMR (CDCI3) 6: 3.40-4.60 (5H, 
m, CH2CHCH2), 5.00 (2H, m, 6-H), 7.35 (5H, m, 
CJ-I,). HRMS calcd for CIlHl2N20: 188.2165. Found: 
188.2 166. 

6-Methyl-5-N-phenyl-3, 3a, 4, 6-tetrahydropyn-o- 
[3,4-c]isoxazole. (37, R=Me, X=PhN) was pre- 
pared similarly using N-ally1 aniline and l-nitro- 
2-propene as substrates under reflux for 10 hours. 
Yield 82%, a yellowish oily liquid. IR (film) v: 3030, 
1450. EIMS (m/z): 202 (M+). 'H NMR (CDC13) 6: 
1.20, 1.25 (3H, 2d, J = 7, CH3), 3.50-4.60 (5H, m, 
CH2-CHCH2), 5.20 (lH, m, 6-H), 7.35 (5H, m, C6H5). 
HRMS calcd for C12H14NZO: 202.2426. Found: 
202.2420. 

6-Phenyl-5-N-phenyl-3, 3a, 4, 6-tetrahydropywo- 
[3,4-c]isoxazole. (37, R=Ph, X=PhN) was pre- 
pared similarly using N-ally1 aniline and l-nitros- 
tyrene as substrates under reflux for 10 hours. Yield 
75%, a yellowish oily liquid. IR (film) v: 3030, 1600, 
1450. EIMS (rn/z):  264 (M+). 'H NMR (CDC13) 6: 
3.50-4.60 (SH, m, CH2CHCH2), 5.90 (lH, s, 6-H), 7.40 
(5H, m, C6H5). Anal calcd for C I ~ H ~ ~ N Z O :  C, 77.25; 
H, 6.10; N, 10.60. Found: C, 77.34; H, 6.20; N, 10.33. 
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