
FULL PAPER

DOI: 10.1002/ejoc.200901110

Synthesis of 3,4-Fused Bicyclic β-Lactams and Their Transformation into
Methyl cis-3-Aminotetrahydrofuran-2-carboxylates

Erika Leemans,[a] Matthias D’hooghe,[a] Yves Dejaegher,[a] Karl W. Törnroos,[b] and
Norbert De Kimpe*[a]

Keywords: β-Lactams / β-Amino acids / Oxolanes / Cyclization / Stereoselectivity

cis-3-Benzyloxy-4-(2-bromo-1,1-dimethylethyl)azetidin-2-
ones were transformed into the corresponding 3-hydroxy-β-
lactams through hydrogenolysis of the benzyl ether substitu-
ent, followed by formation of novel cis-2-oxa-6-azabicy-
clo[3.2.0]heptan-7-ones by intramolecular nucleophilic sub-
stitution utilizing triethylamine in benzene. The conversion

Introduction

Since the discovery of the antibiotic penicillin, β-lactams
have maintained their fundamental role as antibacterial
agents in medicinal chemistry.[1] However, the increasing
bacterial resistance against β-lactam antibiotics imposes the
search for novel types of azetidin-2-ones and β-lactamase
inhibitors.[2] Besides their biological relevance as potential
antibiotics, β-lactams have also acquired a prominent place
in organic chemistry as synthons for further elaboration.[3,4]

An important application of azetidin-2-ones involves the
synthesis of β-amino acids through hydrolysis of the amide
bond.[5–7] β-Amino acids comprise a valuable class of com-
pounds because of their broad biological and synthetic ap-
plicability.[8] In particular, cyclic β-amino acids are present
in a variety of natural products and are metabolically more
stable toward hydrolysis than their α-amino counterparts,
which is of importance for the preparation of modified pep-
tides.[9]

Additionally, cyclic β-amino acids in which the amino
group and the acid functionality are vicinally attached to
an aliphatic ring represent an important challenge due to
their biological utility.[10,11] Cispentacin,[12] an antifungal
agent against various Candida strains and a subunit of the
natural antibiotic amipurimycin,[13] comprises a relevant ex-
ample and has attracted considerable attention to these five-
membered β-amino acids.[14–17] Their oxaheterocyclic ana-
logues, i.e. tetrahydrofurancarboxylic acid derivatives vicin-
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of the latter cis-2-oxa-6-azabicyclo[3.2.0]heptan-7-ones into
cis-3-aminotetrahydrofuran-2-carboxylates was accomplished
by means of acidic methanolysis. In this paper, the first
straightforward transformation of cis-azetidin-2-ones into cis-
3-aminotetrahydrofuran-2-carboxylates via bicyclic β-lac-
tams is reported.

ally substituted with an amino group, are known to possess
antimycotic activities.[18] Furthermore, the molecular struc-
ture of chryscandin, a peptidyl nucleoside antibiotic, ac-
commodates a 3-aminotetrahydrofuran-2-carbocylic acid
system as a central structural unit.[19] Consequently, the
synthesis of oxolane β-amino acid derivatives such as 1 con-
stitutes a relevant challenge in organic chemistry.

In continuation of our interest in the use of 4-(2-bromo-
1,1-dimethylethyl)-β-lactams as versatile synthons,[20,21] the
applicability of cis-3-benzyloxy-4-(2-bromo-1,1-dimethyl-
ethyl)-β-lactams for the preparation of novel heterocyclic
targets is investigated in this paper, leading to the synthesis
of novel cis-2-oxa-6-azabicyclo[3.2.0]heptan-7-ones and
their conversion into the corresponding cis-3-aminotetra-
hydrofuran-2-carboxylates. The transfer of stereochemical
information, introduced by stereoselective Staudinger syn-
thesis of cis-β-lactams, through the reaction pathway en-
ables the selective preparation of cis-3-aminotetra-
hydrofuran-2-carboxylates.

