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Abstract – We report herein a strategy for Lewis acid catalyzed enantioselective 

1,3-dipolar cycloaddition of nitrones with alkynones to generate 
4
-isoxazolines. 

The corresponding cycloadducts were isolated as a single regioisomer with high 

yields and enantioselectivities. 

  

Construction of chiral heterocycles continues to be a challenge for organic chemists. Dipolar 

cycloaddition is one of the premiere methods for the construction of heterocycles.
2
 During the past few 

decades several methodologies have been developed for the construction of enantioenriched heterocycles 

via dipolar cycloadditions and these include Lewis acid or organocatalyzed reactions with olefinic 

dipolarophiles. Lewis acid catalyzed cycloaddition of dipoles such as azomethine imines,
3
 diazoacetates,

4
 

and nitrile oxides
5
 etc to olefinic dipolarophiles have been thoroughly investigated. Nitrones are one such 

important class of dipoles. Dipolar cycloaddition of nitrones to olefinic and acetylenic dipolarophiles 

furnish isoxazolidines and isoxazolines respectively.
6
 These represent an important class of heterocycles 

possessing biological significance.
7
 

Chiral Lewis acid catalyzed nitrone cycloadditions to electron deficient olefins have been studied in great 

detail and there are several significant reports on this topic.
8
 However, examples of enantioselective 

nitrone cycloadditions to acetylenic dienophiles are scarce and can be attributed to the geometry of the 

dipolarophile.
9
 As opposed to olefinic dipolarophiles which have sp

2
-sp

2
 bonds, acetylenic dipolarophiles 

due to their linear sp-sp bonds are challenging since the reaction center is away from the source of 

chirality control element. Hence a proper selection of chiral Lewis acid is essential to obtain high levels 

of enantioselectivity. Regiochemistry is another important issue in dipolar cycloaddition and it would be 

interesting to see if one can obtain high levels of regioselective product in the cycloaddition of nitrones to 

acetylenic dienophiles.
10

  While developing such a methodology care should be taken so as to 
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encompass a broad substrate scope for it to be useful. With these goals in mind we set upon developing a 

general method for the construction of 
4
-isoxazolines, which led to the development of a Lewis acid 

catalyzed strategy for a highly regio- and enantioselective 1,3-dipolar cycloaddition of nitrones to 

acetylenic dipolarophiles. 

We began optimizing reaction conditions for the cycloaddition of nitrone 2a with 1-methylimidazole 

tethered alkynone 1a. These results are summarized in Table 1. Evans and co-workers first demonstrated 

the use of 1-methylimidazole as a cheap and commercially available achiral template.
11

 Initial 

investigations were preformed using lanthanum Lewis acids such as Sc(III), Ce(IV), Gd(III) etc. and gave 

satisfactory yield of the desired cycloadduct as a single regioisomer. Excellent yield and good 

enantioselectivity was achieved for reactions catalyzed by Sc(OTf)3/4 (entry 1). Other chiral Lewis acid 

complexes prepared from 4 and Ce(IV), Gd(III), Dy(III) and Yb(III) were also examined but failed to 

give high levels of enantioselectivity. Additionally we also screened Sc(OTf)3/5 complex as the chiral 

Lewis acid which gave slightly inferior enantioselectivity compared to Sc(OTf)3/4 complex without any 

loss in reactivity (compare entries 1 and 2). Other alkaline earth metals such as Zn(II) and Mg(II) were 

also examined. The reaction of Mg(OTf)2/6 gave the desired cycloadduct 3a in high yield however with 

poor enantioselectivity (entry 3). Chiral Lewis acid complex of 6 with Zn(OTf)2 gave the cycloadduct 3a 

in 86% enantiomeric excess and 96% yield (entry 4). Zn(NTf2)2 whose counter ion is more dissociable 

and hence more acidic than Zn(OTf)2 gave the cycloadduct 3a with 53% yield and in 76% enantiomeric 

excess (entry 5). This preliminary screening of various chiral Lewis acid suggested that Zn(OTf)2/6 

complex was slightly superior over other chiral alkaline earth metal and chiral lanthanum Lewis acids 

tested for asymmetric 1,3-dipolar cycloaddition of alkynone 1a with nitrone 2a and that the bulky amino 

indanol group containing bis(oxazoline) ligands were essential for imparting high levels of 

enantioselectivity. Thus Zn(OTf)2/6 complex was selected as the optimum chiral Lewis acid and further 

studies were conducted using this Lewis acid ligand combination. With the optimized chiral Lewis acid 

we decided to investigate the effect of lowering the catalyst loading on reaction yield and 

enantioselectivity. Lowering the catalyst loading to 10 mol% of Zn(OTf)2/6 gave the desired cycloadduct 

3a in excellent yield, but with some erosion of enantioselectivity (entry 6). Additionally, the catalyst 

loading could be reduced to 5 mol% with the expense of further lowering the yield and further eroding the 

enantiomeric excess of the cycloadduct 3a (entry 7). Catalyst loading could be further reduced but was 

not pursued and a loading of 20 mol% of chiral Lewis acid complex of Zn(OTf)2/6 was deemed to be a 

prefect balance between reactivity and selectivity for the dipolar cycloaddition of alkynone 1a with 

nitrone 2a.  
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Scheme 1 

 

Table 1. Preliminary screening of chiral Lewis acid for enantioselective cycloaddition of nitrone 2a
a,b

 

Entry Lewis acid L* mol% Yield (%)
c
 ee (%)

d
 

1 Sc(OTf)3 4 20 98 81 

2 Sc(OTf)3 5 20 98 68 

3 Mg(OTf)2 6 20 98 12 

4 Zn(OTf)2 6 20 96 86 

5 Zn(NTf2)2 6 20 53 76 

6 Zn(OTf)2 6 10 90 79 

7 Zn(OTf)2 6 05 81 74 

a
 See Scheme 1 for graphical description. 

b
 For experimental details see supporting information. 

c
 Isolated yields of cycloadducts. 

d
 Determined by chiral HPLC. 

 

After optimizing the chiral Lewis acid and the catalyst loading we proceeded to explore the scope of 

dipolarophile by varying various -substituent R on the alkynone. These results are summarized in Table 

2. These alkynones can be rapidly synthesized using known and modified synthetic procedures.
12

 

Furthermore, terminal substituent R was chosen so as to represent an array of structural motifs commonly 

encountered in organic chemistry and these include acyclic, cyclic, aromatic and heteroaromatic groups.  

We have previously discussed that enantioselective dipolar cycloaddition reaction of nitrone 2a with 

alkynone 1a bearing a -methyl group catalyzed by 20 mol% of Zn(OTf)2/6 complex gave the desired 

cycloadduct 3a in 96% yield and 86% enantiomeric excess (Table 2, entry 1). Replacing the -substituent 

with a cyclic alkyl group had detrimental effect on both yield and enantioselectivity of the cycloadduct. 

Thus, alkynone 1b bearing cyclopentyl group gave the desired cycloadduct 3b in 82% yield and 47% 

enantiomeric excess (entry 2). However, the reaction was sluggish and required 7 days for completion. 

Typically, substitution of the -position of an olefinic dienophile with aromatic ring generally leads to a 
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tremendous decrease in reactivity relative to an alkyl substituent and is one of the most challenging group 

for substrate scope studies. In keeping with this fact, we found that nitrone cycloaddition to alkynones 

possessing a -phenyl group required elongated periods of time for completion. Thus the reaction of 

alkynone 1c containing a phenyl group as the -substituent with nitrone 2a required 7 days to yield 

cycloadduct 3c in 95% yield and 77% enantiomeric excess (entry 3).  An aromatic substituent with an 

electron donating substituent did not have appreciable impact on reactivity or selectivity. Thus, in 

alkynone 1d whose -substituent R is p-MeOPh yielded the cycloadduct 3d in 91% yield and 70% 

enantiomeric excess (entry 4).  Finally, an alkynone containing a heteroaromatic group as a -substituent 

was also evaluated. Thus, alkynone 1e whose group R was 3-thiophenyl reacted with nitrone 2a to furnish 

the cycloadduct 3e in 95% yield and in 72% enantiomeric excess (entry 5).  From these studies we can 

conclude that the nature of the -substituent has tremendous impact on the reactivity of the alkynone and 

that any change in the steric volume at the -position of the alkynone lowers the reaction rate. Also based 

on the enantiopurity of the cycloadduct it could be inferred that aromatic and heteroaromatic 

-substituents which present a flat steric volume are better as compared to cyclic substituents with a 

somewhat spherical steric volume. 

 

 

Scheme 2 

 

Table 2. Substrate Scope: Variation of group R on the substrate
a,b

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
a
 See Scheme 2 for graphical description. 

b
 For experimental details see supporting information. 

c
 Isolated yields of cycloadducts. 

d
 Determined by chiral HPLC. 

 
Table 2. Substrate Scope: Variation of group R on the substratea,b 

Entry SM Product Time (d) Yield (%)c ee (%)d 

1 1a 3a 1 96 86 

2 1b 3b 7 82 47 

3 1c 3c 7 95 77 

4 1d 3d 7 91 70 

5 1e 3e 7 95 72 
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After exploring the substituent scope on the alkynones we set out to expand the scope of this 

methodology by studying the scope of nitrones. These results are summarized in Table 3. A variety of 

nitrones were prepared by condensation of the corresponding N-substituted hydroxylamine with aromatic 

aldehydes using known protocols.  

 

  

Scheme 3 

 

Table 3. Substrate Scope: Survey of nitrones
a,b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a
 See Scheme 3 for graphical description. 

b
 For experimental details see supporting information. 

c
 Isolated yields of cycloadducts. 

d
 Determined by chiral HPLC. 

 

 

The reactivity of 1a made it an ideal candidate as a dipolarophile for this study. Cycloaddition of nitrone 

2a with alkynone 1a was discussed previously (entry 1). N-Benzyl nitrone 2b derived from anisaldehyde 

gave cycloadduct 3f in 88% yield and 73% enantiomeric excess (entry 2).
11

 Nitrones derived from 

aromatic aldehydes possessing strong electron withdrawing groups at the para position also reacted with 

alkynone 1a to yield the desired cycloadduct in good yield but with lower enantioselectivity. Thus nitrone 

2c derived from p-nitrobenzaldehyde furnished cycloadduct 3g in 84% yield and 51% enantiomeric 

excess (entry 3). Surprisingly, nitrone 1d derived from p-chlorobenzaldehyde was found to be one of the 

least reactive dipole and required 7 days to yield cycloadduct 3h in excellent yield however in modest 

enantiomeric excess of 56% (entry 4). Nitrones derived from ortho- or meta- substituted benzaldehydes 

are often not ideal for substrate scope studies since the ortho- or meta- substituents inhibit the approach of 

 
      

Entry R1, R2 Prod Time (d) Yield (%)c ee (%)d 

1 Bn, C6H5 (2a) 3a 1 96 86 

2 Bn, p-MeOC6H4 (2b) 3f 1 88 73 

3 Bn, p-NO2C6H4 (2c) 3g 2 84 51 

4 Bn, p-ClC6H4 (2d) 3h 7 92 56 

5 Bn, m-BrC6H4 (2e) 3i 2 87 67 

6 Me, m-BrC6H4 (2f) 3j 3 98 58 

7 Me, p-MeOC6H4 (2g) 3k 7 73 74 

8 (p-MeOC6H4)CH2, p-MeOC6H4 (2h)  3l 1 98 76 
 

 

 

 

HETEROCYCLES, Vol. 88, No. 2, 2014 1643



 

the dipole towards the reaction center by steric repulsion. We observed that nitrone 2e derived from 

m-bromobenzaldehyde reacted slowly as compared to nitrone 2a providing the cycloadduct with slightly 

lower yield and enantioselectivity (compare entries 1 and 5). Impact of the substitution on nitrogen atom 

of the nitrone was also investigated. Thus nitrone 2f derived from N-methylhydroxylamine reacted 

comparably to N-benzyl substituted nitrone furnishing the desired cycloadduct 3j in good yield and 

modest selectivity (compare entries 5 and 6).  Surprisingly N-methylnitrone 2g derived from 

anisaldehyde was less reactive than the corresponding N-benzylnitrone, however it furnished the desired 

cycloadduct 3k with similar yield and enantiomeric excess (compare entries 2 and 7). Finally N-PMB 

substituted nitrones was also examined. Nitrone 2h gave the cycloadduct 3l in 98% yield and 76% 

enantioselectivity (entry 8).  The absolute stereochemistry of the product was ascertained by single 

crystal X-ray analysis of cycloadduct 3k and was determined to be (R).  

 

 

 

In conclusion, we have developed an efficient strategy for the construction of optically active 


4
-isoxazolines via dipolar cycloaddition of nitrones with electron deficient alkynes. Cycloadducts 

derived from a wide variety of nitrones and terminally substituted alkynones were prepared in high yields 

with modest to good enantioselectivity and as a single regioisomer. This represents one of the few 

strategies for enantioselective nitrone cycloaddition to acetylenic dienophiles to yield enantioenriched 


4
-isoxazolines. Further work is in progress in our laboratory to exploit the synthetic utility of these chiral 

cycloadducts. 

SUPPORTING INFORMATION 

Experimental procedures, characterization data for starting materials and final cycloadducts are available.  

This material is available via the internet at http://www.heterocycles.jp. Deposition number 
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CCDC-964327 for compound No. 3k. Free copies of the data can be obtained via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 

12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk). 
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