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The Rh2(OAc)4-catalyzed reaction of 2H-azirine-2-carbaldehydes with dimethyl diazomalonate proceeds
via azirinium ylide formation, isomerization to 2-azabuta-1,3-dienes followed by 1,6-p-electrocyclization
to give 2H-1,3-oxazines. According to DFT-calculations ring opening of azirinium ylides should occur
stereoselectively to give 2-azadienes with the C]C bond exclusively in the Z configuration. Changing
a formyl group for an acetyl group in the azirine leads to a lowering of stereoselectivity and the formation
of azadienes with an E configuration of the C]C bond was observed. The reaction of 2-acyl-2-
diazoacetates with 2H-azirine-2-carbaldehydes proceeds similarly, but the 2-acetyl-substituted 2H-1,3-
oxazines formed are unstable under chromatographic purification and rearrange easily into pyrrole
derivatives.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Metal-catalyzed decomposition of diazo compounds proceeding
through reactive carbenoids is an effectivemethod for the synthesis
of various heterocyclic systems. Considerable progress has been
achieved in the development of methods using intramolecular re-
actions of metallocarbenoids, leading to cycle formation with high
yields and stereoselectivity. Intermolecular reactions of carbenoids
with heteroatomic molecules, which allow the use of more simple
and available starting materials are also well known and exten-
sively developed. The reactions of metallocarbenoids with mono-
heterocyclic substrates can result in the formation of ortho-fused1

or bridged2 heterocyclic systems, the products of formal CeH
insertion1d,2a,3 and recyclization, which can occur with retention of
ring size,4 ring contraction5 or with ring enlargement. Carbenoid-
mediated ring enlargement can occur as one-carbon ring expan-
sion by formal insertion of a carbene moiety into the carbon-
eheteroatom bond6 or a three-atom ring expansion. The latter
reaction type implies the involvement of the atoms of a carbonyl
function or an alkenyl moiety, which can be located either in the
starting heterocycle6e,7 or in the diazo compound.8

2H-Azirine derivatives are effective heterocyclic building blocks
used for the construction of larger ring heterocycles.9 There are,
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however, only a fewexamples inwhich 2H-azirine ring enlargement
occurs under metallocarbenoid action. An azetine derivative was
synthesized in good yield from 2,3-diphenyl-2H-azirine and di-
methyl diazomalonate under Rh(II)-catalysis.10 Three-atom ring
expansion of the azirine ring to the 2H-1,4-oxazine system was
observed in the reaction of aryl-substituted 2H-azirines with ethyl
2-acyl-2-diazoacetates carried out in the presence of Rh2(OAc)4.11

The carbene carbon atom and two carbonyl atoms of acyl function
of the diazo compound take part in a new cycle formation. To the
best of our knowledge the carbenoid-mediated ring-enlargements
of 2H-azirines with substituents on the azirine ring are unknown.

In order to broaden the scope of the applications of reactions of
2H-azirines with metallocarbenoids in heterocyclic synthesis the
examination of the Rh2(OAc)4-catalyzed reaction of 2-carbonyl-
subsituted 2H-azirines with dimethyl diazomalonate and ethyl 2-
acyl-2-diazoacetates is the subject of the present work.
2. Results and discussion

Earlier it was found that the result of the Rh2(OAc)4-catalyzed
reaction of dimethyl diazomalonate with aryl-substituted 2H-azir-
ines A dramatically depends on a number of aryl substituents in the
three-membered ring. The reaction of 2-phenyl-2H-azirine gives
two products: 2-azadiene B and the product of formal double in-
sertion of di(methoxycarbonyl)carbene into three-membered ring,
pyrroline C (Scheme 1). The reaction of 2,3-diphenylazirine pro-
duces the product of formal insertion of di(methoxycarbonyl)
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Table 1
The yields of 2H-1,3-oxazines 5aef

Azirine R1 R2 Oxazine Yield of 5, %

1a Ph H 5a 26
1b 4-MeOC6H4 H 5b 23
1c 4-ClC6H4 H 5c 42
1d 4-MeC6H4 H 5d 35
1e Ph Me 5e 17
1f Ph Ph 5f 44

Scheme 1. Rh2(OAc)4-catalyzed reaction of aryl-substituted 2H-azirines with dimethyl
diazomalonate.
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carbene into three-membered ring, azetine D, while from tri-
substituted azirine, 3-phenyl-2H,90H-spiro[azirine-1,90-fluorene]
only 2-azadiene E was obtained as a sole product. The formation of
these compounds was explained by transformations of azirinium
ylides, which are primary intermediates in the reactions of carbe-
noids with azirines.

The introduction of a formyl group in the C2 position of the
azirine ring completely changes the result of its interaction with
Rh(II)-carbenoid derived from dimethyl diazomalonate (2a). The
slow addition of diazo compound 2a in 1,2-dichloroethane (DCE) to
a solution of methyl 3-phenyl-2H-azirine-2-carbaldehyde (1a), in
the presence of 5 mol % of Rh2(OAc)4 in DCE under reflux, gave 2H-
1,3-oxazine 5a, which was isolated in 26% yield using column
chromatography on silica gel (Scheme 2). According to 1H NMR
spectroscopy data, no traces of products of the types BeE (Scheme
1) containing a formyl group were ever present in the reaction. The
reaction mechanism can be rationalized in terms of the formation
of azirinium ylide 3, its ring-opening into 2-azadiene 4 followed by
1,6-electrocyclization with the participation of the formyl carbonyl
group (Scheme 2).
Scheme 2. Rh2(OAc)4-catalyzed reaction of 2-carbonyl-substituted 2H-azirines 1aef
with dimethyl diazomalonate 2a.
Using this procedure 4-aryl-2H-1,3-oxazines 5bed were ob-
tained in 23e42% yield (Table 1). The introduction of an additional
methyl or phenyl group into position 2 of the azirine ring does not
change the course of the reaction, which is controlled by the 2-
formyl group to give exclusively 1,3-oxazines 5e, f. In the 1H NMR
spectra of the reaction mixtures only traces of products containing
a formyl group were observed.

All the newly obtained compounds were fully characterized
using standard spectral and analytical methods. The structure of 5a
was confirmed by X-ray analysis (Fig. 1).
The azadiene E-4g along with oxazine 5g were isolated by
chromatography after reacting the 2-acetyl-substituted azirine 1g
with dimethyl diazomalonate (Scheme 3). The E configuration of
the compound E-4g was elucidated by X-ray analysis (Fig. 1). This
compound undergoes fast N-inversion in CDCl3 solution, since only
one singlet of the two ester methyl groups was observed in the 1H
NMR spectrum, as well as only one signal for two carbonyl atoms
appeared in the 13C NMR spectrum. Notably, the absence of an
electron-withdrawing substituent at the 4-position of the 2-
azabuta-2,4-diene fragment is responsible for the increase of the
inversion barrier so that at ambient temperature the corresponding
atoms of azadienes B and E (Scheme 1) are not equivalent.10b

No traces of the stereoisomer Z-4gwere detected in the reaction
mixtures and this can be explained by its fast cyclization into
oxazine 5g under reaction conditions. 1H NMR monitoring of the
reaction mixtures showed that the 5g:E-4g ratio was 6:1 and did
not change during the reaction course.

The reaction of azirinecarbaldehydes 1 with ethyl diazo-
acetoacetate 2b, under Rh(II)-catalysis would produce a 2-azadiene
with two carbonyl functions at the C1 and C4 atoms (acetyl and
formyl groups), which both could be involved in 1,6-cyclization to
give 2H-1,4- or 2H-1,3-oxazine, respectively. In order to examine
the competition of these two electrocyclizations we carried out the
reaction of azirine 1b with diazo keto ester 2b in DCE in the pres-
ence of Rh2(OAc)4. Surprisingly, neither 1,3-oxazine 8 nor 1,4-
oxazine 9 but only pyrrolinone 10 was isolated after chromato-
graphic purification of the reaction mixture (Scheme 4).

According to the 1H NMR, the main component of the reaction
mixture was 1,3-oxazine 8: 2.37 (s, 3H), 3.87 (s, 3H), 6.08 (d,
J¼5.9 Hz, 1H), 6.96 (d, J¼8.7 Hz, 2H), 7.87 (d, J¼8.7 Hz, 2H). All at-
tempts to separate this compound by crystallization at the lowered
temperature failed. When the mixture was subjected to chroma-
tography on silica gel the oxazine 8 was completely converted into
pyrrolinone 10. The structure of the compound 10 was verified by
1H, 13C NMR, IR spectroscopy, mass spectrometry, and elemental
analysis. Presumably, under acidic conditions a recyclization of 1,3-
oxazine via 2-azadiene 7 to 2-hydroxypyrroline 11 followed by
a 1,5-sigmatropic shift is occurring.

Only pyrrole 12 was isolated in low yield in the reaction of
azirine 1b with ethyl benzoyldiazoacetate 2c (Scheme 5). After the
chromatographic work-up of the reaction mixture no products
formed by 1,6-cyclizations of the intermediate 2-azadiene were
observed. The structure of pyrrole 12 was determined by standard
spectroscopic methods and confirmed by X-ray analysis (Fig. 1). The
formation of this compound can be explained by considering the
same mechanism as above giving a 2-hydroxypyrrole derivative,
which then disproportionates.

The final products of the catalytic reaction of diazoacetoacetate
2c with 2H-azirine-2-carbaldehydes 1 are thereby shown to be the
2-acyl-substituted 2H-1,3-oxazines 8, but these then undergo
a rapid rearrangement under chromatographic purification condi-
tions. That the oxazines 8 are the preferable structures in the re-
action was confirmed by quantum-chemical calculations of ring-
opening of isomeric E- and Z-ylides 13 to isomeric 2-azazadienes
E-14 and Z-14, followed by their interconversions via N-inversion
and 1,6-cyclizations to 1,3- and 1,4-oxazines 15 and 16 (Scheme 6).



Fig. 1. X-ray structure of compounds E-4g, 5a, and 12.

Scheme 4. Rh2(OAc)4-catalyzed reaction of azirine 1b with ethyl diazoacetoacetate 2b.

Scheme 3. Rh2(OAc)4-catalyzed reaction of azirine 1gwith dimethyl diazomalonate 2a.
Scheme 6. The transformation of azirinium ylides E-13 and Z-13 into oxazines 15, 16.
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The geometries of ylides E-13, Z-13, azadienes E,E-, E,Z-, Z,E-, and
Z,Z-14, 1,3-oxazine 15, 1,4-oxazine 16, as well as the transition states
of ring opening of ylides 13 (TS1eTS4), 1,6-cyclizations of azadienes
14 in oxazines 15, 16 (TS5eTS8), E,Z-isomerization of ylides 6aec
(TS9) and isomerization of azadienes 14 (TS10) were optimized at
the DFT mPWB1K/6-31þG(d,p) level12 using the PCM solvent
model for 1,2-dichloroethane (Scheme 6).
Scheme 5. Rh2(OAc)4-catalyzed reaction of azirine 1b with ethyl 2-benzoyl-2-
diazoacetate 2c.
The energy of the most stable conformation of each isomeric
azadiene was used for calculations of the activation free energies
(Fig. 2).

Computations show that the ring-opening of the isomeric ylides
E- and Z-13 to azadienes 14 must occur with high stereoselectivity
to give the E,Z- and Z,Z-isomers, both having exclusively a Z con-
figuration of the C]C bond: the energies of TS1 and TS2 are higher
than those of TS3 and TS4 by 3e4 kcal/mol. Activation energies of
azadienes E,Z- and Z,Z-14 formation are about 9e11 kcal/mol and
are comparable to the barrier values for their 1,6-cyclization to 1,3-
oxazine 15 (11e12 kcal/mol). Considering that fact that the free
energy for 1,3-oxazine 15 is lower than the energy of any azadiene
isomer 14, one can conclude that the 1,6-cyclization of 14 to 15 is
a kinetically and thermodynamically favorable process. 1,4-Oxazine
16 can be formed either from E,Z-14 or E,E-14, the last of, which



Fig. 2. Energy profiles (mPWB1K/6-31þG(d,p), kcal/mol, 357.15 K) for the trans-
formations of ylides E-13, Z-13 to oxazines 15, 16 in 1,2-dichloroethane.
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cyclizes muchmore rapidly. But as was mentioned above the E,E-14
isomer does not form in the reaction, and the 1,4-oxazine 16 can
therefore arise only from azadiene E,Z-14 via transition state TS6
with an extremely high activation barrier (31.3 kcal/mol). This route
of stabilization of the azadiene E,Z-14 cannot compete with its
1,6-cyclization to 1,3-oxazine 15 proceeding with DGs¼12 kcal/
mol. On the other hand, the more preferable 1,4-oxazine 16
precursor, E,E-14, can be formed from Z,E-14 via N-inversion of the
C]N bond (TS10, Fig. 2), the activation barrier of, which is 14.1 kcal/
mol. A sufficiently low activation barrier, however, was evaluated
for ring-opening of ylide Z-13 to Z,Z-isomer but not to Z,E-14.

From the analysis of transition states TS5, TS6 structures one can
suppose that one of the reasons for such a dramatic influence of the
configuration of the C]C bond of azadiene on the barrier of its
cyclization to the 1,4-oxazine is in disturbance of the conjugation in
the transition state of the azadiene system with the formyl group,
located cis to nitrogen. According to the calculations dihedral angle
C3eC4eC]O in transition state TS6 is 75.2�, while in TS5 this value
is only 17.7�.

Hence, the main reason for the absence of 2H-1,4-oxazine de-
rivatives among the products of the reaction is Z-stereoselectivity
of ring opening of the ylide intermediate.

In azadiene 1h, with a protected formyl group, derived from
azirine 1h and diazo compound 2c, the cyclization to 1,3-oxazine
is blocked, and 1,4-oxazine 17 was isolated as a sole product
(Scheme 7).
Scheme 7. Rh2(OAc)4-catalyzed reaction of azirine 1h with ethyl 2-benzoyl-2-
diazoacetate 2c.
3. Conclusions

In conclusion, we have reported the first example of a three-
atom ring expansion of 2H-azirines to 1,3-oxazine system. This
transformation is the result of the Rh2(OAc)4-catalyzed reaction of
2H-azirine-2-carbaldehydes with dimethyl diazomalonate. The
reaction proceeds via azirinium ylides formation, ring opening to
2-azabuta-1,3-dienes followed by a 1,6-p-electrocyclization to the
2H-1,3-oxazines. According to DFT-calculations ring opening of
azirinium ylides occurs stereoselectively to give 2-azadienes with
the C]C bond exclusively in the Z configuration. Changing a formyl
group for an acetyl group in the azirine leads to a lowering of
stereoselectivity, and the formation of azadienes with an E con-
figuration of the C]C bond can be observed. The analogous re-
action of 2-acyl-2-diazoacetates proceeds in a similar manner, but
the final 2-acetyl-substituted 2H-1,3-oxazines are unstable under
chromatographic purification conditions and rearrange into pyrrole
derivatives.

4. Experimental section

4.1. General methods

Melting points were determined on a hot stage microscope and
are uncorrected. 1H (300 MHz) and 13C (75 or 150 MHz) NMR
spectrawere determined in CDCl3 and DMSO-d6. Chemical shifts (d)
are reported in parts per million downfield from tetramethylsilane.
Electrospray ionization mass spectra were measured on a Bruker
micrOTOF mass spectrometer. Elemental analysis was performed
on a HewlettePackard 185B CHN-analyser. IR spectra were recor-
ded on a SPECORD M80 spectrometer for solutions in CHCl3. Single
crystal X-ray data were collected on a Bruker SMART-6000 (com-
pounds 5a and E-4g) and on an Agilent Gemini S-Ultra (compound
12) diffractometers equipped with Cryostream (Oxford Cry-
osystems) open-flow nitrogen cryostates at 120 K using graphite
monochromated (MoKa)-radiation (l¼0.71073 �A). All structures
were solved by direct methods and refined by full-matrix least
squares on F2 for all data using SHELXTL13 and OLEX214 software. All
non-hydrogen atoms were refined with anisotropic displacement
parameters, H-atoms were located on the difference map and re-
fined isotropically. Crystallographic data for the structures have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-920501 (for E-4g), CCDC-
920502 (for 5a), and CCDC-920503 (for 12). Silica gel Merck 60
was used for column chromatography. Thin-layer chromatography
(TLC) was conducted on alumina sheets precoated with SiO2 ALU-
GRAM SIL G/UV254. Compounds 1aeg,15 and 2a,16 b,c17 were pre-
pared by the reported procedures.

4.2. Calculation details

All calculations were performed with the mPWB1K density
functional method by using the Gaussian 09 suite of quantum
chemical programs.18 Geometry optimizations of intermediates,
transition states, reactants, and products in 1,2-dichloroethane
were performed at the DFT mPWB1K/6-31þG(d,p) level using
PCM model. Stationary points on the respective potential-energy
surfaces were characterized at the same level of theory by evalu-
ating the corresponding Hessian indices. Careful verification of the
unique imaginary frequencies for transition states was carried out
to check whether the frequency indeed pertains to the desired
reaction coordinate. Intrinsic reaction coordinates (IRC) were cal-
culated to authenticate the transition states.

4.3. Reactions of azirines 1aef with diazo compounds 2aec

4.3.1. General procedure. A 1.0 M solution of diazo compound 2aec
in anhydrous 1,2-dichloroethane (DCE) was added dropwise with
a syringe at a rate of 1.0 mL/h to a stirred 1.0 M solution of azirine
1aef and Rh2(OAc)4 (7 mol % on azirine) in anhydrous DCE at reflux
under an argon atmosphere until the azirine was consumed com-
pletely (control by TLC). The solvent was evaporated in vacuo, and
the residue was purified by column chromatography on silica gel
(eluent hexane/EtOAc) to give, after crystallization from the solvent
indicated below, compound 5aeg.

4.3.2. Dimethyl 4-phenyl-2H-1,3-oxazine-2,2-dicarboxylate (5a).
Compound 5a was prepared according to the general procedure
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from azirine 1a (103 mg, 0.71 mmol) and diazo compound 2a
(112 mg, 0.71 mmol) as a colorless solid (50 mg, 26%). Mp 90e91�S
(hexane/Et2O); Rf (33% EtOAc/hexane) 0.33; IR (KBr): 3089, 2966,
1756, 1632, 1580, 1534 cm�1 1H NMR (300 MHz, CDCl3): d 3.90 (s,
6H, 2CH3O), 6.15 (d, 1H, J¼5.8 Hz, H-5), 7.14 (d, 1H, J¼5.8 Hz, H-6),
7.42e7.53 (m, 3H, ArH), 7.88e7.90 (m, 2H, ArH). 13C NMR (75 MHz,
CDCl3): d 53.6 (2C, CH3O), 90.7 (C-2), 100.4 (C-5), 127.1, 128.6, 131.5,
135.3 (Ar), 152.5 (C-6), 161.8 (C]O), 166.4 (C-4). HRMS (ESI-TOF,
[MþH]þ): calcd for C14H14NO5, 276.0866; found 276.0854. Anal.
Calcd for C14H13NO5: C, 61.09; H, 4.76; N, 5.09. Found: C, 61.06; H,
4.60; N, 5.34. Crystal data: C14H13NO5, M¼275.25, orthorhombic,
a¼6.0659(3), b¼7.6566(4), c¼28.7710(15) �A, V¼1336.25(12) �A3,
T¼120 K, space group P212121, Z¼4, m(MoKa)¼0.105 mm�1, 14,210
reflections measured, 1987 unique (Rint¼0.0691) were used in all
calculations. The final R1 was 0.0447 (1519>2s(I)), wR2¼0.1150
(all data).

4.3.3. Dimethyl 4-(4-methoxyphenyl)-2H-1,3-oxazine-2,2-dicarboxy-
late (5b). Compound 5b was prepared according to the general
procedure from azirine 1b (105 mg, 0.6 mmol) and diazo com-
pound 2a (142 mg, 1.2 mmol) as a light yellow solid (69 mg, 23%).
Mp 81e83 �C (hexane/Et2O); Rf (50% EtOAc/hexane) 0.44; IR
(KBr): 2963, 1764, 1633, 1600 cm�1. 1H NMR (300 MHz, CDCl3):
d 3.85 (s, 3H, CH3O), 3.89 (s, 6H, CH3O), 6.12 (s, 1H, J¼5.8 Hz, H-5),
6.93 (d, 2H, J¼8.7 Hz, ArH), 7.11 (d, 1H, J¼5.8 Hz, H-6), 7.86 (d, 2H,
J¼8.7 Hz, ArH). 13C NMR (75 MHz, CDCl3): d 53.6 (2C, CH3O), 55.4
(CH3O), 90.7 (C-2), 100.3 (C-5), 113.8, 127.7, 128.9 (Ar), 152.2 (C-6),
160.8 (Ar), 162.4 (C-4), 166.6 (2C, C]O). HRMS (ESI-TOF,
[MþH]þ): calcd for C15H16NO6, 306.0972; found 306.0968. Anal.
Calcd for C15H15NO6: C, 59.01; H, 4.95; N, 4.59. Found: C, 59.02;
H, 4.80; N, 4.76.

4.3.4. Dimethyl 4-(4-chlorophenyl)-2H-1,3-oxazine-2,2-dicarboxy-
late (5c). Compound 5c was prepared according to the general
procedure from azirine 1c (108mg, 0.6 mmol) and diazo compound
2a (95 mg, 0.6 mmol) as a light yellow oil (78 mg, 42%). 1H NMR
(300 MHz, CDCl3): d 3.90 (s, 6H, 2CH3O), 6.09 (d, 1H, J¼5.8 Hz, H-5),
7.14 (d, 1H, J¼5.8 Hz, H-6), 7.41 (d, 2H, J¼8.5 Hz, ArH), 7.83 (d, 2H,
J¼8.5 Hz, ArH). 13C NMR (75 MHz, CDCl3): d 53.7 (2C, CH3O), 90.6
(C-2), 100.0 (C-5), 128.5, 128.8, 133.6, 137.8 (Ar), 152.8 (C-6), 160.8
(C-4), 166.2 (2C, C]O). HRMS (ESI-TOF, [MþH]þ): calcd for
C14H13NO5Cl, 310.0477; found 310.0471.

4.3.5. Dimethyl 4-(4-methylphenyl)-2H-1,3-oxazine-2,2-dicarboxy-
late (5d). Compound 5d was prepared according to the general
procedure from azirine 1d (70 mg, 0.44 mmol) and diazo com-
pound 2a (70 mg, 0.44 mmol) as a light yellow solid (45 mg, 35%).
Mp 129e131 �C (Et2O/hexane); Rf (33% EtOAc/hexane) 0.36; IR
(KBr): 3086, 2966, 1769, 1754, 1629, 1530 cm�1. 1H NMR (300 MHz,
CDCl3): d 2.40 (s, 3H, CH3), 3.89 (s, 6H, 2CH3O), 6.13 (d, 1H, J¼5.8 Hz,
H-5), 7.12 (d, 1H, J¼5.8 Hz, H-6), 7.24 (d, 2H, J¼8.0 Hz, ArH), 7.79 (d,
2H, J¼8.0 Hz, ArH). 13C NMR (75MHz, CDCl3): d 21.4 (CH3), 53.6 (2C,
CH3O), 90.7 (C-2), 100.4 (C-5), 127.1, 129.2, 132.5, 142.0 (Ar), 152.3
(C-6), 161.5 (C-4), 166.5 (2C, C]O). HRMS (ESI-TOF, [MþH]þ): calcd
for C15H16NO5, 290.1023; found 290.1029. Anal. Calcd for
C15H15NO5: C, 62.28; H, 5.23; N, 4.84. Found: C, 61.99; H, 5.06; N,
5.08.

4.3.6. Dimethyl 5-methyl-4-phenyl-2H-1,3-oxazine-2,2-dicarboxy-
late (5e). Compound 5e was prepared according to the general
procedure from azirine 1e (100 mg, 0.63 mmol) and diazo com-
pound 2a (100 mg, 0.63 mmol) as a light yellow oil (30 mg, 17%). 1H
NMR (300 MHz, CDCl3): d 1.73 (d, 3H, J¼1.5 Hz, CH3), 3.89 (s, 6H,
3CH3O), 6.87 (q,1H, J¼1.5 Hz, H-6), 7.42e7.51 (m, 5H, ArH). 13C NMR
(75 MHz, CDCl3): d 14.1 (CH3), 53.6 (2C, CH3O), 90.0 (C-2), 111.0
(C-5), 128.0, 128.2, 129.8, 136.6 (Ar), 148.0 (C-6), 166.6 (2C, C]O),
167.9 (C-4). HRMS (ESI-TOF, [MþH]þ): calcd for C15H16NO5,
290.1023; found 290.1027.

4.3.7. Dimethyl 4,5-diphenyl-2H-1,3-oxazine-2,2-dicarboxylate (5f).
Compound 5f was prepared according to the general procedure
from azirine 1f (100 mg, 0.45 mmol) and diazo compound 2a
(107 mg, 0.68 mmol) as a light yellow solid (49 mg, 31%). Mp
71e74 �C (hexane/Et2O); Rf (33% EtOAc/hexane) 0.39; IR (KBr):
2960, 1765, 1635, 1535 cm�1. 1H NMR (300 MHz, CDCl3): d 3.93
(s, 6H, 2CH3O), 6.98e7.02 (m, 2H, ArH), 7.19e7.39 (m, 9H, H-6, ArH).
13C NMR (75 MHz, CDCl3): d 53.7 (2C, CH3O), 90.3 (C-2), 119.1 (C-5),
127.5, 127.8, 128.2, 128.5, 129.2, 130.1, 133.7, 136.0 (Ar), 149.9 (C-6),
165.9 (C-4), 166.4 (2C, C]O). HRMS (ESI-TOF, [MþH]þ): calcd for
C20H18NO5, 352.1179; found 352.1185.

4.3.8. Dimethyl (E)-2-[(4-oxo-3-phenylpent-2-en-2-yl)imino]malo-
nate (E-4g) and dimethyl 4,6-dimethyl-5-phenyl-2H-1,3-oxazine-2,2-
dicarboxylate (5g). Azadiene E-4g (16 mg, 9%) and oxazine 5g
(77mg, 44%)were prepared according to the general procedure from
azirine 1g (100 mg, 0.58 mmol) and diazo compound 2a (131 mg,
0.83 mmol). Compound E-4g, orange solid, mp 54e55 �C (hexane/
Et2O).1HNMR (300MHz, CDCl3): d 2.03 (s, 3H, CH3), 2.34 (s, 3H, CH3),
3.82 (s, 6H, 2CH3O), 7.07e7.10 (m, 2H, ArH), 7.28e7.35 (m, 3H, ArH).
13C NMR (75 MHz, CDCl3): d 18.9 (CH3), 31.1 (CH3), 53.1 (2C, CH3O),
100.1 (C-3), 121.4 (C-2), 127.6, 128.5, 129.7, 136.2 (Ar), 148.5 (C]N),
153.1 (2C, C]O), 200.0 (C]O). Crystal data: C16H17NO5, M¼303.3,
triclinic, space groupP-1, a¼8.2133(3), b¼8.6001(3), c¼12.2957(4)�A,
a¼97.967(1), b¼100.663(1), g¼113.603(1)�, V¼759.98(5) �A3, Z¼2,
T¼120 K, m(MoKa)¼0.099 mm�1, 12,704 reflections measured, 4048
unique (Rint¼0.0315) were used in all calculations. The final R1 was
0.0398 (3286>2s(I)) and wR2 was 0.1173 (all data).

Compound 5g, colorless solid, mp 103e104 �C (hexane/Et2O); Rf
(50% EtOAc/hexane) 0.37; IR (KBr): 2958, 2924, 2852, 1749,
1658 cm�1. 1H NMR (300 MHz, CDCl3): d 1.90 (s, 3H, CH3), 1.91
(s, 3H, CH3), 3.90 (s, 6H, CH3O), 7.07e7.10 (m, 2H, ArH), 7.31e7.41
(m, 3H, ArH). 13C NMR (75 MHz, CDCl3): d 17.1 (CH3), 23.6 (CH3),
53.5 (2C, CH3O), 90.2 (C-2), 115.9 (C-5), 127.8, 128.6, 130.2, 134.3
(Ar), 158.2 (C-6), 166.7 (C-4), 166.9 (2C, C]O). HRMS (ESI-TOF,
[MþH]þ): calcd for C16H18NO5, 304.1179; found 304.1199.

4.3.9. Ethyl 4-formyl-3-methyl-5-(4-methoxyphenyl)-2-oxo-2,3-
dihydro-1H-pyrrole-3-carboxylate (10). Compound 10 (143 mg,
55%) was prepared according to the general procedure from azirine
1d (150 mg, 0.86 mmol) and diazo compound 2b (334 mg,
2.14 mmol) as a light yellow solid; mp 135e137 �C (Et2O); Rf (33%
EtOAc/hexane) 0.35; IR (KBr): 3176, 2981, 2940, 1750, 1713, 1644,
1602 cm�1. 1H NMR (300 MHz, CDCl3): d 1.21 (t, 3H, J¼7.3 Hz, CH3),
1.72 (s, 3H, CH3), 3.91 (s, 3H, CH3O), 4.12e4.27 (m, 2H, CH2), 7.06
(d, 2H, J¼8.7 Hz, ArH), 7.60 (d, 2H, J¼8.7 Hz, ArH), 9.26 (s, 1H, NH),
9.64 (s, 1H, HC]O). 13C NMR (75 MHz, CDCl3): d 13.9 (CH3), 18.8
(CH3), 55.6 (CH3O), 56.7 (C-3), 62.0 (CH2), 114.8, 119.3, 121.2, 130.4,
157.1, 162.7, 167.6, 178.0, 184.0 (Ar, NC]O, OC]O, HC]O). HRMS
(ESI-TOF, [MþK]þ): calcd for C16H17NO5K, 342.0738; found
342.0757. Anal. Calcd for C16H17NO5: C, 63.36; H, 5.65; N, 4.62.
Found: C, 62.96; H, 5.49; N, 4.76.

4.3.10. 5-(Ethoxycarbonyl)-2-(4-methoxyphenyl)-4-phenyl-1H-pyr-
role-3-carboxylic acid (12). Compound 12 (25 mg, 12%) was pre-
pared according to the general procedure from azirine 1d (100 mg,
0.57 mmol) and diazo compound 2c (311 mg, 1.43 mmol) as a light
yellow solid; mp 233e235 �C (Et2O); Rf (33% EtOAc/hexane) 0.43; IR
(KBr): 3279, 2988,1661,1612,1561 cm�1. 1H NMR (300MHz, DMSO-
d6): d 1.02 (t, 3H, J¼6.9 Hz, CH3), 3.81 (s, 3H, CH3O), 4.04 (q, 2H,
J¼6.9 Hz, CH2), 7.00 (d, 2H, J¼8.7 Hz, ArH), 7.29 (s, 5H, ArH), 7.52 (d,
2H, J¼8.7 Hz, ArH), 11.93 (s, 1H, NH), 12.23 (s, 1H, CO2H). 13C NMR
(75MHz, DMSO-d6): d 14.7 (CH3), 56.1 (CH3O), 60.4 (CH2),114.1,115.8
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(C-4),119.8 (C-3), 124.2, 127.3, 127.7, 130.9, 131.5,132.9 (Ar), 135.7 (C-
2),138.7,160.2 (Ar),161.0,166.9 (HOC]O, EtOC]O). HRMS (ESI-TOF,
[MþH]þ): calcd for C21H20NO5, 366.1336; found 366.1343. Crystal
data: C21H19NO5, M¼365.37, triclinic, a¼6.9306(3), b¼11.6562(8),
c¼12.6699(10) �A, a¼102.477(6), b¼91.596(5), g¼106.323(5)�,
V¼954.79(11) �A3, T¼120 K, space group P-1, Z¼2, m(MoKa)¼
0.091mm�1,11,472 reflectionsmeasured, 5312 unique (Rint¼0.0292)
were used in all calculations. The final R1 was 0.0447 (4168>2s(I))
and wR2 was 0.1094 (all data).

4.3.11. Ethyl 2-(dimethoxymethyl)-6-methyl-3-phenyl-2H-1,4-
oxazine-5-carboxylate (17). Compound 17 was prepared according
to the general procedure from azirine 1h (220 mg, 1.15 mmol) and
diazo compound 2b (450 mg, 2.9 mmol) as a light yellow oil
(104 mg, 28%). 1H NMR (300 MHz, CDCl3): d 1.41 (t, 3H, J¼6.9 Hz,
CH3), 2.42 (s, 3H, CH3), 3.26 (s, 3H, CH3O), 3.49 (s, 3H, CH3O),
4.32e4.40 (m, 2H, CH2), 4.55 (d, 1H, J¼7.6 Hz, CH), 5.32 (d, 1H,
J¼7.6 Hz, CH), 7.40e7.42 (m, 3H, ArH), 7.99e8.02 (m, 2H, ArH). 13C
NMR (75 MHz, CDCl3): d 14.4 (CH3), 17.9 (CH3), 53.2, 56.6 (CH3O),
60.6 (CH2), 69.8 (C-6), 99.2 (CH), 120.1 (C-3), 127.4, 128.2, 130.2,
135.6 (Ar), 148.3 (C-2), 155.1 (C-5), 165.5 (C]O). HRMS (ESI-TOF,
[MþH]þ): calcd for C17H22NO5, 320.1492; found 320.1476.
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