This is the first report on the transformation of azetidin-
2-ones into biologically relevant 3-aminotetrahydrofuran-2-
carboxylates via bicyclic β-lactams. Furthermore, the con-
struction of 3,4-fused (“C-fused”) bicyclic β-lactams com-
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prises an interesting synthetic challenge as an alternative for
the conventional 1,4-fused bicyclic β-lactams, as very little
information regarding this type of oxygen-containing 3,4-
fused β-lactam systems can be found in the literature.[22]

Results and Discussion

In the first step, N-alkyl- and N-aryl-β-bromoimines 3a–
e were synthesized through the condensation of 3-bromo-
2,2-dimethylpropanal (2) with 1 equiv. of the corresponding
amine in CH2Cl2 at room temperature in the presence of
MgSO4 (Scheme 1).[23] 3-Bromo-2,2-dimethylpropanal (2)
was prepared according to a literature protocol involving
oxidation of 3-bromo-2,2-dimethylpropan-1-ol with pyrid-
inium chlorochromate mixed with silica in CH2Cl2 in 75%
yield.[24] Subsequently, the obtained β-bromoimines 3a–e
were used as such for the Staudinger synthesis of β-lactams
4a–e due to their hydrolytic instability, affording cis-3-ben-
zyloxy-4-(2-bromo-1,1-dimethylethyl)azetidin-2-ones 4a–e
in 66–75 % yield upon treatment with 1.5 equiv. of benzyl-
oxyacetyl chloride in CH2Cl2 in the presence of Et3N at
reflux for 30 min, followed by stirring at room temperature
for 16 h (Scheme 1).[21] The cis selectivity could be deduced
from the 1H NMR spectra of β-lactams 4, as the coupling
constants between the 3-H and 4-H protons on the β-lac-
tam ring varied between 5.3 and 6.1 Hz (CDCl3).[25] Only
for 3-benzyloxy-4-(2-bromo-1,1-dimethylethyl)-1-(4-meth-
oxyphenyl)-azetidin-2-one (4e) was a minor amount of the
trans isomer formed during the reaction (cis/trans = 79:21,
determined by 1H NMR analysis), and separation of both
isomers was performed by means of column chromatog-
raphy on silica gel.

The formation of trans-4e was unexpected, as it is well
known that the use of Bose–Evans ketenes[26] generally re-
sults in the formation of cis-β-lactams (due to the electron-
donating properties of the alkoxy or aryloxy substituent),
regardless of the imine substituents. However, the presence
of a minor amount of trans-4e can only be attributed to the
nature of the nitrogen substituent, as all other parameters
remained unchanged as compared to the synthesis of β-lac-
tams 4a–d. Apparently, the presence of an aromatic ring
at the nitrogen atom accelerates the isomerisation of the
Zwitterionic intermediate, resulting in the formation of the
thermodynamically more stable trans-β-lactam. A few ex-

Scheme 1.
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amples are known in the literature in which the formation
of trans-1-aryl-3-methoxy-β-lactams has been reported un-
der Staudinger reaction conditions, next to the correspond-
ing cis isomers.[27] In particular, N-(4-methoxyphenyl)-
imines are known to enhance the trans selectivity during
Staudinger β-lactam synthesis.[28] Additionally, the influ-
ence of the electronic effect of the N-substituent on the ster-
eoselectivity can also be deduced from the preferential for-
mation of trans-1-methoxy- and -1-methylthio-β-lactams.[29]

Hydrogenolysis of the benzyl ether substituent in β-lac-
tams 4 by using palladium on activated carbon in methanol
at room temperature afforded cis-3-hydroxy-β-lactams 5a–e
after 16 h (Scheme 1). cis-β-Lactams 5a–c,e were obtained
in high purity (�95 %) and were used as such in the next
step, whereas β-lactam 5d required purification by
recrystallization from Et2O. Apart from their synthetic util-
ity, 3-hydroxy-β-lactams and their derivatives are of bio-
logical importance as for example inhibitors of the enzymes
renin[30] and HIV-1 protease,[31] or as key fragments in
phenylisoserine analogues (used in the synthesis of new tax-
ane anticancer drugs).[32]

In the next part, the synthesis of 2-oxa-6-azabicy-
clo[3.2.0]heptan-7-ones, about which very little is known in
the literature, was envisaged through cyclisation of 4-(2-
bromo-1,1-dimethylethyl)-3-hydroxyazetidin-2-ones (5).
Formation of the premised cis-2-oxa-6-azabicyclo[3.2.0]-
heptan-7-ones (6) required the reaction with 10 equiv. of
Et3N in benzene under reflux for 16 h, resulting in novel
bicyclic β-lactams 6a–e in good yields (82–95%, Scheme 2).
Experimental coupling constants of 3.9–4.0 Hz (1H NMR,
CDCl3) were observed between the β-lactam protons at C-
3 and C-4 in compounds 6a–e, pointing to a cis configura-
tion of the bicyclic framework.[22c,22d,22f,33] Remarkably, the
methylene group of the tetrahydrofuran ring in compounds
6 appeared as a singlet in the 1H NMR spectrum (CDCl3)
and not as the expected AB system. No precedents could
be found in the literature in which similar observations were
described.

Simultaneously, trans-3-benzyloxy-4-(2-bromo-1,1-di-
methylethyl)-1-(4-methoxyphenyl)azetidin-2-one (trans-4e),
obtained as the minor isomer after reaction of β-bromo-
imine 3e with 1.5 equiv. of benzyloxyacetyl chloride and
3 equiv. of Et3N, was transformed into the corresponding
3-hydroxy-β-lactam trans-5e upon hydrogenolysis (5 bar H2,
MeOH, room temp., 16 h) in 94% yield.
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Scheme 2.

Attempted ring closure of the latter β-lactam trans-5e to
the corresponding trans-2-oxa-6-azabicyclo[3.2.0]heptan-7-
one upon treatment with 10 equiv. of Et3N in benzene at
reflux for 16 h failed and led to full recovery of the starting
material. The use of 2 equiv. of sodium hydride in toluene
under reflux for 48 h, however, resulted in complete trans-
formation of trans-5e into the corresponding cis-2-oxa-6-
azabicyclo[3.2.0]heptan-7-one (6e) in 54 % yield (after puri-
fication by column chromatography), pointing to an initial
trans/cis isomerisation of the starting trans-β-lactam 5e, fol-
lowed by cyclization.

As mentioned before, very few examples are known in
the literature regarding the synthesis of cis-2-oxa-6-azabicy-
clo[3.2.0]heptan-7-ones. The radical-mediated ring closure
of 3-benzyloxy-4-ethynylazetidin-2-ones has been described
toward the corresponding “C-fused” bicyclic cis-β-lac-
tams,[22c] and cis-6-allyl-4-(tert-butyldimethylsilanyloxy)-3-
methyl-3-vinyl-2-oxa-6-azabicyclo[3.2.0]heptan-7-one has
been prepared by a metal-catalyzed cyclization protocol.[22f]

In a final example, a cis-4-(2-fluorophenyl)-3-hydroxy-β-
lactam was transformed into a tricyclic β-lactam via an (η6-
arene)tricarbonylchromium(0) complex through a number
of reaction steps.[22d] From a biological point of view, 3,4-
fused bicyclic β-lactams are also of interest, e.g. as biolo-
gically active agents against class A and class C β-lactam-
ases.[33a,33b]

Due to the release of ring-strain energy, hydrolytic ring
cleavage of the amide functionality in azetidin-2-ones pro-
vides a convenient entry into the field of β-amino acid
chemistry.[5–7,34] If cyclic β-amino acid derivatives are con-
templated, hydrolysis of the corresponding bicyclic β-lac-
tam framework comprises a suitable methodology.[7]

Because of the biological relevance of heterocyclic β-
amino acid derivatives,[10,11] 2-oxa-6-azabicyclo[3.2.0]hep-
tan-7-ones (6) can be regarded as useful synthetic precur-
sors toward 3-aminotetrahydrofuran-2-carboxylic acids
with a pre-determined stereochemistry. Thus, the synthesis
of the desired 3-aminotetrahydrofuran-2-carboxylates 7a–e
was accomplished through ring opening of bicyclic cis-β-
lactams 6a–e by means of HCl in methanol.[35] In order
to find suitable reaction conditions, a variety of different
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conditions (equiv., time, temperature) was evaluated by
using 6-tert-butyl-4,4-dimethyl-2-oxa-6-azabicyclo[3.2.0]-
heptan-7-one (6d) as the starting compound. Treatment of
β-lactam 6d with 4 or 8 equiv. of HCl in MeOH at 0 °C,
followed by stirring for 16 h at room temp., resulted in com-
plete recovery of the starting material. The addition of
4 equiv. of HCl at room temp., followed by stirring at ambi-
ent temperature for 6 h and subsequent heating under re-
flux for 18 h afforded a minor amount of tetrahydrofuran
7d (15%) and mainly unreacted starting material. