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Abstract 

Lewis Acid Mediated Aza-Diels-Alder Reactions and Asymmetric 
Alkylations of 2H-Azirines  
Erik Risberg, KTH Chemistry, Organic Chemistry, KTH, SE-100 44 Stockholm, 
Sweden 
� Erik Risberg, 2004. Doctoral Thesis written in English. 
ISBN: 91-7283-829-9 
 
 

This thesis describes the use of 2H-azirines, three-membered unsaturated 
nitrogen-containing heterocycles, as reactive intermediates in a number of Lewis 
acid promoted alkylations and Diels-Alder reactions providing synthetically 
useful aziridines.  

In order to carry out this investigation a new general procedure for the ring 
closure of vinyl azides, forming the resultant 3-substituted-2H-azirines, was 
developed applying low boiling solvents in closed reaction vessels at elevated 
temperatures.  

The addition of organolithium reagents in the presence of commercially 
available chiral ligands, to the 3-(2-naphthyl)-2H-azirine was studied, which 
gave the corresponding aziridines.  

Several Lewis acids were shown to catalyze the normal electron-demand 
Diels-Alder reaction between 3-alkyl-, 3-aromatic-, and 3-ester-substituted 2H-
azirines and various dienes. These reactions gave the expected cycloadducts in 
moderate yields. 

Using a chiral auxiliary high diastereoselectivity was obtained in the addition 
of alkyl radicals to a 8-phenylmenthyl-substituted 2H-azirine-3-carboxylate. The 
alkyl radicals were generated from the corresponding trialkyl borane and 
molecular oxygen. Hydroborations and transmetallations were used to prepare 
these trialkylboranes. Catalytic amounts of CuCl increased the 
diastereoselectivity in the radical addition reactions. 

Attempts were made to explain how the coordination of a Lewis acid to the 
azirine nitrogen atom affects the reactivity/stability of the azirine. DFT 
calculations and NMR experiments involving Lewis acid-azirine complexes 
were performed. 
 
 
Keywords: Enantioselective, diastereoselective, vinyl azide, 2H-azirines, 
aziridines, Lewis acid, chiral ligand, chiral auxiliary, organolithiums, Diels-Alder 
reaction, alkyl radicals, triethylborane. 
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1 Introduction 

 
1.1 General Background 
Naturally occurring alkaloids play an important role in numerous areas the 
modern commercial chemical industry such as in medicine, cosmetics, 
agriculture and nutrition science. These compounds were often originally found 
in nature and have lattery been prepared by synthetic methods. 

 
The interest in enantiomerically pure compounds has increased dramatically over 
the years. An enantiomerically pure compound consists of only one of its mirror 
image isomers (enantiomers). There are numerous examples of structures where 
the two enantiomers express different biological activity in a living organism. 
One example, which highlights the importance of enantiomeric purity, is 
naproxen (Figure 1), where the (S)-enantiomer is the active ingredient in an anti-
inflammatory drug, while the (R)-enantiomer is a liver toxin. 

Figure 1 The enantiomers of naproxen show dramatic differences in biological activity. 

  
Preparation of optically active compounds is important for drug development. 
Various strategies have been developed to prepare enantioenriched compounds 
and can be divided into three subgroups: resolution methods where a racemic 
mixture is separated; use of the chiral pool thereby starting with a chiral 
substrate; and asymmetric synthesis. 

 
Different methodologies can be applied to induce stereoselectivity via 
asymmetric synthesis. One way is the attachment of a chiral auxiliary to the 
substrate that directs new transformations to give the desired stereoisomer. After 
the reaction the chiral auxiliary is cleaved from the molecule. A drawback with 
this approach is the requirement of additional synthetic steps for attachment and 
cleavage of the auxiliary and the need for stoichiometric amounts of the 
enantiomerically pure entity. Asymmetric catalysis is another opportunity that 
allows the use of substoichiometric amounts of a chiral inductor such as a chiral 
Lewis acid or an enzyme. This approach allows for better atom efficiency since 
only a small amount of the catalyst is required in the catalytic cycle and this 
catalyst induce stereoselectivity over and over again. 

MeO

OH
Me

O OMe

HO
Me

O
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plane
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1.2 Use of Lewis Acids in Organic Synthesis 
In 1923 G. N. Lewis broadened the acid-base theory considerably by proposing 
that acids could be defined as electron-pair acceptors and bases as electron-pair 
donors.1 The use of Lewis acids in order to enhance the reactivity in organic 
reactions has increased dramatically over the years.2 Traditionally, Friedel-
Crafts-, ene-, and Diels-Alder reactions have been catalyzed by Lewis acids such 
as AlCl3, TiCl4, BF3·OEt2 and SnCl4, but later more sophisticated systems have 
been developed. Choosing an appropriate Lewis acid is a delicate task and 
optimizations are generally required since many of them, especially chiral ones, 
are substrate dependent. Several research groups have made attempts to group or 
rationalize Lewis acids behavior,3,4 but predictions are still difficult. 
 

1.3 Aim of this Study 
The preparation of complex natural products or synthetic analogues is usually 
performed by combining a number of building blocks.5 One such attractive 
building block is the 2H-azirine that plays a central role throughout this thesis. 
 
We have been interested in stereoselective additions to the C=N bond in 2H-
azirines thus affording chiral aziridines, a group of compounds that has been 
widely applied in organic synthesis.6-8 This work has focused on the addition of 
radical as well as anionic carbon nucleophiles to the C=N carbon of 3-
substituted-2H-azirines 1, but also the use of azirines as dienophiles in the aza-
Diels-Alder reaction (Scheme 1). In order to carry out this investigation, the 
preparation of azirines was improved and the new procedure is also described 
herein. 
 

Scheme 1 Lewis acid promoted reactions with azirine 1 investigated in this thesis. 

 
Chiral induction in the addition of alkyl nucleophiles and radicals to azirines has 
been attempted with both chiral Lewis acids and by attachment of chiral 
auxiliaries to the azirine.  
 

 
1 Solomons, T. W. G. Organic Chemistry; 6:th ed.; John Wiley & Sons: New York, 1996. 
2 Yamamoto, H. In Lewis Acids in Organic Synthesis; Yamamoto, H. Ed.; Wiley-VCH: Weinheim, 

2000; Vol. 1, pp 1-7. 
3 (a) Branch, C. S.; Bott, S. G. and Barron, A. R. J. Organometal. Chem. 2003, 23-34; (b) 

Fukuzumi, S. and Ohkubo, K. J. Am. Chem. Soc. 2002, 124, 10270-10271; (c) Laszlo, P. and 
Teston, M. J. Am. Chem. Soc. 1990, 112, 8750-8754. 

4 Kobayashi, S.; Busujima, T. and Nagayama, S. Chem. Eur. J. 2000, 6, 3491-3494. 
5 Nikolaou, K. C.; Vourloumis, D.; Winssinger, N. and Baran, P. S. Angew. Chem. Int. Ed. Engl. 

2000, 39, 44-122. 
6 (a) Sweeney, J. B. Chem Soc. Rev. 2002, 31, 247-258; (b) Zwanenburg, B. and ten Holte, P. Top. 

Curr. Chem. 2001, 216, 93-124. 
7 McCoull, W. and Davis, F. A. Synthesis 2000, 1347-1365. 
8 Tanner, D. Angew. Chem. Int. Ed. Engl. 1994, 33, 599-619.
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We have also been interested in understanding how the presence of a coordinated 
Lewis acid affects the reactivity and stability of 2H-azirines. 

1.4 Properties of Azirines 
The first synthesis of a 2H-azirine was described by Neber et al. in 1932.9 They 
observed 2H-azirines as intermediates in the synthesis of aminoketones by 
treatment of oxime p-toluenesulfonate 2 with base to give azirine 3 (Scheme 2).  
 

Scheme 2 First preparation of an azirine by Neber and Huh. 

 
Azirine is the term used to describe three-membered nitrogen-containing 
unsaturated carbon heterocycles. Extensive investigations during the 1960s and 
the 1970s revealed valuable information concerning their physical properties as 
well as their synthetic use. Since then a number of general reviews have 
appeared.10-13 The interest in azirines is due to their potential as highly reactive 
substrates in the synthesis of aziridines, amines and more complex heterocycles. 
Azirines are divided into 1H-azirines with a C=C bond, and 2H-azirines with a 
C=N bond (Figure 2). 
 

Figure 2 Structures of azirines. 

 
2H-Azirines are reactive and versatile substrates because of certain inherent 
features within their structure, which include ring strain, an electron-rich π bond 
and a nitrogen lone pair. Molecular orbital calculations have revealed a 

N N
H 1

23

1H-azirine 2H-azirine

O2N

N

O2N

NO2NO2

N
OTs

Pyridine

2 3

Na2CO3

 
9 (a) Neber, P. W. and Huh, G. Justus Liebigs Ann. Chem. 1935, 283-296; (b) Neber, P. W. and 

Burgard, A. Justus Liebigs Ann. Chem. 1932, 281-294. 
10 Palacios, F.; Ochoa de Retana, A. M.; Martínez de Marigorta, E. and de los Santos, J. M. Org. 

Prep. Proced. Int. 2002, 34, 219-269. 
11 (a) Palacios, F.; Ochoa de Retana, A. M.; Martínez de Marigorta, E. and de los Santos, J. M. 

Eur. J. Org. Chem. 2001, 2401-2414; (b) Rai, K. L. M. and Hassner, A. In Advances in Strained 
and interesting Organic Molecules; Halton, B. Ed.; JAI press, 2000; Vol. 8, pp 187-257; (c) 
Backes, J. In Organische Stickstoff-Verbindungen III; Klamann, D. Ed.: Stuttgart, 1992; Vol. 
E16c, pp 317-369; (d) Padwa, A. and Kinder, F. R. In Progress in Heterocyclic Chemistry; 
Suschitzky, H. and Scriven, E. F. V. Eds.; Pergamon Press, 1990; Vol. 2, pp 22-36; (e) Padwa, 
A. and Woolhouse, A. D. In Comprehensive Heterocyclic Chemistry; Lwowski, W. Ed.; 
Pergamon Press: Oxford, 1984; Vol. 7, part 5, pp 47-93; (f) Nair, V. In Small Ring Heterocycles; 
Hassner, A. Ed.; Interscience: New York, 1983; Vol. 42, pp 215-332; (g) Nair, V. and Kim, K. H. 
Heterocycles 1977, 7, 353-390; (h) Fowler, F. W. In Advances in Hterocyclic Chemistry; Katritzky 
A. R. and Boulton, A. J. Eds.; Academic Press: New York, 1971; Vol. 13, pp 45-76. 

12 Gilchrist, T. L. Aldrichimica Acta 2001, 34, 51-55. 
13 Pearson, W. H. and Lian, B. W. In Comprehensive Heterocyclic Chemistry II; Katritzky, A. R. 

Rees, C. W. and Scriven, E. F. V., Eds.; Pergamon: Oxford, 1996; Vol. 1a, pp 1-60. 
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pronounced C-C bond shortening and considerable C-N bond lengthening 
compared to normal open chain analogues.10 These findings have been confirmed 
by X-ray measurements. Bond lengths and bond angles (typically N-C-C 48º, C-
C=N 72º and C=N-C 60º) imply a considerable amount of strain in these systems 
and the ring strain of unsubstituted 2H-azirines has been estimated to be 48 
kcal/mol, while 1H-azirines have been found to be 33-37 kcal/mol higher in 
energy. Reduction of the C=N bond in the 2H-azirine will release around 20 
kcal/mol and results in an aziridine with a ring strain of 26-27 kcal/mol.13 

1.5 Azirines as Synthetic Intermediates 
Reactions with 2H-azirines proceed via cleavage of a bond in the three-
membered ring with the C=N bond as the key reactive site (Scheme 3). 
Thermolysis or Lewis acid activation of a 2H-azirine normally results in 
cleavage of the C-N bond, forming a transient vinyl nitrene 4, a highly reactive 
species that will be discussed thoroughly in chapter 2. 14 There is evidence to 
suggest that heating to 500-600 ºC cleaves the C-C bond forming the diradical 5 
that might be in equilibrium with a carbene 6.15 Photolysis of a 2H-azirine has 
been found to break the C-C bond to generate a nitrile ylide 7, which can 
undergo 1,3-dipolar cycloadditions.16,17 Another opportunity is addition to the 
C=N bond generating an aziridine 8. 
 

Scheme 3 Thermal and photochemical cleavage of the azirine ring. 
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14 Hassner, A. In Azides and Nitrenes; Scriven, E. F. V. Ed.; Academic Press: Orlando, Florida, 

1984, pp 35-94. 
15 Wendling, L. A. and Bergman, R. G. J. Org. Chem. 1976, 41, 831-836. 
16 (a) Gilgen, P.; Heimgartner, H. and Schmid, H. Heterocycles 1977, 6, 143-212; (b) Müller, F. and 

Mattay, J. Chem. Ber. 1993, 126, 543-549. 
17 Wentrup, C.; Fisher, S.; Berstermann, H.-M.; Kuzaj, M.; Lüerssen, H. and Burger, K. Angew. 

Chem. Int. Ed. Engl. 1986, 25, 85-86. 
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Heating of 2H-azirines bearing vinylic functionalities in the 2-position gives 2,5-
disubstituted pyrroles 9 in high yields (Scheme 4).18 Photolysis of the same 
substrates gives 2,3-disubstituted pyrroles instead. An indole 10 is formed upon 
thermolysis of a 2H-azirine, a mechanism believed to proceed via a vinyl 
nitrene.19 Bi- and tri-cyclic ring systems are obtained in the Diels-Alder reaction 
between azirines, acting as dienophiles, and various dienes.12 One example is the 
reaction with cyclopentadiene furnishing cycloadduct 11.20-22 The addition of 
various nucleophiles to the C=N bond is another possibility, which gives chiral 
aziridines 12.23-26 A final example is the ring expansion of various 2H-azirines 
with cyclopentadienones to give 3H-azepines 13 via an initial Diels-Alder 
reaction followed by elimination of CO and ring opening of the formed 
aziridine.27 
 

Scheme 4 The 2H-azirine as a synthetic intermediate.  

 
 
 
 

 
18 Padwa, A.; Smolanoff, J. and Tremper, A. Tetrahedron Lett. 1974, 29-32. 
19 Isomura, K.; Kobayashi, S. and Taniguchi, H. Tetrahedron Lett. 1968, 3499-3502. 
20 Sjöholm Timén, Å. and Somfai, P. J. Org. Chem. 2003, 68, 9958-9963. 
21 (a) Álvares, Y. S. P.; Alves, M. J.; Azoia, N. G.; Bickley, J. F. and Gilchrist, T. L. J. Chem. Soc., 

Perkin Trans 1 2002, 1911-1919; (b) Bhullar, P.; Gilchrist, T. L. and Maddocks, P. Synthesis 
1997, 271-272. 

22 Alves, M. J.; Bickley, J. F. and Gilchrist, T. L. J. Chem. Soc., Perkin Trans 1 1999, 1399-1401. 
23 Alves, M. J.; Fortes, G.; Guimarães, E. and Lemos, A. Synlett 2003, 1403-1406. 
24 (a) Davis, F. A.; Deng, J.; Zhang, Y. and Haltiwanger, R. C. Tetrahedron 2002, 58, 7135-7143; 

(b) Carlson, R. M. and Yen Lee, S. Tetrahedron Lett. 1969, 4001-4004. 
25 Alves, M. J.; Ferreira, P. M. T.; Maia, H. L. S.; Monteiro, L. S. and Gilchrist, T. L. Tetrahedron 

Lett. 2000, 41, 4991-4995. 
26 Davis, F. A.; Liang, C.-H. and Liu, H. J. Org. Chem. 1997, 62, 3796-3797. 
27 Anderson, D. J. and Hassner, A. J. Am. Chem. Soc. 1971, 93, 4339-4340. 
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1.6 2H-Azirines in Natural Products  
The 2H-azirine system has been found in several natural products (Figure 3). 
Azirinomycin (14),28 isolated from Streptomyces aureus, and its methyl ester 
were found to exhibit a broad antibiotic activity, in vitro, against both Gram-
positive and Gram-negative bacteria.29 More recently other azirine-containing 
natural products were isolated from Dysidea fragilis: (R)-(�)-;30 and (S)-(+)-
dysidazirine (15);31 and (S)-(+)-antazirine31 (16). Both the (R)-(�)- and (S)-(+)-
dysidazirine have been synthesized.32,33 
 

Figure 3 Azirines found in natural products. 

 
 
 

N

H
CO2H

N

H
CO2H

Br

Br

14 Azirinomycin 15 (S)-(+)-Dysidazirine  

16 (S)-(+)-Antazirine

R= nBu

R=

R

 
28 Miller, T. W.; Tristram, E. W. and Wolf, F. J. J. Antibiotics 1971, 24, 48-50. 
29 Stapley, E. O.; Hendlin, D.; Jackson, M. and Miller, A. J. J. Antibiotics 1971, 24, 42-47. 
30 Molinski, T. F. and Ireland, C. M. J. Org. Chem. 1988, 53, 2103-2105. 
31 Salomon, C. E.; Williams, D. H. and Faulkner, D. J. J. Nat. Prod. 1995, 58, 1463-1466. 
32 Davis, F. A.; Liu, H.; Liang, C.-H.; Reddy, G. V.; Zhang, Y.; Fang, T. and Titus, D. D. J. Org. 

Chem. 1999, 64, 8929-8935. 
33 Davis, F. A.; Reddy, G. V. and Liu, H. J. Am. Chem. Soc. 1995, 117, 3651-3652. 
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2 Preparation of 2H-AzirinesI 

 
2.1 Methods to Prepare Azirines 
A number of synthetic routes (a-f in Scheme 5) have been developed for the 
preparation of 2H-azirines and can be grouped into:  
 
�� Internal ring closure of vinyl azides (a) and N-functionalized imines (b). 
�� Ring contraction of isoxazoles and oxazaphospholes (c). 
�� Eliminations or oxidations of aziridines (d).  
�� Intermolecular cycloaddition reactions between nitrenes and acetylenes (e) 

or carbenes and nitriles (f).  
 

Scheme 5 Various routes for the preparation of 2H-azirines. 

 

2.1.1 Intramolecular Reactions 
Vinyl azides can easily be prepared from the corresponding olefins (Scheme 5, 
route a), as discussed in section 2.2.  
 
The Neber reaction and modified versions thereof (Scheme 5, route b) are 
believed to proceed either through an internal concerted nucleophilic 
displacement or via a vinyl nitrene, a reactive species formed by base-promoted 
loss of the leaving group on nitrogen. Different leaving groups are used such as 
sulfonates,34 Magnesium salts (OMgBr),35 and quaternary amines (-NR3).36 
Thermal or photochemical treatment of isoxazoles and oxazaphospholes effects 
ring contraction to form 2-carbonyl-2H-azirines (route c).17,37 Ring contraction of 
isoxazoles is also achieved by Lewis acid activation at room temperature.38 
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34  (a) LaMattina, J. L. J. Heterocyclic Chem. 1983, 20, 533-538; (b) Cram, D. J. and Hatch, M. J. J. 

Am. Chem. Soc. 1953, 75, 33-38. 
35  Eguchi, S. and Ishii, Y. Bull. Chem. Soc. Japan 1963, 36, 1434-1437. 
36  (a) Chaabouni, R. and Laurent, A. Synthesis 1975, 464-467; (b) Sato, S. Bull. Chem. Soc. 

Japan 1968, 41, 1440 1444. 
37  (a) Sauers, R. R.; Hadel, L. M.; Scimone, A. A. and Stevenson, T. A. J. Org. Chem. 1990, 55, 

4011-4019; (b) Lipshutz, B. H. and Reuter, D. C. Tetrahedron Lett. 1988, 29, 6067-6070. 
38  Auricchio, S.; Bini, A.; Pastormerlo, E. and Truscello, A. M. Tetrahedron 1997, 53, 10911-10920. 
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Elimination or oxidation of aziridines is other approaches to 2H-azirines (route 
d). N-Sulfonyl,26 N-sulfinyl,33 and N-chloro39 aziridines are prone to undergo 
elimination when treated with base providing 2H-azirines. Also Swern oxidation 
of an 1H-aziridine-2-carboxylate ester furnishes the corresponding 2H-azirine.40 
Elimination or oxidation of chiral aziridines are frequently used methods for the 
preparation of chiral 2H-azirines.26,40 

2.1.2 Intermolecular Reactions 
Intermolecular cycloaddition reactions yield 2H-azirines via reaction of nitrenes 
with alkynes (Scheme 5, route e)41 or carbenes with nitriles (route f)42 but are so 
far not used frequently for preparative applications.  

2.2 Preparation of 2H-Azirines from the Corresponding Olefins 
Throughout this project the convenient preparation of 2H-azirines has played a 
central role. Only a few examples of Neber-type reactions giving 2-unsubstituted 
2H-azirines have been published.43 We therefore focused our attention towards 
the preparation of 2H-azirines via vinyl azides. Since the pioneering work by 
Smolinsky,44,45 where an olefin was converted into a vinyl azide and then into the 
corresponding azirine, a number of research groups have further developed this 
route and applied it to various olefins.14,46-48  
Several convenient methods for the preparation of vinyl azides have been applied 
within our research group over the years, some of which are depicted in Scheme 
6.20,48-50  
 
 

 
39 Legters, J.; Thijs, L. and Zwanenburg, B. Recl. Trav. Chim. 1992, 111, 75-78. 
40 Gentilucci, L.; Grijzen, Y.; Thijs, L. and Zwanenburg, B. Tetrahedron Lett. 1995, 36, 4665-4668. 
41 Andersson, D. J.; Gilchrist, T. L.; Gymer, G. E. and Rees, C. W. J. Chem. Soc., Perkin Trans 1 

1973, 550-555. 
42 Alcaraz, G.; Wecker, U.; Baceiredo, A.; Dahan, F. and Bertrand, G. Angew. Chem. Int. Ed. Engl. 

1995, 34, 1246-1248. 
43 (a) Njar, V. C. O.; Düerkop, J. and Hartmann, R. W. Steroids 1996, 61, 138-143; (b) Hassner, A. 

and Alexanian, V. J. Org. Chem. 1979, 44, 3861-3864. 
44 Smolinsky, G. J. Org. Chem. 1962, 27, 3557-3559. 
45 Smolinsky, G. J. Am. Chem. Soc. 1961, 83, 4483-4484. 
46 (a) Brown, D.; Brown, G. A.; Andrews, M.; Large, J. M.; Urban, D.; Butts, C. P.; Hales, N. J. and 

Gallagher, T. J. Chem. Soc., Perkin Trans 1 2002, 2014-2021; (b) Hassner, A. and Fowler, F. W. 
J. Org. Chem. 1968, 33, 2686-2691. 

47 Pinho e Melo, T. M. V. D.; Lopes, C. S. J.; Cardoso, A. L. and Rocha Gonsalves, M. d. A. 
Tetrahedron 2001, 57, 6203-6208. 

48 Hortmann, A. G.; Robertson, D. A. and Gillard, B. K. J. Org. Chem. 1972, 37, 322-324. 
49 Gilchrist, T. L. and Mendonca, R. Synlett 2000, 1843-1845. 
50 Fowler, F. W.; Hassner, A. and Levy, L. A. J. Am. Chem. Soc. 1967, 89, 2077-2082. 
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Scheme 6 Synthesis of vinyl azides 21a-h. Reagents and conditions: (a) Br2, CH2Cl2, 18a,c: rt, 18b: 
50 ºC, 18d-g: 0 ºC � rt, 18a: 98%, (ref. 49) 18b: 95%, (ref. 20) 18c: 81%,(ref. 20) 18d: 93%, (ref. 
48) 18e: 74%, 18f: 97% (ref. 48), 18g: 95%; (b) NaN3, ICl, MeCN, �25 ºC � rt, 18h: 93% (ref. 50); 
(c) NaN3, DMSO, 15 ºC � rt; (d) NaN3, DMF,(ref. 20) 21a: 12 min at 65 ºC, 70%, 21b: 20 min at 85 
ºC, 65%, 21c: 8 min at 60 ºC, 56%; (e) KOtBu, Et2O, �30 ºC � rt, 21h: 90% (ref. 50); (f) NaOH, 
DMSO 10 ºC � rt, (yields over two steps), 21d: 90% (ref. 48) 21e: 98%, 21f: 92% (ref. 48), 21g: 
98%.   

 
The preparation of 21d-h worked well, while formation of 21a-c was more 
challenging. Olefins 17d-g were brominated providing the corresponding 
dibromides 18d-g that upon treatment with NaN3 gave the bromoazides 19d-g, 
which underwent elimination to afford vinyl azides 21d-g. Addition of in situ 
generated IN3 to olefin 17h gave the iodoazide 20h, from which vinyl azide 21h 
was obtained after basic treatment. The substitution-elimination of dibromo 
carboxylates 18a and 18b into vinyl azides 21a and 21b, respectively, requires 
heating to 60-85 ºC. Under these conditions NaN3 plays a dual role as both 
nucleophile and base. With both 18a and 18b simultaneous formation of the 
corresponding vinyl azide and vinyl bromide was encountered although only 
trace amounts of the vinyl bromides 22a and 22b were detected (Scheme 7).  

R

R
Br

Br

R
I

N3

R
Br

N3

R

N3

O

O

O

Ph

O
N
SO2

O

F3C MeO

a b c

d e f g h

R=

17a-h

20h

18a-h

21a-h

19d-ha

b

c

d

e

f



10 
 

Scheme 7 Reaction conditions: (a) NaN3 (2.1 equiv.), DMF, 21a: 12 min, 65 ºC, 70%, 21b: 20 min, 
85 ºC, 65%; (b) NaN3 (2.1 equiv.), DMF. 

 
Fortunately, these product mixtures can be resubmitted to the same reaction 
conditions giving the pure vinyl azides but with a decrease in the overall yield. 
To suppress the formation of vinyl bromides other reaction conditions were 
investigated. One such alternative approach that was investigated in some detail 
is the addition of the azide moiety directly to the olefin (Scheme 8).  
 

Scheme 8 Reagents and conditions: (a) Br2, CH2Cl2, rt; (b) NaN3, DMF, 12 min, 65 ºC; (c) i) NaN3, 
ICl, MeCN –25 ºC � rt. ii) NaN3, NaI, CAN, MeCN, 0 ºC � rt, 6 d iii) as for ii but using MeOH as 
solvent iv) as for ii but using DMF as solvent. 

 
The addition of NaN3 to an olefin in the presence of CAN has been shown to 
afford the corresponding iodo azide.51  
 
When benzyl acrylate (17a) was treated with CAN, NaN3 and NaI no iodo azide 
23 was formed. The in situ generation of IN3 from NaN3 and ICl, as used in the 
preparation of an alkyl-substituted vinyl azide 21h, did not improve the situation. 
 
Next, different azide sources were evaluated to investigate how the counter ion 
would affect the reaction outcome. The 8-phenylmenthyl-substituted dibromide 
18b was added to a heated solution of either LiN3 or TMSN3 at 85 ºC. With LiN3 
the vinyl bromide 22b was formed as the main product, while the use of TMSN3 
gave only 22b. 
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51 (a) Nair, V.; Panicker, S. B.; Nair, L. G.; George, T. G. and Augustine, A. Synlett 2003, 156-165; 

(b) Nair, V.; George, T. G.; Sheeba, V.; Agustine, A.; Balagopal, L. and Nair, L. G. Synlett 2000, 
1597-1598. 

R
Br

Br

R

Br

18a, b

22a, b

R

N3

21a, b

a
b

BnO

O

O

Ph

O

R =

a

b



 

 11 
 

2.2.1 Mechanism for the Thermolytic Ring Closure of Vinyl Azides 
Vinyl azides are usually converted into the corresponding 2H-azirines by 
thermolysis or photolysis.47,48,52,53 Recently, the ring closure was also effected by 
microwave irradiation,54 or by treatment with MnO2 at room temperature,55 but 
both these procedures were substrate dependent.  
 
Three pathways for the mechanism of the thermolytic ring closure of vinyl 
azides have been proposed (Scheme 9).  

 

 
Scheme 9 Mechanistic pathways for the thermal ring closure of vinyl azides. 

 
Route A describes an initial elimination of N2 from vinyl azide 24, generating a 
transient vinyl nitrene 25 that undergoes symmetry allowed ring closure to form 
azirine 27. A second alternative is the concerted loss of N2 and ring closure (B). 
An intramolecular [3+2] cycloaddition of the azido group to the double bond 
forms an unstable isotriazole 26, which may extrude N2 to provide the azirine 27, 
and represents a third route (C). There are publications supporting all three 
routes A-C,56-58 but the ring closure of most substrates is believed to proceed via 
the concerted mechanism B. Substituent effects are believed to play a crucial role 
in the mechanistic pathway, especially substituents able to stabilize a temporary 
charge.59 Measured kinetics were found to be of first-order and support the 
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52 Banert, K. Chem. Ber. 1987, 120, 1891-1896. 
53 Hassner, A. and Fowler, F. W. J. Am. Chem. Soc. 1968, 90, 2869-2875. 
54 Singh, P. N. D.; Carter, C. L. and Gudmundsdóttir, A. D. Tetrahedron Lett. 2003, 44, 6763-6765. 
55 Alajarín, M.; Orenes, R.-Á.; Vidal, Á. and Pastor, A. Synthesis 2003, 49-52. 
56 (a) Jordan, D. J. Org. Chem. 1989, 54, 3584-3587; (b) Hassner, A.; Wiegand, N. H. and Gottlieb, 

H. E. J. Org. Chem. 1986, 51, 3176-3180; (c) L'Abbé, G. and Mathys, G. J. Org. Chem. 1974, 
39, 1778-1780. 

57 Yamabe, T.; Kaminoyama, M.; Minato, T.; Hori, K.; Isomura, K. and Taniguchi, H. Tetrahedron 
1984, 40, 2095-2099. 

58 Bernard, C. and Ghosez, L. J. Chem. Soc., Chem. Commun. 1980, 940-941. 
59 Vinyl azides with a-substituents R1 that can support a positive charge (R1= aryl, alkyl, NR2, OR, 

F and often also CO2R) are believed to react via the concerted pathway B, while route A is 
suggested for vinyl azides containing �-substituents not capable of stabilizing an adjacent 
charge (R1= H, COR) but with �-substituents R2 having this opportunity, see ref. 56b. 
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concerted mechanism B.56 Calculations suggest that if an intermediate nitrene is 
present, the rate determining step is elimination of N2 with no additional 
activation energy required for the ring closure.57 Although vinyl nitrenes may or 
may not be involved in the conversion into azirines, thermolysis of an azirine 27 
is believed to generate a vinyl nitrene 25,60 which has also been trapped.61 

2.3 Thermolysis of Vinyl Azides 
Thermal conversion of vinyl azides into 2H-azirines requires elevated 
temperatures. Toluene has been the most commonly used solvent, but others such 
as dioxane and heptane, all with a boiling point between 98 ºC and 110 °C, have 
also been applied.47,49,62At these temperatures reaction times of 1.5 to 10 hours 
are usually necessary in order to reach complete conversion. We have observed 
that it is sometimes difficult to separate the formed azirine from the solvent. One 
way to circumvent this problem is to run the reaction at lower temperature, 
allowing the use of low-boiling solvents, but this results in substantially longer 
reaction times, typically 1-7 days.63 Also azirines are thermally unstable,45 even 
at ambient temperature,64 with resulting decomposition upon prolonged heating. 
Polymerization is another suggested side reaction in the formation of 
azirines.53,65  
 
Vinyl azides 21d and 21h gave azirines 28d and 28h, respectively, after 2 hours 
at 125 ºC in pentane and with Et2O 28f and 28g were obtained from their vinyl 
azides 21f and 21g under identical conditions. Thermolysis of the azidoacrylic 
ester 21a under such conditions (125 ºC, 2 hours) gave only low yields and 
purities. The activated azirine-3-carboxylic esters decompose more easily than 
the analogous aryl- or alkyl-azirines, and their formation is often accompanied 
by substantial amounts of byproduct. Therefore, the more fragile vinyl azide 21a 
was used as a model substrate in our optimization study.  

2.3.1 Optimization of Temperature in the Thermolysis of Vinyl Azides 
Previous experiences with the thermolysis of vinyl azides had clearly showed 
that a higher reaction temperature was more efficient than lower temperatures, 
which required prolonged reaction times for complete conversion. An initial 
screening of reaction temperatures and times was conducted with vinyl azide 21a 
in CH2Cl2. After 6 hours at 100 ºC, 43% of 28a was formed with 13% of the 
vinyl azide 21a remaining (Table 1, entry 1),66 while an extended reaction time 
of 20 hours gave no azirine although all vinyl azide was consumed (entry 2). It 
was noted that for both the reactions at 100 and that at 125 ºC the amount of 
product 

 
60 (a) Knittel, D. Synthesis 1985, 186-188; (b) Isomura, K.; Ayabe, G.-I.; Hatano, S. and Taniguchi, 

H. J. Chem. Soc., Chem. Commun. 1980, 1252-1253. 
61 (a) Kanomata, N. and Nakata, T. Heterocycles 1998, 48, 2551-2558; (b) Nishiwaki, T. J. Chem. 

Soc., Chem. Commun. 1972, 565-566. 
62 Kumar, R.; Nath, M. and Tyrrell, D. L. J. J. Med. Chem. 2002, 45, 2032-2040. 
63 Banert, K. Chem. Ber. 1989, 122, 1175-1178. 
64 Alves, M. J. and Gilchrist, T. L. Tetrahedron Lett. 1998, 39, 7579-7582. 
65 Hassner, A. and Fowler, F. W. Tetrahedron Lett. 1967, 1545-1548. 
66 Yields in these reactions were determined by 1H NMR measurement in the presence of 1,4-di-

tert-butylbenzene as standard. 
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remained rather constant after some time (2 hours and 30 minutes respectively) 
despite consumption of the vinyl azide. An optimized yield was obtained after 20 
minutes at 150 ºC that gave azirine 28a in 85% yield (entry 4). 

  
Table 1 Temperature dependence of the thermolysis of 21a.a 

 

 
Entry Temp (ºC) Time (min) Yield of 28a (%)b 

1 100 360 43c 
2 100 1200 0 
3 125 75 69 
4 150 20 85 

a Reaction conditions: 0.1 M of 21a in CH2Cl2. b Determined by 1H NMR spectroscopy. c With 13% 
azide remaining. 
 

2.3.2 Screening for a Suitable Solvent 
Next various solvents were screened. When using pentane or Et2O no formation 
of 28a could be detected (Table 2, entries 1 and 2). Use of toluene, on the other 
hand gave azirine 28a in 52% yield (entry 3), but CH2Cl2 was superior giving the 
azirine in 85% yield (entry 4). Promising results were also found with other polar 
solvents such as chloroform, dichloroethane and acetonitrile, while reactions 
performed in THF resulted in byproduct formation.  
 
Table 2 Solvent dependence in the thermolysis of 21a.a 

Entry Solvent  Yield of 28a (%)b 
1 Pentane 0 
2 Et2O 0 
3 Toluene 52 
4 CH2Cl2 85 

a Reaction conditions: 0.1 M of 21a in solvent at 150 ºC for 20 min. b Determined by 1H NMR 
spectroscopy. 
 

2.3.3 Concentration Effects 
An important factor in the thermolysis turned out to be the concentration of the 
vinyl azide. A wide range of concentrations (0.006 to 0.42 M) have been reported 
in the literature.48,62 By increasing the concentration from 0.10 to 0.25 M a 
dramatic drop in the yield of azirine was encountered and at a concentration of 
0.5 M almost no azirine was detected with complete consumption of the vinyl 
azide in all three cases (compare entries 1-3, Table 3). 
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Table 3 Concentration dependence of the thermolysis of 21a.a 
Entry Concentration (M) Yield of 28a (%)b 

1 0.5 2 
2 0.25 36 
3 0.10 85 

a Reaction conditions: Vinyl azide 21a was heated in CH2Cl2 at 150 ºC for 20 min. b Determined by 
1H NMR spectroscopy. 
 
The previously mentioned equilibrium between azirine 27 and vinyl nitrene 25 
(section 2.2.1) may be an explanation for some of our observations (Scheme 10). 

 

Scheme 10 Thermal equilibrium between the azirine and a vinyl nitrene. 

 
The vinyl nitrene has been proposed as an intermediate in the formation of 
several nitrogen-containing heterocycles.18,27,67 This reactive species may be 
responsible for the proposed polymerization of azirines53,65 and is believed to 
form upon heating of azirines.60 It is likely that 25a is present in small amounts 
and either cyclizes back to the azirine or reacts to form byproducts. This will 
shift the equilibrium with resultant continuous consumption of azirine 27. We 
have shown that an increased reaction temperature was favored over a prolonged 
reaction time in this application. It is also obvious from Table 3 that the 
concentration of vinyl azide is of great importance for the formation of 
byproducts. An increased concentration of the vinyl nitrene is expected to result 
in more dimerization and polymerization, which can explain the poor yield at 
higher vinyl azide/azirine concentrations.  

2.3.4 General Preparation of 3-Substituted 2H-Azirines 
With a suitable protocol in hand, other vinyl azides 21b-h, with various 
substituents in the 3-position, were exposed to our optimized reaction conditions 
in order to investigate the generality of this procedure (Table 4). Vinyl azides 
having sterically demanding substituents, as in 21b and 21c, aromatic, 21d-g, or 
alkyl-substituents, 21h, all gave the corresponding azirines 28a-h in good to 
excellent yields (entries 2-8).  
 

 
67 Boyer, J. H.; Krueger, W. E. and Modler, R. Tetrahedron Lett. 1968, 5979-5982. 
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Table 4 Thermolysis of vinyl azides 21a-h.a 
 

 
Entry Product Yield (%)b 

1 28a 85 
2 28b >95 
3 28c >95 
4 28d 95 
5 28e >95 
6 28f 74 
7 28g 82 
8 28h 84 

a Reaction conditions: The vinyl azides 21a-h were heated in CH2Cl2 at 150 ºC for 20 min.                 
b Determined by 1H NMR spectroscopy. 
 

2.4 Conclusion 
We have shown that various factors, such as temperature, solvent, concentration 
and reaction time, are important for a successful thermolysis furnishing 2-
unsubstituted 2H-azirines. A general method was developed in which a 0.1 M 
solution of the vinyl azide in CH2Cl2 was heated for 20 minutes at 150 ºC in a 
safely closed reaction vessel. This procedure provided a number of 3-substituted 
2H-azirines in good to excellent yields. Precautions should be taken since 
heating of azides may cause an explosion. 
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3 Alkylation of 2H-AzirinesII 

 
3.1 Introduction 
Enantioselective additions of carbon nucleophiles to imines offer a useful 
synthetic route to optically active amines.68-70 The attachment of an activating 
group to the imine is usually required for nucleophilic additions to take place. 
This activation can be accomplished with various electron withdrawing groups.71 
By using 2H-azirines as reactive imine equivalents further substitution of the 
imine moiety can be avoided thus shortening synthetic routes and preventing 
troublesome deprotections at a later stage. A variety of methods have been used 
to promote asymmetric additions to imines including the use of chiral Lewis 
acids,68,69 and imines bearing chiral N-substituents or chiral auxiliaries attached 
to the imine carbon.70,72  

3.2 Screening of Carbon Nucleophiles 
Organometallic reagents have been used in azirine alkylations only on rare 
occasions,24,26,73 and only one publication has been presented dealing with the 
addition of organolithium reagents to 2H-azirines.74 Therefore a screening of 
possible carbon nucleophiles was undertaken (Table 5). Several 2H-azirines have 
previously been reduced by LAH in good yields.53 Reduction of 28d gave 29a in 
moderate yield (Table 5, entry 1). The reaction was clean as indicated by TLC, 
but 29a decomposed partly upon purification. The ene reaction has been 
successfully applied to imines.75 �-Methylstyrene, as the ene component, was 
reacted with 28d in the absence and presence of BF3·OEt2. The former left 
azirine 28d unreacted (entry 2), while the latter resulted in decomposition. 
Subsequently, Grignard reagents were tried and treatment of 28d with MeMgBr 
resulted in clean formation of 29c.  

 
68 Denmark, S. E. and Nicaise, O. J.-C. In Comprehensive Organic Catalysis; Jacobsen, E. N. 

Pfaltz, A. and Yamamoto, H. Eds.; Springer-Verlag: Berlin, 1999; Vol. 2, pp 923-961. 
69 Kobayashi, S. and Ishitani, H. Chem. Rev. 1999, 99, 1069-1094. 
70 Bloch, R. Chem. Rev. 1998, 98, 1407-1438. 
71 Volkmann, R. A. In Comprehensive Organic Chemistry; Trost, B. M. Ed.; Pergamon Press: 

Oxford, 1991; Vol. 1, pp 355-396. 
72 Alvaro, G. and Savoia, D. Synlett 2002, 651-673. 
73 Fowler, F. W. and Hassner, A. J. Am. Chem. Soc. 1968, 90, 2875-2881. 
74 Ben Cheikh, R.; Bouzouita, N.; Ghabi, H. and Chaabouni, R. Tetrahedron 1990, 46, 5155-5166. 
75 (a) Yamanaka, M.; Nishida, A. and Nakagawa, M. Org. Lett. 2000, 2, 159-161; (b) Weinreb, S. 

M. J. Heterocyclic Chem. 1996, 33, 1429-1436; (c) Borzilleri, R. M. and Weinreb, S. M. 
Synthesis 1995, 347-360. 
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Table 5 Addition of various nucleophiles to azirines 28d and 28h. 
 

 
Entry Azirine Nucleophile Solvent Temp. (�C) Time 

(h) 
Product, Yield 

(%) 
1 28d LAH Et2O �0 5 29a, 50a 
2 28d  CH2Cl2 �78 � rt 24 - 

3 28d MeMgBr  Et2O �78 � rt 2.5 29c, >45b 
4 28h MeMgBr  Et2O �78 �0 2 30c, 35a 
5 28d  Et2O �78 0.5 nd 
6 28h  Et2O �78 0.4 30d, >25b 
7 28d  CH2Cl2 �78 � rt 48 - 
8 28h TMS Li Et2O �78 � 5 3.25 nd 
9 28d TMSN  CH2Cl2 �78 � rt 8 - 

a Isolated yield after purification by chromatography. b Decomposes during purification. Yield 
calculated on a purity >60%.  
 
Purification of aziridine 29c with SiO2 chromatography resulted in almost 
complete decomposition, while use of Al2O3 gave 29c in 45% yield (entry 3). 
When 28h was treated with MeMgBr 30c was obtained (entry 4). No aziridine 
was formed upon treatment of 28d with vinylMgBr, while addition of this 
Grignard reagent to 28h gave aziridine 30d in 25% yield (entries 5, 6). Attempts 
to allylate 28d with allyltrimethylsilane were unsuccessful (entry 7), and the 
addition of BF3·Et2O resulted in decomposition.76 Similar results were obtained 
with allyltributyltin. Addition of lithium (trimethylsilyl)acetylene to 28h gave no 
desired product (entry 8). Similar results were obtained in the Strecker reaction 
of 28d (entry 9).77 
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76 (a) Hirabayashi, R.; Ogawa, C.; Sugiura, M. and Kobayashi, S. J. Am. Chem. Soc. 2001, 123, 

9493-9499; (b) Nakamura, K.; Nakamura, H. and Yamamoto, Y. J. Org. Chem. 1999, 64, 2614-
2615; (c) Yamamoto, Y.; Komatsu, T. and Maruyama, K. J. Org. Chem. 1985, 50, 3115-3121. 

77 (a) Chavarot, M.; Bryne, J. J.; Chavant, P. Y. and Vallée, Y. Tetrahedron: Asymmetry 2001, 12, 
1147-1150; (b) Ishitani, H.; Komiyama, S.; Hasegawa, M. and Kobayashi, S. J. Am. Chem. Soc. 
2000, 122, 762-766. 
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This screening led us to the conclusion that 2H-azirines, in spite of inherent ring 
strain, need further activation to undergo nucleophilic addition to the C=N bond 
of most carbon nucleophiles. Since 2H-azirines are believed to be in a thermal 
equilibrium with vinyl nitrenes heating might be inappropriate. Two alternatives 
to obtain the desired aziridines remained, either further activation of the azirine 
or increased reactivity of the nucleophile. The former might be accomplished by 
a suitable Lewis acid or by the introduction of a more electron withdrawing 3-
substitutent, which will be further discussed in chapters 4 and 5. Sections 3.3 and 
3.4 will describe the use of more potent nucleophiles.  

3.3 Azirines as Electrophiles in Organolithium Additions 
Several azirines were screened to determine their performance in the addition of 
MeLi (Table 6). Both 28i and the novel azirines 28j and 28k were prepared, 
using the route that was previously described for the preparation of 28d. 
Addition of MeLi to 28d and 28g gave aziridines 29c and 31a in conversions 
above 80% (entries 1, 2), while methylation of 28i and 28j provided 32 and 33 in 
30% and 50% conversion, respectively (entries 3, 4). The alkylation of 28k 
resulted only in traces of aziridine 34 (entry 5). 
 
Table 6 Addition of methyl lithium to various 2H-azirines. 

 

 
Entrya Azirine Time (h) Product Yield (%)b 

1 28d 0.7 29c >80 
2 28g 1.25 31 >80 
3 28i 2.5 32 >30 
4 28j 1 33 >50 
5 28k 2.75 34 traces 

a  MeLi (1.2 equiv.) was added to azirine dissolved in Et2O at –78 ºC, followed by quenching at times 
given in table by addition of NH4Cl (aq. satd.). b  The conversion was determined by 1H NMR 
spectrum of the crude reaction mixture.  

 
The purification of 2,2-disubstituted aziridines by SiO2 chromatography was 
troublesome. Purification by basic Al2O3 chromatography, with and without 
H2O-deactivation, presented no improvement. Attempts to determine the 
retention times of racemic 29c and 31a by HPLC on Chiralcel OD-H and OJ 
columns resulted in decomposition. In order to suppress an acid catalyzed 
decomposition of the obtained 2,2-disubstituted aziridines an activating group 

R1

N

R1
NHMe

28d, R1=Ph
28g, R1=2-Nap
28i,  R1=p-OMe-Ph
28j,  R1=2-OMe-5-Br-C6H3
28k, R1=2-Pyridine

29c, R1=Ph
31,   R1=2-Nap
32,   R1=p-OMe-Ph
33,   R1=2-OMe-5-Br-C6H3
34,   R1=2-Pyridine
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can be attached to the aziridine nitrogen. Attempts to tosylate8,78 or acetylate79 
29c gave no product. Mesylations of 29c and 31a could, however, be achieved to 
give 35 and 36a, respectively (Scheme 11).80  
 
Azirine 31a, being a good UV-chromophore and relatively stable, was chosen as 
the model substrate for further investigations. The formed aziridine 36a was 
mesylated prior to chromatography and ee determination. 
 

Scheme 11 Reagents and conditions: MsCl (1 equiv.), DIPEA (2 equiv.), CH2Cl2, �78 ºC, 15 min, 
>80%. 

3.4 Enantioselective Addition of Organolithium Reagents  

3.4.1 Screening of Chiral Ligands 
Enantioselective alkylation of imines using organolithium reagents in the 
presence of a chiral ligand provides a valuable entry to scalemic amines. This 
approach was first reported in 1990 by Tomioka et al. who showed that 
organolithium reagents in the presence of chiral �-amino ethers add to N-
arylimines to give the corresponding amines in up to 77% ee.81  
 
In enantioselective alkylation of carbonyl compounds and imines it is desirable 
that the chiral ligand can be used in catalytic amounts. This requires a rate 
increase in the addition reaction upon complexation of the ligand-metal complex 
to the carbonyl or imine. In the Grignard reaction it is believed that an initial 
coordination of RMgX, R2Mg or MgX2 via an Mg···O interaction to the carbonyl 
oxygen atom is required prior to attack of the R moiety at the carbonyl group.68  
 
The influence of the cation in the addition of organometallic reagents to 
aldehydes has been investigated.82 The cation was found to have two effects; it 
could activate the carbonyl group (carbonyl complexation control), but also 
deactivate the nucleophile by coordination to the anion (ionic association 
control). It was also found that the predominant effect of Li+ was the activation 
of 

 
78 (a) Tanner, D. and Somfai, P. Tetrahedron 1988, 44, 619-624; (b) Löfström, C. M. G. and 

Bäckvall, J.-E. Tetrahedron Lett. 1996, 37, 3371-3374. 
79 (a) Cardillo, D.; Gentilucci, L.; Gianotti, M. and Tolomelli, A. Tetrahedron: Asymmetry 2001, 12, 

563-569; (b) Toshimitsu, A.; Aoai, T.; Owada, H.; Uemura, S. and Okano, M. J. Org. Chem. 
1981, 46, 4727-4733. 

80 (a) Huh, N.; Kogan, T. P. and Kohn, H. Synthesis 1997, 921-924; (b) Dumic, M.; Filic, D.; 
Vinkovic, M.; Jamnicky, B. and Kamenar, B. Tetrahedron Lett. 1993, 34, 3639-3642. 

81 Tomioka, K.; Inoue, I.; Shindo, M. and Koga, K. Tetrahedron Lett. 1990, 31, 6681-6684. 
82 Loupy, A.; Roux-Schmidt, M. C. and Seyden-Penne, J. Tetrahedron Lett. 1981, 22, 1685-1688. 
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the carbonyl group. The role of the ligand-Li complex is therefore not only to 
direct the attack of the nucleophile, but also to increase the reaction rate in the 
catalyzed process compared to the background reaction.  
 
The initial treatment of azirine 28g with equimolar amounts of chiral ligands and 
excess of methyllithium gave aziridine 31a that was mesylated to give 36a 
(Scheme 12).83,84  
 

Scheme 12 Alkylation of azirine 28g followed by protection of aziridine 31a. 

 
Five ligands, previously used for enantioselective alkylation of imines, were 
chosen for a primary screen (Figure 4): (�)-sparteine (37),84-86 proline derivative 
38,86 amino alcohol 39,87 bisoxazoline 40,84 and quinine (41).88  
 

Figure 4 Chiral ligands used together with organolithium reagents. 

 
The methylation of 28g to afford 31a was completed in less then 10 minutes at   
–78 ºC. Alkylations in the presence of chiral ligands 37-41 were run at �100�5 
ºC for 1 hour (Table 7). Toluene was chosen as solvent due to its high capacity of 
solubilizing the reactants, a low freezing point and noncoordinating 
characteristics. Reactions run in Et2O at the same temperature and for the same 
length of time resulted in decomposition of 28g.  
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83 (a) Inoue, I.; Shindo, M.; Koga, K.; Kanai, M. and Tomioka, K. Tetrahedron: Asymmetry 1995, 6, 

2527-2533; (b) Tomioka, K.; Inoue, I.; Shindo, M. and Koga, K. Tetrahedron Lett. 1991, 32, 
3095-3098. 

84 Denmark, S. E.; Nakajima, N. and Nicaise, O. J.-C. J. Am. Chem. Soc. 1994, 116, 8797-8798. 
85 Gittins née Jones, C. A. and North, M. Tetrahedron: Asymmetry 1997, 8, 3789-3799. 
86 Itsuno, S.; Sasaki, M.; Kuroda, S. and Ito, K. Tetrahedron: Asymmetry 1995, 6, 1507-1510. 
87 (a) Pinho, P. and Andersson, P. G. Tetrahedron 2001, 57, 1615-1618; (b) Brandt, P.; Hedberg, 

C.; Lawonn, K.; Pinho, P. and Andersson, P. G. Chem. Eur. J. 1999, 5, 1692-1699. 
88 Huffman, M. A.; Yasuda, N.; DeCamp, A. E. and Grabowski, E. J. J. J. Org. Chem. 1995, 60, 

1590-1594. 
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Table 7 Addition of MeLi to azirine 28g with ligands 37-41. 
Entry Methoda Ligand Productd Yield (%)e Ee (%)f 

1 B 37 36a 28 9 
2 A 37 36a 42 6 
3 A 38 36a 30 12 
4 B 38 36a 40 11 
5 A 39 - - - 
6 B 40 - - - 
7 A 40 - - - 
8 B 41 - - - 
9c A 41 - - - 

10b R - 36a 44 0 
a Method A: A mixture of azirine 28g (1 equiv.) and ligand (1 equiv.) in PhMe was added to a 
precooled solution (�100�5 �C) of MeLi (2 equiv.) in PhMe. Method B: Azirine 28g (1 equiv.) in 
PhMe was added to a precooled (�100�5 �C) solution of MeLi (2 equiv.) and ligand (1 equiv.) in 
PhMe. b  A reference reaction (R) was run where MeLi (2 equiv.) was added to azirine 28g (1 equiv.) 
in PhMe at –78 �C in absence of ligand. c  Reaction run in Et2O. d  Aziridine 31a was mesylated giving 
36a prior to purification and analysis. e Purity >85% according to 1H NMR spectroscopy.                    
f  Determined on a Chiralcel OD-H column. 
 
The alkylations were performed using two different procedures: in method A the 
organolithium reagent was added to a stirred, precooled mixture of 28g and the 
chiral ligand (entries 2, 3, 5, 8, 9, Table 7),84 while in method B a mixture of the 
organolithium reagent and the ligand was added to 28g (entries 1, 4, 6, 7).89 An 
alternative method was needed for reactions with MeLi-toluene solutions since 
this combination clogged the cannulae. Of the ligands tried, only 37 and 38 
promoted formation of aziridine 31a, albeit in modest yields and low ee (entries 
1-4). The use of ligands 39-41 resulted in decomposition of 28g/31a with no 
detectable formation of 31a (entries 5-9). The highest ee was obtained using 
ligand 37 furnishing aziridine 36a in 30% yield and 12% ee (entry 3). A 
comparable result was obtained using method B, affording 36a in 40% yield and 
11% ee (entry 4). The use of stoichiometric amounts of MeLi together with 
equimolar amounts of ligand did not improve the outcome of these alkylations. 
 

3.4.2 Screening of Organolithium Reagents 
Next, various organolithium reagents were evaluated (Table 8). (�)-Sparteine 
(37) was chosen as chiral ligand since it gave best results with MeLi (Table 7). 
Addition of EtLi to azirine 28g in the presence of 37 effected almost no chiral 
induction (entries 2, 3). The addition of PhLi, n-BuLi and vinylLi provided 
aziridines 36c-e with somewhat better ee:s (entries 6, 8, 12). The mass balance of 
these additions indicated loss of approximately 30% of the product upon 
purification, as shown by reference reactions in the absence of ligand (Table 4, 
entry 1,4 and 7). Most reference reactions gave clean conversion without side 

 
89  Inoue, I.; Shindo, M.; Koga, K. and Tomioka, K. Tetrahedron: Asymmetry 1993, 4, 1603-1606. 
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product formation according to TLC and 1H NMR analysis of the crude reaction 
mixtures. Reference reactions with MeLi (Table 7, entry 10) and vinylLi (Table 
8, entry 10) were less clean and yields could not be determined based on crude 
reaction mixtures. 
 
Table 8 Addition of various organolithium reagents to azirine 28g. 

 

 
Entry Methoda Nucleophile  Productc Yield (%) Ee (%)g 

1b R EtLi 36b 55e, 80f 0 
2 A EtLi 36b 47d 2 
3 B EtLi 36b 7d 5 
4b R PhLi 36c 29e, 95f 0 
5 A PhLi 36c 20d 5 
6 B PhLi 36c 30d 15 
7b R n-BuLi 36d 56e, 88f 0 
8 A n-BuLi 36d 15d 16 
9 B n-BuLi 36d 38d 0 

10b R vinylLi 36e 18d 0 
11 A vinylLi 36e 9d 7 
12 B vinylLi 36e 7d 17 

a Method A: A RLi (2 equiv.) solution in PhMe was added to a precooled mixture of azirine 28g (1 
equiv.) and 37 (1 equiv.) in PhMe. Method B: where a solution of RLi (2 equiv.) and 37 (1 equiv.) in 
PhMe was added to a precooled solution of azirine 28g (1 equiv.) in PhMe. b Reference reaction (R) 
where RLi (2 equiv.) was added to azirine 28g (1 equiv.) in PhMe at –78 �C in absence of ligand. c 

Aziridines 31b-e was mesylated giving 36b-e prior to purification and analysis. d Purity >85% 
according to 1H NMR spectroscopy. e Pure aziridines after chromatography. f Crude yield with a 
purity >85% according to 1H NMR spectroscopy. g Determined on a Chiralcel OD-H column. 
 
Compared to the results obtained in the enantioselective addition of 
organolithium nucleophiles to imines these results were quite discouraging.68-70 
One reason for this can be the competing background reaction, which in the case 
of imines was found to be slow in the absence of a chiral ligand.84,90 Azirine 28g 
was found to react readily with RLi at –78 ºC in the absence of a chiral ligand 
suggesting that this electrophile might be too reactive. 3-Alkyl-substituted 
azirines may be less reactive under the reaction conditions applied, but a 3-alkyl-

 
90  Inoue, I.; Shindo, M.; Koga, K. and Tomioka, K. Tetrahedron 1994, 50, 4429-4438. 
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substituted 2H-azirine has been shown to undergo loss of the acidic �-protons 
instead of nucleophilic addition when treated with n-BuLi in THF forming 
lithiated compound 42 (Figure 5).91  
 

Figure 5 It was observed by Belloir et al. that a 3-alkyl-substituted azirine underwent loss of acidic 
�-protons, forming 42, instead of nucleophilic attack when treated with n-BuLi. 

 
In the previous screening for suitable carbon nucleophiles it was found that the 
use of BF3·OEt2 resulted in decomposition of the azirine/aziridine since no 
starting material or product was isolated. The observed rate increase in the 
addition of RLi to imines when a chiral ligand was present can be explained by 
an additional activation of the C=N moiety upon coordination to the RLi-ligand 
complex. Another possible explaination is that coordination of the ligand to a Li 
atom will increase the dissociation between Li and the alkyl, which increases the 
nucleophilicity of the latter. An increased nucleohilicity/basicity in the RLi-
ligand complex compared to RLi may explain the observed decomposition of 
azirine/aziridine in the presence of chiral ligands. Also an increased Lewis 
acidity of the RLi-complex compared to RLi can offer a suitable explanation. 

3.4.3 Determination of Absolute Configuration 
The absolute configuration of the major enantiomer of 31a was determined to be 
(R) by transforming the scalemic reaction mixture into the known N-acyl amino 
alcohol 45 (Scheme 13).92 Aziridine 31a was acetylated, the resulting amide 43 
rearranged into the corresponding oxazoline 44 in the presence of BF3·Et2O, with 
retention of stereochemistry, followed by hydrolysis to give 45.93 Both ligands 
37 and 38 were found to favor formation of (R)-45. 

Scheme 13 Reagents and conditions: (a) Ac2O, Et3N, CH2Cl2,�78 ºC, 1 h; (b) i: BF3·OEt2, THF,    
�50 � 0 ºC, 1.5 h. ii: H2O, 2 h, yield over 2 steps 12%. 
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91 Belloir, P. F.; Laurent, A.; Mison, P.; Bartnik, R. and Lesniak, S. Tetrahedron Lett. 1985, 26, 

2637-2640. 
92 Jarvo, E. R.; Evans, C. A.; Copeland, G. T. and Miller, S. J. J. Org. Chem. 2001, 66, 5522-5527. 
93 (a) Olofsson, B.; Khamrai, U. and Somfai, P. Org. Lett. 2000, 2, 4087-4089; (b) Hori, K.; 

Nishiguchi, T. and Nabeya, A. J. Org. Chem. 1997, 62, 3081-3088. 
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3.5 Addition of Diethylzinc to Azirines 
In order to evaluate whether a competing background reaction caused the low 
enantioselectivity observed in the organolithium addition to azirines it would be 
valuable to use a less reactive nucleophile. Monomeric diethylzinc has an sp 
hybridized, linear geometry and is inert towards simple carbonyl compounds 
because the alkyl-metal bond is rather nonpolar.94 Extensive research has shown 
that various chiral ligands form reactive intermediates promoting alkyl additions, 
especially to carbonyl compounds,95 and also to imines.87,96 Attempts to add 
Et2Zn to azirine 28g were unsuccessful (Figure 6). 
 

Figure 6 Attempts to add diethylzinc to azirine 28g in the presence of chiral ligands. Reagents and 
conditions: (1) Et2Zn, 46, PhMe, �78 ºC � rt, 6 h; (2) Et2Zn, 47 or 48, Ti(OiPr)4, PhMe, �78 ºC � 
�20 ºC over night � rt, 24 h.  

 
When Et2Zn was added to 28g in the presence of 4696,97 no product formation 
could be detected. Attempts to increase the reactivity via addition of Ti(OiPr)4  in 
the presence of ligands 4798 or 4899 gave no improvement.  
 
An alternative approach can be the use of RMgX-sparteine complexes to direct 
the nucleophilic attack of a Grignard reagent. Chiral organolithium reagents may 
be too reactive, while Et2Zn in the presence of a ligand in our hands gave no 
reaction. A chiral Grignard reagent could be expected to show reactivity lower 
than that of RLi and perhaps greater than that of Et2Zn with ligand. Recently Fu 
et al. reported a highly enantioselective desymmetrization of anhydrides by 
nucleophilic attack with RMgX-sparteine complexes.100 Sparteine together with 
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94 Kitamura, M.; Okada, S.; Suga, S. and Noyori, R. J. Am. Chem. Soc. 1989, 111, 4028-4036. 
95 Pu, L. and Yu, H.-B. Chem. Rev. 2001, 101, 757-824. 
96 Soai, K.; Hatanaka, T. and Miyazawa, T. J. Chem. Soc., Chem. Commun. 1992, 1097-1098. 
97 Hayase, T.; Inoue, Y.; Shibata, T. and Soai, K. Tetrahedron: Asymmetry 1996, 7, 2509-2510. 
98 (a) Seebach, D.; Beck, A. K.; Schmidt, B. and Ming Wang, Y. Tetrahedron 1994, 50, 4363-4384; 

(b) Weber, B. and Seebach, D. Tetrahedron 1994, 50, 7473-7484. 
99 (a) Knochel, P.; Almena Perera, J. J. and Jones, P. Tetrahedron 1998, 54, 8275-8319;    

(b) Takahashi, H.; Kawakita, T.; Yoshioka, M.; Kobayashi, S. and Ohno, M. Tetrahedron Lett. 
1989, 30, 7095-7098; (c) Yoshioka, M.; Kawakita, T. and Ohno, M. Tetrahedron Lett. 1989, 30, 
1657-1660. 

100 Shintani, R. and Fu, G. C. Angew. Chem. Int. Ed. Engl. 2002, 41, 1057-1059. 
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Grignard reagents have also been used to catalyze asymmetric stereoselective 
polymerizations.101 Different complexes between RMgX and sparteine have been 
investigated and characterized by X-ray crystallography.102 A similar approach 
with chiral Grignard complexes remains to be tried on azirines. 

3.6 Conclusion 
So far, the enantioselective addition of organolithium reagents to azirine 28g has 
only resulted in modest yields and poor enantioselectivities. Perhaps less reactive 
azirines, forming more stable aziridines, can improve these results. A substrate 
with lower reactivity can be expected to slow down the background reaction. The 
coordination of a chiral ligand to the organolithium reagent seems to give a 
complex with a higher Lewis acidity, which is unfavorable in this application. 
Surprisingly, the azirine was found to be unreactive in the presence of 
diethylzinc and chiral ligands.  

 
101 (a) Kageyama, H.; Miki, K.; Kai, Y.; Kasai, N.; Okamoto, Y. and Yuki, H. Bull. Chem. Soc. Japan 

1984, 57, 1189-1196; (b) Okamoto, Y.; Suzuki, K.; Kitayama, T.; Yuki, H.; Kageyama, H.; Miki, 
K.; Tanaka, N. and Kasai, N. J. Am. Chem. Soc. 1982, 104, 4618-4626. 

102 (a) Kageyama, H.; Miki, K.; Kai, Y.; Kasai, N.; Okamoto, Y. and Yuki, H. Bull. Chem. Soc. Japan 
1983, 56, 2411-2414; (b) Kageyama, H.; Miki, K.; Tanaka, N.; Kasai, N.; Okamoto, Y. and Yuki, 
H. Bull. Chem. Soc. Japan 1983, 56, 1319-1321; (c) Kageyama, H.; Miki, K.; Kai, Y.; Kasai, N.; 
Okamoto, Y. and Yuki, H. Acta Cryst. 1982, B38, 2264-2266. 
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4 Diels-Alder Reactions with  

 2H-AzirinesIII, IV 

 
4.1 Introduction 
A useful method for the synthesis of six-membered rings is the Diels-Alder 
reaction. The aza-Diels-Alder reaction provides a useful method for the 
incorporation of a nitrogen atom in the ring structure with the possibility to 
control the regio- diastereo- and enantio-selectivity.103 The hetero Diels-Alder 
reaction of imines with dienes forming nitrogen-containing cycloadducts is 
therefore a valuable manoeuvre.104 The reactivity of the imines can be increased 
by activating groups such as sulfonyls or carbonyls and are commonly used to 
promote imine reactivity in Diels-Alder reactions. These activating groups may 
be attached either to the imine carbon, or the nitrogen atom or to both. MO 
calculations have suggested that carbonyl substituents to be more activating than 
sulfonyl ones, with a more pronounced effect for electron withdrawing 
substituents bounded to the imine carbon atom than those bounded to nitrogen.105 
A possible route to circumvent this necessary activation is the replacement of the 
imine moiety with a more reactive species, such as a 2H-azirine. A Diels-Alder 
reaction involving an azirine is exemplified in Figure 7 (a) by the reaction 
between 3-phenyl-2H-azirine and Danishefsky´s diene. 
 

Figure 7 Basic concepts of the Diels-Alder reaction. 

 
The symmetry allowed Diels-Alder reaction can take place either by a normal 
electron-demand HOMOdiene-controlled process (b), or through a inverse 
electron-demand LUMOdiene-controlled reaction (c).106 2H-Azirines were initially 
found to participate in inverse electron-demand Diels-Alder reactions with 
highly reactive dienes.27,107 Later azirines bearing an electron withdrawing 3-
substituent were found to participate in normal electron-demand Diels-Alder 
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Angew. Chem. Int. Ed. Engl. 2000, 39, 3558-3588; (c) Yao, S.; Saaby, S.; Hazell, R. G. and 
Jørgensen, K. A. Chem. Eur. J. 2000, 6, 2435-2448; (d) Tietze, L. F. and Kettschau, G. Top. 
Curr. Chem. 1997, 189, 1-120; (e) Weinreb, S. M. In Comprehensive Organic Chemistry; 
Paquette, L. A. Ed.; Pergamon press: Oxford, 1991; Vol. 5, pp 401-449. 

104 (a) Carruthers, W. Cycloaddition reactions in organic synthesis; Pergamon press: Exeter, 1990; 
(b) Weinreb, S. M. Acc. Chem. Res. 1985, 18, 16-21. 

105 Whiting, A. and Windsor, C. M. Tetrahedron 1998, 54, 6035-6050. 
106 Flemming, I. Frontier Orbitals and Organic Chemical Reactions; Wiley: New York, 1976. 
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reactions.12,22,64,108,109 These reactions proceed with endo selectivity with respect 
to the three-membered ring and with the regiochemistry expected from bonding 
of the more nucleophilic terminus of the diene to the electrophilic carbon of the 
azirine.12 An exception to the preferred endo selectivity was seen in the reaction 
between furan and an azirine giving the exo-product.110 
 
The use of chiral Lewis acids offers an interesting approach for enantioselective 
Diels-Alder reaction with azirines. It would also be interesting to substantiate 
whether the use of Lewis acids, presumably coordinated to the nitrogen lone pair 
in the 2H-azirine, would allow azirines without electron withdrawing 
substituents in the 3-position to undergo normal electron-demand Diels-Alder 
reactions. To investigate this, a screening for suitable Lewis acids was initiated.  

4.2 Screening of Lewis Acids  
The reaction of 28d with Danishefsky´s diene 49 to produce 1-azabicyclo[4.1.0]-
heptene 50 was adopted as the model reaction for investigating the effect of 
various Lewis acids on the cycloaddition (Table 9).  
 
Table 9 Cycloaddition of azirine 28d with diene 49 catalyzed by various Lewis acids. 

 

 
Entrya Lewis acid Temp. (ºC) Time (h) Yield 50 (%)d 

1 ZnCl2 75 12 40 
2 YbCl3 75 12 55 
3 CuCl2 75 12 35 
4 ScCl3 75 12 30 
5e BF3·Et2O �78 � -60 0.3-0.4 45 
6 FeCl3

c 
�78 � rt 16 -f 

7 InCl3
b 

�70 48 -f 

8 Cu(OTf)2
b 

�70 12 -f 

9 - 75 72 0g 
a  Reactions were performed in PhMe at 75 ºC with diene 49 (1 equiv.), azirine 28d (1 equiv.), and 
Lewis acid (0.2 equiv.) unless otherwise stated. b  0.2 equiv. of Lewis acid were used. c  Conducted in 
Et2O with 0.5 equiv. Lewis acid. d  Isolated yield. e  Conducted in CH2Cl2 at –78 to –60 ºC. f  Reaction 
conducted until decomposition of 28d was evident. g  The starting material was recovered. 
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A series of azaphilic Lewis acids were selected for initial screening (entries 1-4 
and 6-7).4,111 In all cases elevated reaction temperatures were required to effect 
the cycloaddition. After varying reaction times adduct 50 was obtained as a 
single detectable isomer in moderate yields. Addition of BF3·Et2O promoted the 
formation of 50 at –70 ºC (entry 5), and proved to be the most potent Lewis acid 
tried. Attempts with BBr3 and BCl3 gave no reactions at low temperature, while 
the reaction at ambient temperature resulted in decomposition of 28d; similar 
results were obtained with FeCl3 (entry 6). InCl3 (entry 7) and Cu(OTf)2 (entry 8) 
resulted in decomposition of the starting material. A reaction performed in the 
absence of Lewis acid activation at elevated temperatures provided only starting 
materials after 72 hours (entry 9). 
 
The reaction of azirine 28d and diene 49 was found to give the endo isomer 50 
as the sole cycloadduct, which is consistent with literature data.12 The structure 
of bicycle 50 was assigned by NMR experiments in analogy with similar 
compounds in the literature (Figure 8).109 The COSY spectrum showed couplings 
between H-2 and H-3, H-2 and H-5�, and H-5� and H-7exo, while an interaction 
between H-5� and H-7endo was evident in the NOESY spectrum. 
 

Figure 8 Structure of adduct 50. 

4.3 Investigation of Scope and Limitations 
It would be beneficial if the Lewis acid-mediated Diels-Alder methodology 
could also be applied to other 2H-azirines. Therefore two additional azirines, 3-
(2-phenyl)ethyl-2H-azirine (28h) and benzyl 2H-azirine-3-carboxylate (28a) 
were applied under similar reaction conditions in the Diels-Alder reaction. 
Cycloaddition of 28h with 49, catalyzed by YbCl3, looked promising according 
to TLC and NMR spectra of the crude reaction mixture, but the product 
decomposed upon purification (Table 10, entry 1). 2H-Azirines harboring an 
ester-substituent in the 3-position undergo thermal Diels-Alder cycloadditions 
with a variety of dienes.12,20  
 
There is a potential for utilizing the ester carbonyl as a second site of 
coordination for a Lewis acid to further facilitate the [4+2] process. Use of 28a, 
together with 49 and YbCl3 at –20 ºC gave 57 in 65% yield (Figure 10, Table 10, 
entry 2). Cycloaddition of 28a and 49 in the absence of Lewis acid gave 57 in 
similar yield, 61%, after 18 hours at room temperature (entry 3). 
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111 Kobayashi, S.; Ishitani, H. and Nagayama, S. Synthesis 1995, 1195-1202. 
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Figure 9 Dienes used in the Diels-Alder reaction with 2H-azirines. 

 

Figure 10 Cycloadducts obtained in Diels-Alder reactions. 

 
Table 10 Diels-Alder reactions of azirines 28a, 28d and 28h with various dienes. 

Entry Diene/Azirine Lewis acid 
(equiv.) 

Temp. (ºC) Time (h) Product (%) 

1b 49/28h YbCl3 (0.2) rt 48 -d 
2a 49/28a YbCl3 (0.3) �20 3 57 (65) 
3a 49/28a - rt 18 57 (61) 
4b 51/28d - 50 48 - 
5b 51/28d BF3·Et2O (0.6) �78 2 58 (25) 
6a 51/28a ZnCl2 (0.1) �20 12 59 (32) 
7a 51/28a - rt 24 59 (31) 
8c 52/28a - rt 1 60 (48) 
9c 53/28d YbCl3 (0.3) 90 6 61 (50) 

10c 53/28d - 90 12 61 (48) 
11c 53/28h YbCl3 (0.3) 90 12 62 (36) 
12c 53/28h - 90 72 62 (32) 
13c 54/28d ZnCl2 (0.3) 75 8 63 (50) 
14a 55/28a YbCl3 (0.3) �20 4 64 (52) 
15a 55/28a - rt 18 64 (30) 

a  Conducted in Et2O. b  Conducted in CH2Cl2 
c Conducted in PhMe. d Decomposed upon work-up. 
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4.3.1 Screening of Dienes 
Next various dienes (Figure 9) were screened together with azirines 28a, 28d and 
28h to form new cycloadducts (Figure 10). The cycloaddition of 28d with 51 
was unsuccessful at elevated temperature (entry 4) and was attempted using 
BF3·Et2O at –78 ºC (entry 5) After 2-3 hours a compound assigned to structure 
58 was isolated in 25% yield. All spectroscopic data obtained were consistent 
with the proposed structure of 58, which can be formed via a Lewis acid-
mediated rearrangement of the Diels-Alder product 65 (Scheme 14). Attempts to 
isolate 65 before rearrangement were unsuccessful. 
 

Scheme 14 Rearrangement of cycloadduct 65. 

 
Reacting diene 51 with 28a, in the presence of ZnCl2, gave 59 in 32% yield 
(entry 6). Compound 59 was also obtained in a similar yield after 24 hours at 
room temperature (entry 7). No Lewis acid was found that catalyzed the 
formation of 60, which instead was formed in 48% yield after one hour at room 
temperature (entry 8). Diene 53 was found to be reactive, probably due to its 
activating –OTMS group and the fact that it is locked in a s-cis conformation. In 
the presence of YbCl3 cycloadducts 61 and 62 were obtained, from diene 53 and 
28d or 28h in yields similar to those of their uncatalyzed reactions but in shorter 
reaction times (entries 9-12). The cycloaddition of 28d with 54 catalyzed by 
ZnCl2 gave 63 in 50% yield (entry 13). Azirine 28a was reacted with 55 in the 
presence of YbCl3, and gave 64 in 52% yield after 4 hours at –20 ºC (entry 14), 
while 18 hours at room temperature was needed to accomplish the reaction in 
30% yield in the absence of Lewis acid (entry 15). Consequently, most Diels-
Alder reactions attempted were catalyzed by either ZnCl2 or YbCl3 and gave the 
desired cycloadduct in yields similar to those of the uncatalyzed process. 
Catalyzed reactions were faster and could often be run at lower temperatures. 

4.3.2 Stereo- and Regioselectivity 
All cycloadditions were found to be highly stereoselective and regioselective in 
agreement with literature data (Table 9 and 10).12 Structures were consistent with 
endo additions with respect to the three-membered ring and with the 
regiochemistry expected from bonding of the more nucleophilic terminus of the 
diene to the electrophilic carbon atom of the azirine. Reaction with furan (56) 
was found to give the exo selective cycloadduct,110 but all our attempts to 
achieve cycloadducts with 56 have so far been unsuccessful.  
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4.4 Ring Opening of Cycloadducts 
The regiochemistry associated with the ring opening of bicyclic aziridines 
appears to be a complex issue.7 Aziridine 59 could conceivably experience attack 
of a nucleophile at either C6 or C7 forming the corresponding six- or seven-
membered rings 66 and 67 (Scheme 15).  

 

Scheme 15 Ring opening of cycloadduct 59 can take place at either C6 or C7. 

 
Attack at C6 is favored by better stabilization of the transient positive charge in 
the TS, while attack at C7 is favored by steric reasons and also by forming the 
thermodynamically more stable six-membered ring. Initially we were convinced 
that steric interactions would give ring opening at C7. It was later found that the 
cycloadduct 68, bearing a chiral auxiliary, underwent stereoselective ring 
opening with Cl-, Br-, and I-ions at C6 to form the seven-membered ring 69, a 
structure confirmed by X-ray crystallography for the bromo compound (Scheme 
16).112 

 

Scheme 16 Selective ring opening of cycloadduct 68. 

 
In agreement with this observation the ring opening of cycloadducts 50 and 59 is 
likely to proceed via attack at C6 to give the seven-membered ring and not, as 
previously proposed, the six-membered analog. 
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112 Sjöholm Timén, Å.; Fischer, A. and Somfai, P. Chem. Commun. 2003, 1150-1151. 
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4.4.1 Attempts to Ring Open the Cycloadduct with Carbon Nucleophiles 
It would be useful to find suitable carbon nucleophiles that allow for the 
selective ring opening of the aziridine moiety in the cycloadducts. Due to the 
electrophilicity of the ester functionality of 59, organocuprate additions, which 
tend to be unreactive towards esters, were attempted.113 Ring opening of 
activated aziridines with organocuprates,114 or copper-catalyzed Grignard 
reagents,115 have been described. All attempts to ring open 59, using various 
cuprates and copper-catalyzed Grignard reagents, to obtain the bicyclic 
compounds 70 and 71 were unsuccessful (Scheme 17). Ring opening reactions of 
aziridines bearing non-activating N-substituents (H, alkyl, aryl) usually require 
protonation, quaternization or Lewis acid complexation of the basic nitrogen.8 
The ring opening of non-activated aziridines with organocuprates has been 
achieved by BF3·OEt2 activation,116 but only decomposition of aziridine 59 was 
observed under these reaction conditions. 
 

Scheme 17 Attempted ring opening of 59. Examples of reagents and conditions tested: 1) Me2LiCu, 
BF3·Et2O, THF/Et2O, �78 �C, 1.25 h; 2) Me2LiCu, Et2O, �78�C � rt, 14 h; 3) Me2CNCuLi2, THF, 
�78 �C � rt, 14 h; 4) MeMgBr, CuI, THF, �35 � 10 �C, 4 h. 

 

4.5 Conclusion 
We have shown that various 2H-azirines undergo cycloaddition reactions with a 
number of dienes and that Lewis acids catalyze these reactions. The reactivity of 
Lewis acids is strongly influenced by donor atoms/ligands, and halides seem to 
be favored compared to stronger/more electronegative ligands such as –OTf. The 
corresponding aziridines were obtained in moderate yields, which can be 
explained by Lewis acid catalyzed dimerization or decomposition of the azirines, 
but also Lewis acid promoted decomposition of the obtained product. The choice 
of an appropriate Lewis acid remains a difficult task and optimization is 
generally required for each individual substrate.  

 
113 Carey, F. A. and Sundberg, R. J. Advanced Organic Chemistry Part B: Reactions and Synthesis; 

3:rd ed.; Plenum Press: New York, 1990. 
114 (a) Church, N. J. and Young, D. W. Tetrahedron Lett. 1995, 36, 151-154; (b) Baldwin, J. E.; 

Spivey, A. C.; Schofield, J. and Sweeney, J. B. Tetrahedron 1993, 449, 6309-6330. 
115 (a) Müller, P. and Nury, P. Helv. Chim. Acta 2001, 84, 662-677; (b) Müller, P. and Nury, P. Org. 

Lett. 1999, 1, 439-442; (c) Gajda, T.; Napieraj, A.; Osowska-Pacewicka, K.; Zawadzki, S. and 
Zwierzak, A. Tetrahedron 1997, 53, 4935-4946. 

116 Eis, M. J. and Ganem, B. Tetrahedron Lett. 1985, 26, 1153-1156. 
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5  Alkyl Radical Additions to 

2H-Azirine-3-CarboxylatesV, VI 

5.1 Introduction 

5.1.1 General Background 
The addition of carbon centered radicals to acceptors offers numerous 
advantages compared to an anionic approach, such as high reactivity, mild and 
neutral reaction conditions, excellent regio- and chemoselectivity, good tolerance 
towards moisture and a high acceptance of protecting groups.117 Organometallic 
compounds exhibit a dual role as nucleophiles and bases. These compounds are 
normally cluttered with counter ions and/or aggregation spheres making them 
rather bulky, while radical intermediates are ideally suited for addition to 
sterically crowded bonds. 
 
In contrast to other reactive species used in organic synthesis virtually all 
radicals react rapidly with themselves and are therefore commonly generated in 
the presence of the substrate. Most radicals are transient with a lifetime that 
rarely exceeds 1 �s, limited by their rate of self reaction. The activation enthalpy 
in radical-radical reactions is normally �0 kcal mol-1 and typically occurs with a 
diffusion controlled rate. Carbon radicals bearing conjugating- or electron-
donating substituents, such as benzyl or tert-Butyl, are usually less reactive but 
will still react with another radical at a diffusion-controlled rate. 
 
Radical reactions with the solvent are possible and may be of concern mainly 
with ethers, CCl4, CHCl3 and solvents with benzylic protons, typically toluene, 
but these restrictions apply primarily to radical reaction at slow or intermediate 
rates.118 The concentration is of great importance since the relative rates of 
competing radical processes and the efficiency of radical chain reactions are 
highly dependent on this factor.  
 
Radicals can be divided into three sub-groups: nucleophilic, electrophilic and 
ambiphilic radicals. In analogy to reactions with ionic species, nucleophilic 
radicals preferably react with electron-poor acceptors, while the opposite is true 
for electrophilic radicals. Ambiphilic radicals can react with both electron-rich 
and poor acceptors. As a result, the SOMO of a radical can interact with either

 
117 (a) Jasperse, C. P.; Curran, D. P. and Fevig, T. L. Chem. Rev. 1991, 91, 1237-1286; (b) Giese, 

B. Radicals in Organic Synthesis: Formation of Carbon-Carbon Bonds; Baldwin, J. E. ed.; 
Pergamon Press: Oxford, 1986; Vol. 5. 

118 Reactions with a product formation rate of 102-103 s-1 are experimentally difficult to conduct. 
Reactions with rates of 104-105 s-1 are manageable and those with rates >106 s-1 are usually 
conducted with ease. See reference: Curran, D. P. In Comprehensive Organic Synthesis; Trost, 
B. M. and Fleming, I. Eds.; Pergamon Press: Oxford, England, 1991; Vol. 4, pp 715-777. 
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the HOMO or the LUMO of the acceptor. Most alkyl radicals are classified as 
nucleophilic radicals with a high energy SOMO and will undergo a fast reaction 
with the low energy LUMO of the electrophile. The nucleophilicity of a carbon 
centered radical is affected by alkyl-substituents and increasing substitution 
serves to raise the energy of the SOMO orbital, resulting in a small rate 
enhancement in the addition to electron-poor alkenes.119  
 
Different approaches have been utilized for the generation of radicals. A common 
method is the use of initiators such as AIBN and many of these require elevated 
temperatures and might be unsuitable to use together with sensitive substrates. 
An alternative method for generating alkyl radicals is the use of 
organoboranes/O2,120 a procedure that also works well at low temperatures (�78 
ºC).121,122 The formed radical can react further as exemplified in Scheme 18, 
where the ethyl radical is generated in the initiation step and then undergoes an 
iodine atom-transfer in the presence of an alkyl iodide to form the corresponding 
alkyl radical. This iodine exchange is fast and efficient when the alkyl radical is 
more stable than the ethyl radical. 
 

Scheme 18 Mechanism of the Et3B-mediated iodine atom-transfer reaction. 

 

5.1.2 Addition of Alkyl Radicals to Imine Derivatives 
In the search for new efficient and broad spectrum methods of generating chiral 
amines, radical addition to imine derivatives has become an attractive 
alternative.123,124 Compared to the intramolecular radical cyclization involving 
the C=N bond as a radical acceptor,125 the intermolecular addition to imine 
derivatives has attracted less attention.123 Oxime ethers and hydrazones (Figure 
11) are by far the most commonly used acceptors, since non-activated imines are 
less reactive and more prone to hydrolysis and tautomerization.124 
 

Figure 11 Structures of reactive imine derivatives.  

Et3B + O2 Et2BOO  + EtInitiation:
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119 Giese, B.; Dupuis, J.; Haßkerl, T. and Meixner, J. Tetrahedron Lett. 1983, 24, 703-706. 
120 Ollivier, C. and Renaud, P. Chem. Rev. 2001, 101, 3415-3434. 
121 Miyabe, H.; Ushiro, C.; Ueda, M.; Yamakawa, K. and Naito, T. J. Org. Chem. 2000, 65, 176-185. 
122 (a) Miyabe, H.; Fujii, K. and Naito, T. Org. Lett. 1999, 1, 569-572; (b) Miyabe, H.; Shibata, R.; 

Sangawa, M.; Ushiro, C. and Naito, T. Tetrahedron 1998, 54, 11431-11444; (c) Bertrand, M. P.; 
Feray, L.; Nouguier, R. and Stella, L. Synlett 1998, 780-782. 

123 Miyabe, H.; Ueda, M. and Naito, T. Synlett 2004, 1140-1157. 
124 Friestad, G. K. Tetrahedron 2001, 57, 5461-5496.  
125 (a) Naito, T. Heterocycles 1999, 50, 505-541; (b) Fallis, A. G. and Brinza, I. M. Tetrahedron 

1997, 53, 17543-17594. 
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Oxime ethers and hydrazones also have the ability to stabilize a formed 
intermediate aminyl radical by interaction of the SOMO with the lone pair on the 
adjacent heteroatom.123 One way to further improve the reactivity of such imine 
derivatives is the introduction of electron withdrawing substituents, such as 
esters or amides, at the R1 and/or R2 positions. Another alternative is the 
coordination of a Lewis acid to the imine nitrogen atom. Both these approaches 
will lower the LUMO energy of the C=N bond and thereby decrease the energy 
gap between the former and the SOMO of the nucleophilic radical. Highly 
reactive 2H-azirines offer a third possibility to more activated C=N bonds and 
were recently described as radical acceptors.23 Our achievements in the area of 
alkyl radical additions to 2H-azirines are outlined in this chapter. 
 
There are two main routes to induce stereoselectivity in intermolecular alkyl 
radical additions; use of a chiral Lewis acid (Figure 12, approach 1) or 
application of a covalently bound chiral auxiliary (approach 2).123,124,126 In both 
reactions the chiral ligand/auxiliary create steric restrictions, directing the 
approach of the attacking radical.  
 

Figure 12 Two approaches for the asymmetric radical addition to 2H-azirines. 

 
Generally a chiral Lewis acid approach is preferred since no additional steps will 
be added to the reaction sequence. The possible use of chiral Lewis acids in 
catalytic amounts is another advantage. A catalytic use of the Lewis acid 
normally requires an increased reaction rate when the substrate is coordinated to 
the chiral Lewis acid compared to the background reaction. It is also important 
that the product is less Lewis basic than the starting material. Formation of 
Lewis basic products require stoichiometric amounts of the Lewis acids for 
complete conversion, since the Lewis acid will remain coordinated to the 
product. The use of chiral Lewis acids was attempted in the organolithium 
addition to an azirine, as described in chapter 4. Chiral Lewis acids were also 
used in Diels-Alder reactions with azirine 28a as dienophile.20 In both these 
examples only limited yields and selectivities were obtained.  
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126 (a) Sibi, M. P.; Manyem, S. and Zimmerman, J. Chem. Rev. 2003, 103, 3263-3295; (b) Renaud, 
P. and Gerster, M. Angew. Chem. Int. Ed. Engl. 1998, 37, 2562-2579. 
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5.2 Alkyl Radical Additions to Azirines 
It has been shown by our group that chiral 2H-azirine-3-carboxylates undergo 
highly diastereoselective aza-Diels-Alder reactions under Lewis acid 
activation.20,112 Also the alkyl radical addition to a chiral 2H-azirine-3-
carboxylate was shown to proceeded with high degree of stereoselectivity.23 
Excellent diastereoselectivities and good yields were obtained in alkyl radical 
additions to the C=N bond in a glyoxylic oxime ether attached to Oppolzer’s 
sultam ((+)-10,2-camphorsultam).121,123,127 Based on these promising results we 
decided to investigate if chiral auxiliaries could be used to induce 
diastereoselectivity in the alkyl radical addition to azirines, using Et3B/O2 as 
initiator (Scheme 19).  

 
Scheme 19 Ethyl radical addition to azirines 28b and 28c. 

5.2.1 Evaluation of Solvent Effects on the Selectivity 
The influence of various solvents in the alkyl radical addition to azirines 28b and 
28c was investigated (Scheme 19, Table 11).  
 
Table 11 Evaluation of solvents in alkyl radical additions to azirines 28b and 28c.a 

Entry Azirine Solvent Product Yield (%)b Ratioc 
1 28b CH2Cl2 72a, 73a  77 91:9d 
2 28b Et2O 72a, 73a 73 91:9d 
3 28b Toluene 72a, 73a 64 86:14d 
4 28b THF 72a, 73a 58 68:32d 
5 28c CH2Cl2 74, 75 95 79:21e 
6 28c Et2O 74, 75 81 76:24e 
7 28c Toluene 74, 75 80 81:19e 
8 28c THF 74, 75 95 75:25e 

a Reaction conditions: Azirine (1 equiv.), EtI (10 equiv.), Et3B (5 equiv.), O2 (5 mL), CH2Cl2,      
�105 ºC, 5 min. b Isolated yield. c Determined by HPLC. d ratio of 72a/73a. e ratio of 74/75. 
 
The best selectivities in these radical additions were achieved with azirine 28b in 
CH2Cl2 or Et2O giving 72a/73a in good yields and dr (Table 11, entries 1, 2). 
Toluene and THF gave lower yields and selectivities (entries 3, 4). The ethyl
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radical addition to azirine 28c gave the corresponding aziridines 74/75 in good to 
excellent yields, but with moderate selectivities (entries 5-8). As a result, azirine 
28b was chosen as the substrate for further investigations and CH2Cl2 was 
selected as solvent. 
 

5.2.2 Influence of Temperature  
Next, the dependence of the temperature on the dr in the radical addition to 
azirine 28b was studied (Scheme 19, Table 12).  
 
Table 12 Influence of temperature on the selectivity in radical additions to azirine 28b.a 

Entry Temperature Yield (%)b Dr 72a:73ac 
1 -105 ºC 77 91:9 
2 -78 ºC 76 88:12 
3 -40 ºC 72 85:15 
4 -20 ºC 80 72:28 
5 0 ºC 70 66:34 
6 rt 65 55:45 

a Reaction conditions: Azirine 28b (1 equiv.), EtI (10 equiv.), Et3B (5 equiv.), O2 (5 mL), CH2Cl2,      
5 min. b Isolated yield. c Determined by HPLC. 
 
As expected the highest dr was obtained at �105 °C (entry 1), but the selectivity 
dropped only slightly when the temperature was raised to �40 °C (entries 2, 3). 
Temperatures at and above �20 °C gave a more pronounced decrease in the dr 
with a ratio of almost 1:1 at room temperature (entries 4-6). 

5.2.3 Carbon Radical Exchange via Iodine Atom-Transfer 
We then focused on the addition of other carbon radicals. This can be achieved 
via an iodine atom-transfer process in which the ethyl radical reacts with an alkyl 
iodide to form ethyl iodide and an alkyl radical (Scheme 20).120 For this to be 
successful the generated radical (R·) must be more stable than the initial ethyl 
radical, thus shifting the equilibrium towards R·. 
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Scheme 20 Iodine atom-transfer can be used to generate a new reacting radical. 

 
To evaluate this approach, three secondary and tertiary alkyl iodides were chosen 
for an initial screening (Table 13).  
 
Table 13 Use of alkyl iodides in the radical addition to 28b.a 

Entry RI Yield (%)b Dr 72a:73ac 
1 i-PrI 58 94:6 
2 t-BuI 62 93:7 
3 c-C6H11I 71 94:6 
4 c-C6H11Id 82 89:11 

a Reaction conditions: Azirine 28b (1 equiv.), RI (10 equiv.), Et3B (5 equiv.), O2 (5 mL), CH2Cl2, 
�105 ºC, 5 min. b Isolated yield. c Determined by HPLC. d Freshly distilled before use. 
 
Treatment of azirine 28b with Et3B/O2 at �105 °C in the presence of alkyl 
iodides resulted in addition of the ethyl radical in moderate to good yields and 
high diastereoselectivities with no addition of other radicals than ethyl detected 
(Table 13, entries 1-3). Bearing in mind that the atom transfer rate can be slow at 
low temperatures and that all starting material was consumed after 5 minutes at 
�105 °C, these observations are reasonable.23,128 In order to promote the atom 
transfer, a reaction with a tenfold excess of s-BuI was undertaken at �40 °C. This 
temperature was believed to maximize the iodine atom-transfer, while retaining 
an acceptable level of diastereoselectivity. It has also been shown that a similar 
iodine atom-transfer process proceeded well in the carbon radical addition to a 
chiral 2H-azirine-3-carboxylate at –40 ºC.23 However, this reaction resulted in a 
non-separable mixture of aziridines 72a/73a and 72e/73e (Scheme 22), with the 
former being the major product. This indicates that the azirine is too reactive as 
an acceptor to allow the iodine atom-transfer to take place.  
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More surprisingly, the presence of these alkyl iodides increased the dr in all three 
reactions (Table 13, entries 1-3). These commercially available alkyl iodides 
were stabilized with metallic copper, the salts of which are well known to act as 
Lewis acids.129 When the reaction was repeated with freshly distilled c-C6H11I 
the dr dropped, supporting the notion of Cu salts acting as Lewis acids (entry 4).  

5.2.4 Influence of Lewis Acids on the Selectivity 
Consequently, we decided to screen a number of Lewis acids to investigate their 
influence on dr (Table 14).  
 
Table 14 Influence of an additional Lewis acid in the alkyl radical addition to 28b.a 

Entry Reaction time (min) Lewis acid/ equiv. Yield (%)b Dr 72a/73ac 
1 5 - 81 91:9 
2 5 AgOTf/ 0.1 52 96:4 
3 5 CuCl/ 0.1 53 96:4 
4 5 Cu(OTf)2/ 0.1 54 75:25 
5 5 In(OTf)3/ 0.1 16 90:10 
6 5 YbCl3/ 0.1 28 90:10 
7 60 CuCl/ 0.1 69 96:4 
8 60 CuI/ 0.1 58 91:9 
9 60 (CuOTf)2·toluene/ 0.1 61 92:8 

10 60 MgBr2·OEt2/ 0.1 37 86:14 
11 60 ZnCl2·OEt2/ 0.1 42 91:9 
12 60 AgOTf/ 2 62 88:12 
13 60 CuCl/ 2 65 89:11 

a Reaction conditions: Azirine 28b (1 equiv.), Et3B (3 equiv.), Lewis acid, O2 (5 mL), CH2Cl2, �105 
ºC. b Isolated yield. c Determined by HPLC. 
 
Strong Lewis acids, such as BF3·OEt2 and SnCl4, were found to cause instant 
decomposition of azirine 28b. Therefore five different Lewis acids were initially 
evaluated (entries 2-6). Catalytic amounts of AgOTf or CuCl increased the dr, 
giving aziridine 72a/73a in moderate yields (entries 2, 3), while treatment with 
Cu(OTf)2 significantly decreased the dr (entry 4). Neither In(OTf)3 or YbCl3 
altered the diastereoselectivity, but caused a dramatical lowering of the yields 
(entries 5, 6). The presence of an additional Lewis acid lowered the yield in this 
alkyl radical addition, which was due to unreacted azirine, as indicated by TLC. 
In light of this, the reaction time was increased to 60 minutes in the subsequent 
experiments. Three Cu(I) salts were evaluated to investigate the importance of 
the counter ion (entries 7-9). Good yields were obtained in all cases, while the 
selectivities for reactions involving (CuOTf)2·toluene complex and CuI were the 
same as those for the uncatalyzed reaction. These results might be explained by 
the influence of the counter ions on the Lewis acidity, where the use of fluorides 
or chlorides give rise to stronger Lewis acids than the use of bromides and 

129 Sibi, M. P. and Cook, G. R. In Lewis Acids in Organic Synthesis; Yamamoto, H. Ed.; Wiley: 
Weinheim, 2000; Vol. 2, pp 543-574. 
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iodides, independently of the oxidation state of copper.129 The Lewis acidity of 
the (CuOTf)2·toluene complex is more difficult to predict. It has been stated that 
Cu(II) Lewis acids are stronger than the corresponding ones formed by Cu(I), 
which can explain the stronger influence of Cu(OTf)2 compared to the 
(CuOTf)2·toluene complex (compare entry 4 with 9). In our study of Lewis acid-
catalyzed aza-Diels-Alder reactions with azirine 28b the most efficient Lewis 
acids were MgBr2·OEt2 and ZnCl2·OEt2.20,112 These Lewis acids were therefore 
also employed in the alkyl radical addition, but gave poor yields and similar or 
decreased dr compared to the uncatalyzed reaction. Radical additions were 
attempted with stoichiometric amounts of Lewis acid to investigate if the 
outcome could be further improved (entries 12, 13). Surprisingly, the 
diastereoselectivities observed in the presence of stoichiometric amounts of CuCl 
and AgOTf were lower than for the uncatalyzed reaction. From this screening it 
is shown that Lewis acid activation not only influences the dr, but also decreases 
the reactivity of 28b to various extents, with the most pronounced effect 
observed with YbCl3 and In(OTf)3. 

5.2.5 Preparation of Trialkylboranes 
From the results in Table 14 it is clear that it is not possible to evoke an atom 
transfer sequence in the addition to 28b. An alternative approach is to use 
trialkylboranes/O2 to generate the reacting radical (Scheme 21). 130,131 
 

 
Scheme 21 The use of various R3B to generate alkyl radicals. 

 
However, three equivalents of R3B were required for successful alkyl radical 
addition to azirine 28b. Reactions performed with 0.5 or 2 equivalents of Et3B 
only yielded traces of aziridines 72a/73a. Trialkylboranes coordinated to a donor 
atom such as oxygen or nitrogen might be less inclined to react with O2 to 
generate alkyl radicals, and consequently the formation of radicals from such 
species may be retarded. A decrease in the reactivity towards autoxidation, in the 
order R3B>R2BOR>RB(OR)2 has been observed.132 The need for excess amounts 
of R3B also supports that R3B plays multiple roles as Lewis acid, radical initiator, 
and terminator.23,133 With atom efficiency in mind, it would be valuable if a 
radical initiator carrying less than three R groups could be applied. B-Alkyl

R3B
O2

R
O

Ph

O

N
H

R

initiator primary radical

28b

130 Brown, H. C.; Rogic, M. M.; Rathke, M. W. and Kabalka, G. W. J. Am. Chem. Soc. 1967, 89, 
5709-5710. 

131 Suzuki, A.; Arase, A.; Matsumoto, H.; Itoh, M.; Brown, H. C.; Rogic, M. M. and Rathke, M. W. J. 
Am. Chem. Soc. 1967, 89, 5708-5709. 

132 Davies, A. G.; Ingold, K. U.; Roberts, B. P. and Tudor, R. J. Chem. Soc. (B) 1971, 698-712. 
133 (a) Miyabe, H.; Ueda, M.; Yoshioka, N.; Yamakawa, K. and Naito, T. Tetrahedron 2000, 56, 

2413-2420; (b) Miyabe, H.; Ueda, M.; Yoshioka, N. and Naito, T. Synlett 1999, 465-467. 
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catecholboranes have been used as radical sources in reactions with enones, vinyl 
sulfones and in direct allylations.134 Disappointingly, attempts with B-propyl 
catecholborane as a radical initiator only gave decomposition of azirine 28b. An 
increase in the Lewis acidity of the B-alkyl catecholborane, due to the more 
electronegative character of the oxygen-donor atoms compared to Et3B, might be 
responsible for this outcome. By the same reasoning boranes with N- or S- 
ligands can be expected to give similar results.135 Also a B-alkylboracyclane has 
been used as an initiator but this method is limited to additions of secondary and 
tertiary alkyl radicals.136 The hydroboration with 9-BBN offers another alkyl 
source, but this approach was not evaluated since 9-BBN has been found to work 
as a radical initiator at low temperatures even in the absence of O2.137 
 
Convenient methods for the preparation of various R3B reagents by 
transmetallation or hydroboration reactions were found in the literature. Indeed, 
trialkylboranes could be obtained by addition of RMgBr to a dilute solution of 
BF3·OEt2.138 It is important that the formed Mg(II)-salts can be separated from 
the reaction mixture since they are Lewis acids and can affect the dr. In the 
preparation of (allyl)3B and (i-Pr)3B the Mg(II)-salts precipitated while in the 
preparation of (2-methylallyl)3B and (C6H11CH2CH2)3B they were soluble. 
Hydroboration worked well when the borane-THF complex was generated in situ 
prior to addition of the olefin.131,139  

5.2.6 Addition of Carbon Nucleophiles to 28b 
To investigate the scope and limitations of the radical addition reaction, alkyl 
radicals generated from a number of alkylboranes were reacted with 28b 
(Scheme 22, Table 15). 
 

Scheme 22 Addition of various alkyl radicals to azirine 28b. 
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134 Schaffner, A.-P.; Becattini, B.; Ollivier, C.; Weber, V. and Renaud, P. Synthesis 2003, 2740-1742. 
135 Thaisrivongs, S. and Wuest, J. D. J. Org. Chem. 1977, 42, 3243-3247. 
136 Brown, H. C. and Negishi, E.-i. J. Am. Chem. Soc. 1971, 93, 3777-3779. 
137 Perchyonok, V. T. and Schiesser, C. H. Tetrahedron Lett. 1998, 39, 5437-5438. 
138 (a) Mikhailov, B. M. Organometal. Chem. Rev. A 1972, 8, 1-65; (b) Topchiev, A. V.; Prokhorova, 

A. A.; Paushkin, Y. M. and Kurashev, M. V. Izv. Akad. Nauk SSSR, Ser. Khim. 1958, 370-371. 
139 (a) Kabalka, G. W.; Maddox, J. T.; Bogas, E. and Kelley, S. W. J. Org. Chem. 1997, 62, 3688-

3695; (b) Kabalka, G. W. and Hedgecock, H. C. J. Org. Chem. 1975, 40, 1776-1779; (c) 
Kabalka, G. W. and Brown, H. C. J. Am. Chem. Soc. 1970, 92, 710-712; (d) Brown, H. C.; 
Kabalka, G. W.; Rathke, M. W. and Rogic, M. M. J. Am. Chem. Soc. 1968, 90, 4165-4166; (e) 
Brown, H. C. Hydroboration; W. A. Benjamin Inc.: New York, 1962. 
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Table 15 Addition of various alkyl radicals to azirine 28b.a 
Entry Reaction 

time (min) 
R3B Lewis acid/ 

equiv. 
Product Yield 

(%)b 
Ratioc 

1 5 Et3B - 72a/73a 81 91:9 
2 60 Et3B CuCl/ 0.1 72a/73a 69 96:4 
3 5 n-Bu3B - 72b/73b 69 87:13 
4 60 n-Bu3B CuCl/ 0.1 72b/73b 81 88:12 
5 5 (allyl)3Bd - 72c/73c 72 59:41 
6 60 (allyl)3Bd CuCl/ 0.1 72c/73c 85 66:34 
7 5 i-Pr3Bd - 72d/73d 51 49:51 
8 60 i-Pr3Bd CuCl/ 0.1 72d/73d 63 61:39 
9 5 s-Bu3B - 72e/73e 43 50:50 

10 60 s-Bu3B CuCl/ 0.1 72e/73e 63 55:45 
11 5 (C6H11CH2CH2)3Bd - 72f/73f 56 72:28 
12 60 (C6H11CH2CH2)3Bd CuCl/ 0.1 72f/73f 28 83:17 
13 5 (2-methylallyl)3Bd - 72g/73g 71 78:22 
14 60 (2-methylallyl)3Bd CuCl/ 0.1 72g/73g 71 83:17 

a Reaction conditions: Azirine 28b (1 equiv.), R3B (3 equiv.), Lewis acid, O2 (5 mL), CH2Cl2, �105 
ºC. b Isolated yield. c Determined by HPLC. d R3B not isolated and >3 equiv. was used. 
 
In order to further evaluate the influence of Lewis acid activation, all reactions 
were run in the presence and absence of catalytic amounts of CuCl. As shown 
previously, addition of CuCl to azirine 28b prior to addition of Et3B increased 
the dr, but lowered the yield (entries 1, 2). Addition of n-Bu3B, gave 72b/73b in 
good dr that remained unchanged upon addition of CuCl, while the yield 
increased significantly (entries 3, 4). With the more stable radicals formed from 
triallylborane, i-Pr3B and s-Bu3B the corresponding aziridines 72c/73c, 72d/73d 
and 72e/73e were obtained in moderate to good yield, but with poor selectivities 
(entries 5-10). In addition, two trialkylboranes, generating primary alkyl radicals, 
were employed to find out if primary radicals generally give higher selectivities 
than secondary radicals. These reactions with (C6H11CH2CH2)3B and (2-
methylallyl)3B gave aziridines 72f/73f and 72g/73g in moderate to good yields 
and dr (entries 11, 13). In both cases the addition of CuCl increased the dr, but a 
lower yield was obtained with (C6H11CH2CH2)3B (entries 12, 14). 
 

5.3 Determination of the Absolute Configuration 
Azirines 28b and 28c, bearing different chiral auxiliaries, were reacted with 
Et3B/O2 to give 72a/73a and 74/75 respectively (Scheme 23). The major 
diastereomers 72a and 74 were were analyzed as described in sections 5.3.1-
5.3.3. 
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Scheme 23 Diastereomers formed upon addition of ethyl radicals to azirines 28b and 28c. 

 

5.3.1 X-Ray Structure of Aziridine 74 
Compound 74 was recrystallized and the absolute configuration of the 
quaternary aziridine carbon was determined to be (S) by X-ray crystallography 
(Figure 13).  

Figure 13 X-ray structure of aziridine 74. 

 

5.3.2 Derivatization by Cleavage of the Chiral Auxiliary 
Reduction of aziridine 72a with LAH gave the corresponding alcohol 76 that 
was unstable on silica and volatile, making isolation difficult (Scheme 24). These 
problems could be avoided by benzylation of 72a to afford compound 77. 
Aziridine 77 was then reduced with LAH and acetylated to give 78, which was 
purified without difficulties. 
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Scheme 24 Reagents and conditions: (a) BnBr (3 equiv.), K2CO3 (3 equiv.), MeCN, reflux, 80%; (b) 
LAH (2 equiv.), Et2O, �78 ºC � rt, 2h; (c) Ac2O (4 equiv.), DMAP (2 equiv.), CH2Cl2, 0 ºC � rt, 3 h, 
yield over 2 steps: 79%; (d) LAH (1 equiv.), Et2O, �78 ºC � rt. 

 

Treatment of 74 under identical reaction conditions resulted in ent-78 (Scheme 
25). Comparison by chiral HPLC and optical rotation showed 78 and ent-78 to 
be enantiomers. Thus, the stereochemistry of the quaternary aziridine carbon in 
72a is (R). 
 

Scheme 25 Reagents and conditions: (a) BnBr, K2CO3, MeCN, reflux, 14 h, 67%; (b) LAH, Et2O,     
�78 ºC � rt, 2h; (c) Ac2O, DMAP, CH2Cl2, 0 ºC�rt, 3 h combined yield over 2 steps 86%. 

 

5.3.3 Derivatization of Aziridine 72a into a known Serine Analog 
Aziridine 72a was subjected to selective ring opening with HClO4 at the 
unsubstituted position of the aziridine ring to give the amino alcohol 79 in nearly 
quantitative yield (Scheme 26).140 Benzoylation of this species gave 80. 
Hydrolysis of 8-phenylmenthol esters can be troublesome, especially with 
derivatives containing quaternary �-carbon.141 Treating 80 with KOH in 
EtOH/H2O and a catalytic amount of hydroquinone gave (+)-C�-ethyl serine (81) 
with all analytical data in good agreement with literature data.142 
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140 (a) Alezra, V.; Bonin, M.; Micouin, L.; Policar, C. and Husson, H.-P. Eur. J. Org. Chem. 2001, 
2589-2594; (b) Olofsson, B. and Somfai, P. J. Org. Chem. 2002, 67, 8574-8583. 

141 Quinkert, V. G.; Schmalz, H.-G.; Walzer, E.; Groß, S.; Dürner, G. and Bats, J. W. Angew. Chem. 
1986, 98, 732-733. 

142 An optical rotation of [�]D20 = +3.1º (c = 0.45, 5M HCl) was measured compared to literature 
values of [�]D20 = +3.1º (c = 1, 5M HCl), see ref: Witkowska, R.; Kaczmarek, K.; Crisma, M.; 
Toniolo, C. and Zabrocki, J. J. Peptide Sci. 2001, 7, 619-625 and for the enantiomer [�]D20 = -
3.3º (c = 1, 5M HCl), see ref: Ito, Y.; Sawamura, M.; Shirakawa, E.; Hayashizaki, K. and 
Hayashi, T. Tetrahedron Lett. 1988, 29, 235-238.  
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Scheme 26 Reagents and conditions: (a) HClO4, THF/H2O 3:2.4, 80 ºC, 10 h 97%; (b) BzCl, Et3N, 
DMAP, CH2Cl2, rt, 3 h; (c) KOH, hydroquinone, EtOH/H2O 4:1, 80 ºC, 14 h. Combined yield over 2 
steps 53%. 

5.4 Rationalization of the Stereochemical Outcome 
It is likely that Et3B plays an important role influencing the stereoselectivity 
obtained in radical addition to azirine 28b. In contrast to the aza-Diels-Alder 
reaction with azirine 28b, requiring stoichiometric amounts of a chelating Lewis 
acid, good selectivity was observed in the absence of Lewis acids other than Et3B 
in the alkyl radical addition. Several spectroscopic analyses of 1,4-alkyl radical 
additions to �,�-unsaturated carbonyl compounds suggest a complexation of the 
organoborane to the carbonyl oxygen prior to attack of the radical.143 Lewis acids 
such as BF3·OEt2 have been found to catalyze reactions with 2H-azirines, which 
indicates that they might coordinate to the azirine nitrogen as well.144 As 
previously discussed, excess R3B was needed in order to obtain the desired 
aziridines and a coordination between R3B and some electron donating atom 
might explain this observation. It has been shown that 8-phenylmenthyl 
derivatives similar to azirine 28b adopt s-cis (A) or s-trans (B) conformations as 
depicted in Scheme 27.145-147  
 
It would be anticipated that a chelating Lewis acid coordinates to both the 
carbonyl oxygen and the azirine nitrogen in azirine 28b placing these two 
functionalities in the s-cis conformation (A, Scheme 27). When 28b is 
coordinated to non-chelating Lewis acids both steric interactions and dipol 
moments are minimized in the s-trans conformation (B). As a result the attack of 
A would be expected to come from the Si face leading to the product with (R) 
configuration. Consequently, the radical attack of the Re face would be preferred 
in B yielding the product with (S) configuration. 
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143 Beraud, V.; Gnanou, Y.; Walton, J. C. and Maillard, B. Tetrahedron Lett. 2000, 41, 1195-1198. 
144 (a) Ray, C. A.; Risberg, E. and Somfai, P. Tetrahedron 2002, 58, 5983-5987; (b) Ray, C. A.; 

Risberg, E. and Somfai, P. Tetrahedron Lett. 2001, 42, 9289-9291; (c) Hugener, M. and 
Heimgartner, H. Helv. Chim. Acta 1995, 78, 1490-1498; (d) Bader, H. and Hansen, H.-J. Helv. 
Chim. Acta 1978, 61, 286-304. 

145 (a) Whitesell, J. K.; Lawrence, R. M. and Chen, H.-H. J. Org. Chem. 1986, 51, 4779-4784;    
(b) Kulesza, A. and Jurczak, J. Chirality 2001, 13, 634-635; (c) Wipf, P. and Stephenson, C. R. J. 
Org. Lett. 2003, 5, 2449-2452. 

146 Kulesza, A. and Jurczak, J. Synthesis 2003, 2110-2114. 
147 Kulesza, A.; Mieczkowski, A. and Jurczak, J. Tetrahedron: Asymmetry 2002, 13, 2061-2069. 
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Scheme 27 The s-cis and s-trans conformation of azirine 28b. Lewis acids omitted for clarity. 

 

The (R) aziridine was obtained as the major diastereomer in Et3B/O2 initiated 
ethyl radical additions to azirine 28b. Surprisingly the addition of a chelating 
Lewis acid, such as MgBr2·OEt2 or Cu(OTf)2, decreased the dr. This decreased 
dr would suggest an increased attack of conformation B. To shed light on the 
effect of Et3B a comparative experiment was performed with Et2Zn/O2 as the 
radical initiator. 148 Et2Zn has been found to coordinate to similar substrates as a 
chelating Lewis acid, when used for ethyl radical additions.149 The use of Et2Zn 
in the radical addition to azirine 28b gave 72a/73a in a 44:56 ratio, which 
suggests that the addition through conformation B is slightly favored. These 
findings are unexpected and might be explained by invoking an alternative 
conformation of the complexed azirine 28b or a more intriguing mechanism. 
Since neither the conformation nor the mechanism are known it is difficult to 
explain the observed selectivity or the benefit of catalytic amounts of CuCl on 
the reaction outcome.  
 
Copper salts have been shown to have different roles in radical reactions. Copper 
(I) salts have been frequently employed in radical polymerizations,150,151 and in 
metal catalyzed radical cyclizations.152,153 It has been suggested that alkyl 
radicals form complexes with CuX, decreasing their reactivity in atom transfer 
radical polymerisations (ATRP), but the copper complex was shown to give this 
effect only with electrophilic radicals.151 Copper chloride may take part in redox 
reactions in atom transfer radical cyclizations.153 It has also been shown that 
CuCl in catalytic amounts can act as a radical initiator in the reaction between 
�,�-unsaturated ketones and aldehydes.154 
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148 Reaction conditions: To azirine 28b (1 equiv.) at –105 ºC was added Et2Zn (3 equiv.) followed by 
O2 5 ml. The reaction was quenched after 5 minutes and work-up as for the Et3B reaction. 

149 (a) Bertrand, M. P.; Feray, L.; Nouguier, R. and Perfetti, P. J. Org. Chem. 1999, 64, 9189-9193; 
(b) Bertrand, M. P.; Coantic, S.; Feray, L.; Nouguier, R. and Perfetti, P. Tetrahedron 2000, 56, 
3951-3961. 

150 Inoue, Y. and Matyjaszewski, K. Macromolecules 2003, 36, 7432-7438. 
151 Matyjaszewski, K. and Woodworth, B. E. Macromolecules 1998, 31, 4718-4723. 
152 (a) Bryans, J. S.; Chessum, N. E. A.; Huther, N.; Parsons, A. F. and Ghelfi, F. Tetrahedron 2003, 

59, 6221-6231; (b) Heuger, G.; Kalsow, S. and Göttlich, R. Eur. J. Org. Chem. 2002, 1848-1854. 
153 Clark, A. J. Chem Soc. Rev. 2002, 31, 1-11. 
154 Ooi, T.; Doda, K.; Sakai, D. and Maruoka, K. Tetrahedron Lett. 1999, 40, 2133-2136. 
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A rationalization for the stereoselective outcome of additions to azirine 28c can 
be made in analogy with the reports by Miyabe et al. for glyoxylic oxime 
ethers.121 The C=O moiety is suggested to be oriented either in an anti-periplanar 
(Figure 14, conformation C and D) or in a syn-periplanar fashion (A and B) 
relative to the SO2-group.146,155,156 Furthermore, the C=N and the C=O moieties 
can arrange themselves in s-cis (A and C) or s-trans (B and D) 
conformations.121,157 In conformations B and C attack from the sterically less 
hindered side (avoiding the axial SO2-oxygen) would give the observed 
stereochemistry. Out of these two conformations, C minimizes steric interactions 
and dipol moments between the sulfonyl-oxygen and the carbonyl-oxygen and 
might therefore be favorable. Conformations of similar structures with the SO2 
oxygens and the C=O oxygen oriented in a antiperiplanar fashion have been 
suggested to be the thermodynamically most stable.156,157 It is important to bear 
in mind that, according to the Curtin-Hammett principle, the most stable 
conformation not necessarily needs to be the one reacting.158 The species with 
syn arrangement between the SO2-oxygens and the C=O oxygen has been 
proposed to be more reactive.146,147,156 It is also possible that the presence of 
Lewis acids will alter these proposed conformations. 
 

Figure 14 Possible conformations of azirine 28c. 

 

5.5 Conclusion 
A new route towards optically active aziridines by diastereoselective addition of 
alkyl radicals to a 2H-azirine bearing a chiral auxiliary has been developed. 
Hydroboration and transmetallation provide efficient routes for the preparation 
of a number of trialkylboranes used to generate the corresponding radicals. These 
radicals were added to azirine 28b and gave the resulting aziridines with varying 
selectivity, favoring the (R) configuration, in good yields. The use of catalytic 
amounts of CuCl was found to increase the dr, although the effect on the yield 
varied. 
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155 Jezewski, A.; Chajewska, K.; Wielogórski, Z. and Jurczak, J. Tetrahedron: Asymmetry 1997, 8, 
1741-1749. 

156 Bauer, T.; Chapuis, C.; Jezewski, A.; Kozak, J. and Jurczak, J. Tetrahedron: Asymmetry 1996, 7, 
1391-1404. 

157 (a) Pindur, U.; Lutz, G.; Fischer, G.; Schollmeyer, D.; Massa, W. and Schröder, L. Tetrahedron 
1993, 49, 2863-2872; (b) Oppolzer, W.; Poli, G.; Starkemann, C. and Bernardinelli, G. 
Tetrahedron Lett. 1988, 29, 3559-3562; (c) Curran, D. P.; Kim, B. H.; Duagherty, J. and Heffner, 
T. A. Tetrahedron Lett. 1988, 29, 3555-3558. 

158 Seeman, J. I. Chem. Rev. 1983, 83, 83-134. 
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6  Lewis Acid Activation of         

 2H- Azirines 

 
6.1 Introduction 
Lewis acid promoted carbon-carbon bond formation is one of the most important 
processes in modern organic chemistry.2 We have been interested in finding 
suitable Lewis acids to promote several transformations with 2H-azirines. A 
requirement for successful catalysis is that the catalyzed reaction is faster than 
the uncatalyzed one. No such rate enhancement was seen in the addition of chiral 
organolithium reagents to azirine 28g. This can be compared with results 
reported for the organolithium addition to imines where nearly no addition was 
seen in the absence of ligand.159 A striking example observed in our group was 
the deactivation of azirine 28a in the presence of chiral Lewis acids.20 In the 
absence of chiral Lewis acid the reaction between azirine 28a and 
cyclopentadiene gave the corresponding cycloadduct in 75% yield, while the 
presence of a chiral Lewis acid gave significantly lower yields. In contrast, the 
reaction between a N-tosyl �-imino ester and cyclopentadiene in the presence of 
a chiral Cu-Lewis acid gave the exo cycloadduct in good dr and yield. 160 It 
might be postulated that this reduced reaction rate in Diels-Alder reactions with 
azirine 28a in the presence of a chiral Lewis acid is due to steric hindrance 
caused by the ligand, but it does not explain the good results observed with 
imines. We have therefore tried to find a suitable explanation to these 
observations. 

6.2 Pd-Azirine Complexes 
Surprisingly the coordination of two azirines to PdCl2 results in a rather stable 
complex.161-163 The stability of this complex seems to be dependent on the 
substitution at C2 and C3. Substitution at C3 gave an increased reactivity in the 
order of H>>Me>Ph.164 An X-ray structure of the 3-p-tolyl-2H-azirine-Pd 
complex 82 (Figure 15) revealed that this complex is nearly planar and gave 
valuable information regarding bond lengths.163 X-ray structures have been 
solved for uncomplexed 2H-azirines with 3-amino or 3-alkyl-substituents.165 

159 With a N-4-OMePh benzaldimine only 6% yield was detected after 4 hours at –78 ºC in the 
absence of ligand, while up to 95% yield was detected after 1 hour at the same temperature in 
the presence of RLi-ligand complexes, see ref 84. 

160 10 Mol% of Tol-BINAP-(R)-CuClO4 in CH2Cl2 for 15 minutes at –20 ºC gave 85% yield and 83% 
ee of the exo cycloadduct, see ref 103c. 

161 Villalgordo, J. M. and Heimgartner, H. Tetrahedron 1993, 49, 7215-7222. 
162 Faria dos Santos Filho, P. and Schuchardt, U. J. Organometal. Chem. 1984, 263, 385-393. 
163 Hassner, A.; Bunnell, C. A. and Haltiwanger, K. J. Org. Chem. 1978, 43, 57-61. 
164 Isomura, K.; Uto, K. and Taniguchi, H. J. Chem. Soc., Chem. Commun. 1977, 664-665. 
165 (a) Heimgartner, H. Angew. Chem. Int. Ed. Engl. 1991, 30, 238-264; (b) Kanehisa, N.; Yasuoka, 

N.; Kasai, N.; Isomura, K. and Taniguchi, H. J. Chem. Soc., Chem. Commun. 1980, 98-99. 
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Figure 15 A nearly planar structure, as determined by X-ray crystallography. 

 
The reactivity of the azirine in such Pd complexes was decreased under 
photolytic reaction conditions as well as upon storage without exclusion of 
moisture and oxygen.163 Interestingly, a general trend among different azirines 
can be seen by IR measurements indicating a strengthening of the C=N bond 
upon complexation to Pd with an increase in the �C=N by �30 cm-1.162,163 This 
effect can be compared to values obtained in the BF3-complexation of aromatic 
aldehydes, where the �C=O is decreased by �70 cm-1.166 Similar effects have been 
observed for complexes between 3-amino-2H-azirines and ZnBr2.167  

6.3 NMR Experiments on Lewis Acid Activated Azirines 
3-Phenyl-2H-azirine (28d) was complexed to two strong Lewis acids, BF3·OEt2 
and SnCl4, and the resultant complexes were analyzed by NMR spectroscopy. A 
good solubility of the Lewis acid in non-coordinating solvents at –80 ºC 
restricted our choice since many metal salts are hardly soluble under such 
conditions. Azirine 28d coordinated to BF3·OEt2 decomposed at room 
temperature and as a result, NMR-experiments were conducted at low 
temperature. The results are summerized in Table 16, with values for the 
BF3·Et2O-complexation to benzaldehyde (83) and acetophenone (84) included 
for comparison. 
 
The coordination of BF3 and SnCl4 to azirine 28d gave surprising upfield shifts 
for C3 by 5.8 and 3.2 ppm, respectively (compare entries 2 and 3 with 1), while a 
downfield shift was seen for C2. On the contrary, coordination of BF3 to the C=O 
oxygen in 83 and 84 gave the expected downfield shifts for C1 of 7.9 and 16.0 
ppm, respectively (compare entries 4 with 5, and 6 with 7). The methyl group of 
84 was shifted upfield upon complexation to BF3, by 3.8 ppm. SnCl4 has been 
found to coordinate two carbonyl groups.168 13C NMR measurements with 0.5, 
1.0, and 1.5 equivalents of SnCl4 all gave the same NMR shifts, suggesting a 2:1 
ratio between the azirine and SnCl4 as well. 

N
PdCl Cl
N

C2C3

82

166 Grinvald, A. and Rabinovitz, M. J. Chem. Soc., Perkin Trans 2 1974, 94-98. 
167 Dietliker, K.; Schmid, U.; Mukherjee-Müller, G. and Heimgartner, H. Chimia 1978, 32, 164-166.  
168 Denmark, S. E. and Almstead, N. G. J. Am. Chem. Soc. 1993, 115, 3133-3139. 
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Table 16 13C NMR measurements upon Lewis acid complexation of 28d, 83 and 84. 

 

 
 

13C NMR shift of atom / ppmc: Entry Compound LA (1 equiv)- 
coordinated to:   

1 28d - C3/165.4 C2/19.2 
2 28d BF3-N C3/159.6 C2/23.5 
3 28d Sn4-N C3/162.2 C2/25.5 
4 83 - C1/192.8 - 
5a 83 BF3-O C1/200.7 - 
6 84 - C1/198.2 C2/26.9 
7b 84 BF3-O C1/214.2 C2/23.1 

Conditions: Lewis acid added to Lewis base at –78 ºC, spectra recorded on 125 MHz at –80 ºC.         
a Values similar to reported (ref 169). b Values similar to reported (ref 170). c CD2Cl2 as ref 53.8 ppm. 
 
The 13C NMR measurements of azirine-Pd complex 82 showed only a minor 
downfield shift of C3 by 1.0 ppm.163 A comparable downfield shift was reported 
for the Pd-complex of 3-phenyl-2H-azirine (28d).162  
 
Generally the coordination of a Lewis acid to the heteroatom of a C=X bond 
(X=O or N) is believed to decrease the electron density of the double bond, 
thereby placing a more �+ charge on the C=X carbon atom. This increased �+ 
charge is expected to result in a downfield shift of the C=X carbon, as observed 
for the complexation of benzaldehyde (83) and acetophenone (84) to BF3. It is 
therefore surprising that an opposite effect was observed with 28d upon 
coordination to a strong Lewis acid.  

H CH3

N O O

28d 83 84

2
3 1 1

2

169 Mayr, H. and Gorath, G. J. Am. Chem. Soc. 1995, 117, 7862-7868. 
170 Asoa, N.; Asano, T. and Yamamoto, Y. Angew. Chem. Int. Ed. Engl. 2001, 40, 3206-3208. 
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6.4 Lewis Basicity of the Azirine 
Another interesting observation was the equilibrium between complexed and 
uncomplexed azirines and carbonyl compounds established during 13C NMR 
measurements (Scheme 28). 
 

Scheme 28 Equilibrium between complexed and uncomplexed Lewis bases. 

 
BF3 will preferably coordinate to the most Lewis basic site available.171 In our 
13C NMR experiments with benzaldehyde and acetophenone this preference was 
clear with the equilibrium shifted towards the uncomplexed carbonyl. Upon 
addition of 1 equivalent of BF3·OEt2 to azirine 28d no uncomplexed azirine was 
seen by NMR, indicating a rather strong Lewis basicity of this species. Dietlieker 
et al. observed that in ZnBr2 complexes with 3-amino-2H-azirines a clear 
preference was seen for complexation of the azirine nitrogen compared to the 
tertiary amine present.167 The basicity of azirines has so far not been measured, 
but calculations suggest a decreasing basicity in the order 1H-
azirine>aziridine>2H-azirine.13 

6.5 MO Calculations on Lewis Acid-Azirine Complexes 
To further substantiate these findings we decided to investigate if DFT 
calculations could reveal additional information. To the best of our knowledge 
only one computational study has been described dealing with the Lewis acid 
activation of azirines and that is restricted to H+ and Li+.172 In our study with 
azirine 28d, coordinated to BF3 or SnCl4, atom charges were calculated and also 
the variation in LUMO energy (Table 17). All energies were obtained at the 
B3LYP/LACVP+* level, using B3LYP/LACVP to optimize structures. 

N

R

O

N

R

O

BF3

BF3

OEt2 BF3·OEt2

OEt2 BF3·OEt2

28d

83 R = H
84 R = CH3
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Table 17 Calculations on Lewis acid activation of azirine 28d.  
Entry Lewis 

acid 
Electrostatic charge of atoms, when complexed to 

LA:  
LUMOe  

  N1 C2 C3 kcal/mol eV 
1a - �0.44 �

d �0.15 �
d +0.41 �

d 0 0 
2b BF3 �0.13 +0.31 �0.19 �0.04 +0.16 �0.25 �28 �1.2 
3c SnCl4 �0.15 +0.29 �0.24 �0,09 +0.21 �0.20 �81 �3.5 

Method used for calculations: B3LYP/LACVP+*//B3LYP/LACVP a Absolute values calculated for 
uncomplexed 21, LUMO= –44 kcal/mol, �1.9 eV. b BF3 complexed to azirine 28d. c Two azirines 
28d complexed to SnCl4. d Charge difference compared to uncomplexed azirine. e Change in LUMO 
energy upon complexation. 
 
Electrostatic charges obtained by DFT calculations support the trend suggested 
by NMR with a decreased �+ charge at C3 upon complexation of azirine 28d to a 
Lewis acid. The charge at C3 decreased by 0.25 and 0.20 for BF3 and SnCl4, 
respectively (Table 17, entries 2, 3). In agreement with NMR data, SnCl4 was 
complexed to two molecules of azirine 28d in the optimized structure. The 
LUMO energy, localized mainly over atoms N1 and C3, decreased upon 
coordination to BF3 or SnCl4 by 1.2 and 3.5 eV, respectively.  

6.6 Activation of Azirines with Metal Carbonyls 
Thermolysis of 2H-azirines results in thermal equilibrium with the corresponding 
vinyl nitrenes.60 Since the mid 1970s several groups have investigated the 
possibility of forming vinyl nitrenes from azirines by other methods. The 
coordination of 2H-azirines to various metals has been thoroughly examined. 
Main focus of this research was the rearrangement/dimerization of azirines into 
larger nitrogen-containing heterocycles. In particular the use of metal carbonyls 
has been explored and shown to give structures such as indoles 85,164,173 
pyrazines 86,174pyridazines 87,175 pyrroles 88,176 bicyclic �-lactams 89,177 and 
urea derivatives 90178 (Scheme 29).  

171 (a) Fratiello, A. and Stover, C. S. J. Org. Chem. 1975, 40, 1975; (b) Schuster, R. E. and Bennett, 
R. D. J. Org. Chem. 1973, 38, 2904-2908; (c) Fratiello, A. and Schuster, R. E. J. Org. Chem. 
1972, 37, 2237-2241. 

172 Alcamí, M.; Mó, O. and Yánez, M. J. Am. Chem. Soc. 1993, 115, 11074-11083. 
173 (a) Alper, H. and Sakakibara, T. Can. J. Chem. 1979, 57, 1541-1543; (b) Alper, H. and Prickett, 

J. E. J. Chem. Soc., Chem. Commun. 1976, 483. 
174 (a) Alper, H. and Prickett, J. E. J. Chem. Soc., Chem. Commun. 1976, 983-984; (b) Alper, H. and 

Wollowitz, S. J. Am. Chem. Soc. 1975, 97, 3541-3543. 
175 (a) Inada, A.; Heimgartner, H. and Schmid, H. Tetrahedron Lett. 1979, 2983-2986; (b) Alper, H.; 

Prickett, J. E. and Wollowitz, S. J. Am. Chem. Soc. 1977, 99, 4330-4333. 
176 (a) Bellamy, F. D. J. Chem. Soc., Chem. Commun. 1978, 998-999; (b) Bellamy, F. D. 

Tetrahedron Lett. 1978, 4577-4580. 
177 Alper, H.; Perera, C. P. and Ahmed, F. R. J. Am. Chem. Soc. 1981, 103, 1289-1291. 
178 (a) Nakamura, Y.; Bachmann, K.; Heimgartner, H. and Schmid, H. Helv. Chim. Acta 1978, 61, 

589-606; (b) Alper, H. and Prickett, J. E. Inorg. Chem. 1977, 16, 67-71. 
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Scheme 29 Products formed upon rupture of the C2-N1 bond in 2H-azirines. 

 
Examples of metals frequently used in these applications are Mo, Cr, W, Co, Cu 
and Fe. These transformations are believed to proceed via the transient vinyl 
nitrene, and the coordination of the metal to the azirine nitrogen is believed to 
facilitate the C2-N1 bond rupture. Cleavage of this bond has been suggested to 
proceed via a single electron transfer in the presence of FeCl2.179 The increased 
decomposition of azirines that was observed in the presence of Lewis acids, in 
the Diels-Alder reaction may be due to such a C2-N1 bond rupture of the azirine 
ring. 

6.7 Effect of Chiral Lewis Acids and 3-Substituents 
Reactions can roughly be divided into two groups: charge controlled such as the 
addition of an organometallic reagent to a carbonyl group, where the �+ charge 
on the carbonyl carbon atom will affect the reaction rate, and orbital controlled 
reaction, such as a Diels-Alder reactions, where a matching HOMO-LUMO 
interaction is more important than actual charges on the diene and the dienophile.  
 
It is difficult to predict the effect of chiral ligands when used together with 
organolithium reagents. These ligands may dissociate the lithium atom from its 
corresponding alkyl group to a higher degree. This would result in a higher 
basicity of the reagent as well as in a higher nucleophilicity, not considering 
steric effects. It has been suggested that an initial coordination of the ligand-
organolithium complex to the imine gives a more reactive imine moiety in the 
stereoselective alkylation of imines.90 This would suggest an increased Lewis 
acidity of the ligand-organolithium complex compared to the organolithium 
compound itself. Both increased basicity and nucleophilicity of the ligand-
organolithium complex, compared to the uncomplexed organolithium reagent, 
can explain the observed decomposition of azirine/aziridine in the presence of 
chiral ligands.  

179 Auricchio, S.; Grassi, S.; Malpezzi, L.; Sarzi Sartori, A. and Truscello, A. M. Eur. J. Org. Chem. 
2001, 1183-1187. 
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Lewis acids were shown to increase the reaction rate in Diels-Alder reactions 
with azirine 28d. This supports the suggested LUMO-lowering predicted by our 
DFT calculations. Also in the Diels-Alder reaction between the 8-phenylmentyl-
substituted azirine 28b and various dienes, achiral Lewis acids increased the 
reaction rate.20 An achiral Lewis acid such as YbCl3 seemed to catalyze the 
Diels-Alder reaction between azirine 28a and various dienes, while the presence 
of chiral Lewis acids often gave the opposite effect.20 The decreased yields 
obtained in the presence of chiral ligands may be explained by decomposition of 
the azirine/aziridine provided that the Lewis acidity of these metal-ligand 
complexes is increased, but does not explain a decreased reactivity observed for 
the azirine. A lower reaction rate can be explained if the Lewis acidity of the 
metal decreases upon coordination to a chiral ligand, but this does not provide an 
answer to why the reaction rate becomes even lower than in the uncatalyzed 
reaction. Since no comparable studies have been made between aromatic- and 
ester-substituted azirines, predictions about how these substituents affect the 
Lewis activated complex cannot be made. 
 
In the radical addition reaction a rate increase would be expected since such 
processes are believed to be more dependent on a suitable SOMO-LUMO 
interaction than on the �+ charge of the electrophile. This is contradictory to our 
results, but at this stage very little is known about the actual mechanism of this 
reaction. Aziridines obtained in these alkyl radical reactions were found to be 
fairly stable, which is consistent with results obtained for Diels-Alder reactions 
performed with azirine 28b.20,112  

 6.8 Conclusion 
The coordination of metal carbonyls to azirines clearly increases the probability 
of a C2-N1 bond rupture. A similar effect with other Lewis acids has been 
observed. 13C NMR measurements indicate that Lewis acid coordination to the 
azirine nitrogen results in a decreased �+ charge on C3, which was substantiated 
by DFT calculations. IR measurements of complexes between azirines and PdCl2 
or ZnBr2 show an increased wavenumber (cm-1) for the C=N bond of the 
coordinated azirine compared to the uncoordinated one. This effect is 
contradictory to results observed for aromatic aldehydes upon BF3-complexation 
and suggests a strengthening of the C=N bond in the azirine. A lowering of the 
LUMO energy in the azirine was suggested by DFT calculations. Experimental 
work indicates a rather strong basicity of N1 in the azirine, making it a potent 
Lewis base. The influence of a chiral Lewis acids, when coordinated to 2H-
azirines, and the importance of the 3-substituent is still unclear. 
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7 Concluding Remarks 

 
In this work we have investigated Lewis acid promoted stereoselective 
transformations of the C=N bond in 2H-azirines. Only a limited number of 
reports describe reactions with chiral azirines and when this work was initiated 
no successful applications with azirines bearing a chiral auxiliary were known. 
The combination of azirines and chiral Lewis acids was a completely unexplored 
field. 
 
To facilitate the work with azirines a convenient and efficient preparation of 
these reactive species was needed. Convenient synthetic routes to numerous 
vinyl azides were available in the literature, but an improvement of the final ring 
closure to form the azirines was needed. This was achieved by thermolysis of the 
vinyl azides in CH2Cl2 in closed reaction vessels at 150 ºC, shown to provide a 
generally applicable route for the preparation of 3-substituted-2H-azirines. 
 
The use of chiral Lewis acids is intriguing especially together with azirines. In 
additions of chiral organolithium reagents to the 3-(2-naphthyl)-2H-azirines only 
low yields and ee:s were obtained.  
 
Several Lewis acids were found to catalyze the reaction between 2H-azirines and 
a number of dienes to give the corresponding cycloadducts in moderate to good 
yields. The presence of Lewis acids is expected to catalyze the formation of side 
products by facilitating rupture the C2-N1 bond in the azirine. Decomposition of 
these cycloadducts during the purification may also explain the moderate yields 
obtained. Diastereoselective Diels-Alder reactions with an 8-phenylmenthyl-
substituted azirine were investigated in our group and gave excellent yields and 
diastereoselectivity. 
 
The Lewis acid promoted alkyl radical addition to this 8-phenylmenthyl-
substituted azirine gave the corresponding chiral aziridines in good yields and 
moderate to high dr. Surprisingly, the addition of a catalytic amount of Lewis 
acid was found to decrease the reaction rate in alkyl radical additions to the 
azirine, nevertheless, CuCl was found to increase the diastereoselectivity. 
Choosing a suitable 3-substituent in the starting azirine was shown to increase 
the stability of the azirine and the formed aziridine.  
 
NMR experiments and DFT calculations were performed on Lewis acid-azirine 
complexes. These indicated a decrease of the �+ charge of the C=N carbon atom 
in the azirine structure upon complexation to a Lewis acid. DFT calculations 
suggest a decreased LUMO energy for azirines coordinated to a Lewis acid. 
Others have observed an increase in the wavenumber �C=N of the azirine in 
PdCl2- and ZnBr2-azirine complexes, suggesting a strengthening of the C=N 
bond during complexation. 
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