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The Rh2(OAc)4-catalyzed reaction of alkyl 2-acyl-2-diazoacetates and dimethyl diazomalonate with
methyl 2-bromo- and 2-chloro-3-phenyl-2H-azirine-2-carboxylates gives rise to electron-poor 4-halo-
substituted (3E)-2-azabuta-1,3-dienes. Their formation proceeds with complete stereoselectivity via
ring-opening of the intermediate azirinium ylide. 2-Azabuta-1,3-dienes with electron-withdrawing sub-
stituents at the 1,1,4-positions are stable compounds at room temperature, but are in equilibrium with
cyclic valence isomers, 2,3-dihydroazetes, at elevated temperatures.

� 2012 Elsevier Ltd. All rights reserved.
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Due to their availability and high reactivity, 2H-azirines are
widely used as building blocks for the synthesis of various nitro-
gen-containing compounds. They can act as electrophiles, nucleo-
philes, dienophiles, dipolarophiles, and serve as sources of
nitrogen ylides.1 One of the novel synthetic applications of these
strained compounds is the Rh(II)-catalyzed azirine–diazo ester
coupling to form functionalized 2-azabuta-1,3-dienes A,2 (which
are useful intermediates in heterocyclic synthesis3) and 2H-1,4-
oxazines B possessing photochromic activity4 (Scheme 1). 2-Azab-
uta-1,3-dienes derived from the diazo esters, methyl 2-phenyl-2-
diazoacetate or dimethyl diazomalonate, are stable compounds.
The reaction of aryl-substituted 2H-azirines with diazo keto esters
furnishes unstable 1-acyl-2-azabuta-1,3-dienes which rapidly un-
dergo 1,6-electrocyclization into 2H-1,4-oxazines.

2-Halo-substituted 2H-azirines, and particularly the most read-
ily available alkyl 2-bromo- and 2-chloro-2H-azirine-2-carboxyl-
ates,5 seemed to be attractive starting materials for the
construction of halogenated 2-azabuta-1,3-dienes and 2H-1,4-
oxazines.

In the present work the first synthesis of electron-poor 4-bro-
mo- and 4-chloro-2-azabuta-1,3-dienes from methyl 2-halo-3-
ll rights reserved.
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phenyl-2H-azirine-2-carboxylates by the Rh2(OAc)4-catalyzed
reaction with alkyl 2-acyl-2-diazoacetates and dimethyl diazomal-
onate is described. The involvement of 4-halo-2-azabuta-1,3-
dienes in the equilibrium valence isomerization into 2,3-
dihydroazetes is demonstrated.

It was found that mono-, di-, and triaryl-substituted 2H-azirines
reacted with ethyl diazoacetoacetate (2a) in the presence of a cat-
alytic amount of Rh2(OAc)4 to form substituted 2H-1,4-oxazine B,
as the sole product or as a mixture with functionalized 2-azabu-
ta-1,3-diene A.4 In contrast, the reaction of diazo compound 2a
R = Me, Ph, CF3 B

Scheme 1. Rh(II)-catalyzed reactions of aryl-substituted 2H-azirines with diazo
esters and diazo keto esters.
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Scheme 2. The reaction of azirines 1a,b with diazo compounds 2a–d (4–6 equiv) in
the presence of Rh2(OAc)4) (5 mol %) over 20–90 min.

Table 1
Rh2(OAc)4-catalyzed reactions of azirines 1a,b with diazo compounds 2a–d

Azirine X Diazo
compound

R1 R2 Yield of 4
(%)

Yield of 5
(%)

1a Br 2a Ac Et 43 (4a) 22 (5a)a

1a Br 2b Bz Et 35 (4b)b 0 (5b)
1a Br 2c Bz Me 52 (4c)c 0 (5c)
1b Cl 2a Ac Et 56 (4d) 10 (5d)a

1b Cl 2b Bz Et 30 (4e)b 0 (5e)
1a Br 2d CO2Me Me 32 (4f)d 25 (5f)d

1b Cl 2d CO2Me Me 60 (4g) 17 (5g)

a Diastereomeric ratio = 1:1.
b 3-Benzoyl-4-methyloxetan-2-one (6a) was formed as a by-product (4b,e/6a

ratio as measured by 1H NMR spectroscopy is 1:2).
c 3-Benzoyloxetan-2-one (6b) was formed as a by-product (4c/6b ratio as mea-

sured by 1H NMR spectroscopy is 3:1).
d The reaction time is 30 min.

5778 M. S. Novikov et al. / Tetrahedron Letters 53 (2012) 5777–5780
with methyl 2-bromo-3-phenyl-2H-azirine-2-carboxylate (1a) in
the presence of 5 mol % of Rh2(OAc)4 in 1,2-dichloroethane (DCE)
under reflux gave three products: 2-azabuta-1,3-diene 4a and a
1:1 mixture of two diastereomeric 2,3-dihydroazetes6 5a
(Scheme 2, Table 1). No traces of the corresponding 2-bromo-2H-
1,4-oxazine were found in the reaction mixture. Azadiene 4a was
separated from the non-separable mixture of cis, trans-5a by col-
umn chromatography.7

A 1:2 ratio of 2-azadiene 4b and trans-3-benzoyl-4-methyloxe-
tan-2-one (6a) was obtained from the reaction of azirine 1a with
Figure 1. X-ray structures o
ethyl 2-benzoyl-2-diazoacetate (2b). The oxetanone 6a is a known
product of intramolecular insertion of a rhodium carbenoid (gener-
ated from ethyl benzoyldiazoacetate) into a C–H bond of the meth-
ylene group.8,9 The undesirable product of carbenoid CH-insertion,
3-benzoyloxetan-2-one (6b), was also formed, but in substantially
less amounts, when the methyl ester of benzoyldiazoacetic acid 2c
in the presence of Rh2(OAc)4 was reacted with azirine 1a (azadi-
ene/oxetanone ratio = 3:1). For that reason the dimethyl ester 4c
was obtained in higher yield than the methyl, ethyl ester 4b. The
formation of azadienes in these reactions proceeds with complete
stereoselectivity to give only (3E)-2-azabuta-1,3-dienes.

Changing from bromine to chlorine in the starting azirines led
to a decrease in the yield of dihydroazetes, but did not affect the
yields of azadienes or the selectivity of the reaction: complete E-
stereoselectivity of chloroazadiene 4d,e formation and the non-
stereoselective formation of chloroazetine 5d were observed. No
traces of dihydroazetes 5b,c,e were detected in the reactions of
benzoyldiazoacetates 2b,c with azirines 1a,b.

The formation of significant amounts of dihydroazetes was ob-
served in the reaction of azirines 1a,b with dimethyl diazomalo-
nate (2d) under the same reaction conditions (Table 1). It was
found that the product yields depended dramatically on the reac-
tion time. Thus, the addition of diazo compound 2d to a solution
of azirine 1a and Rh2(OAc)4 in DCE over 30 min under reflux pro-
vided azadiene 4f and dihydroazete 5f in 32% and 25% yields,
respectively, while after 80 min of reaction the yields were 14%
and 32%.

Compounds 4a–g and 5a,d,f,g were fully characterized using
standard spectral methods.10 The structure of dihydroazete 5f
and the E configuration of the C@C bond in azadiene 4b were con-
firmed by X-ray analysis (Fig. 1).11,12 The C@N bond of compound
4b in the crystal form had Z configuration, whereas most probably
in solution it exists as a mixture of Z- and E-isomers, which are un-
der rapid equilibrium. This conclusion follows from the magnetic
equivalence of methoxy protons and carbonyl carbons in the 1H
and 13C NMR spectra of compounds 4f,g, as well as from the low
values of the activation barriers for N-inversion for the related
C@N-containing systems.13 The Z-configuration of molecule 4b in
the crystal may be caused by Br. . .O3 halogen bonds (Br. . .O
3.052(1) Å) with the oxygen atom of the carboxylate group in the
Z-position. These pairs of interactions link molecules 4b as cen-
tro-symmetrical dimers in the crystal state.

The reaction mechanism (Scheme 2) involving formation of
ylide intermediate 3 is in good agreement with the observed stere-
oselectivity of the ring-opening of the three-membered ring.
f compounds 4b and 5f.
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ylides E/Z-3a to give 2-azabuta-1,3-diene isomers 4a (kcal/mol).
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Quantum-chemical calculations (DFT B3LYP/6-31G(d)/LANL2DZ)14

for the isomerization of E-3a and Z-3a ylides to azadiene 4a predict
a big difference for the activation barriers (DDG– = 7.5–9.1 kcal/
mol) for the three-membered ring-opening of ylides 3 leading to
(3E)- and (3Z)-2-azabuta-1,3-dienes 4 in favor of the former
(Scheme 3). In fact, according to 1H NMR spectroscopy and TLC
data, no traces of the (3Z)-isomers of 2-azabuta-1,3-dienes 4a–e
were observed in the reaction mixtures.

The only example of carbenoid-mediated azirine–2,3-dihydro-
azete transformation was observed in the Rh2(OAc)4-catalyzed
reaction of 2,3-diphenyl-2H-azirine with dimethyl diazomalo-
nate.2b No immediate precursor of the 2,3-dihydroazete was ob-
served in this reaction and the mechanism of its formation had
remained unclear. The most reasonable sequence leading to the
2,3-dihydroazete system is a domino reaction involving consecu-
tive formation of a rhodium carbenoid, an azirinium ylide 3, and
a 2-azabuta-1,3-diene (Scheme 2) followed by 1,4-cyclization of
the latter, although to the best of our knowledge, this reaction is
unknown in the literature. The reaction of azirine 1a with diazo
compound 2a was shown to be the first to provide both 2,3-dihyd-
roazete 5a and its probable precursor, 2-azabuta-1,3-diene 4a. It
was found, that heating a benzene solution of azadiene 4a or 4d
in a vial with a screw cap at 100 �C for 20 min led to a complex
mixture of products including two diastereomeric dihydroazetes
5a/5d. The latter were formed in the same 1:1 ratio as in the reac-
tion of 1a,b with 2a (Scheme 4). They were isolated by chromatog-
raphy in 19–20% overall yield. The 1,4-electrocyclization of 4a,d
into 5a,d was found to be reversible: an azadiene 4a,d impurity
was detected by 1H NMR spectroscopy after prolonged storage of
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a solution of the originally pure diastereomeric mixture 5a,d at
room temperature.

In contrast to compounds 4a,d, azadienes 4f,g, derived from di-
methyl diazomalonate, smoothly undergo reversible 1,4-cycliza-
tion to give dihydroazetes 5f,g, as the only products (Scheme 4).
The equilibrium was attained in 25 min when a solution of the bro-
mo-substituted azadiene 4f in C6D6 was heated in a sealed tube at
100 �C giving a mixture 4f/5f in a 1:1 ratio. A change from bromine
to chlorine in azadiene 4 led to stabilization of the open-chain va-
lence isomer 4g, which is present in the equilibrium mixture in 2.6
times higher quantity than the corresponding cyclic isomer 5g.

In summary, we have reported the first example of the reaction
of 2-halo-substituted 2H-azirines with a rhodium carbenoid, gen-
erated from 2-acyl-2-diazoacetates and dimethyl diazomalonate,
leading to electron-poor 4-bromo- and 4-chloro-2-azabuta-1,3-
dienes. The complete stereoselectivity of the reaction is in accor-
dance with a mechanism involving the formation of an intermedi-
ate azirinium ylide and predicts the preferential formation of an
azadiene with E configuration of the C@C bond. It was established
that 2-azabuta-1,3-dienes with electron-withdrawing substituents
at the 1,1,4-positions were stable compounds at room tempera-
ture, but existed in solution at elevated temperatures in equilib-
rium with cyclic valence isomers, 2,3-dihydroazetes.
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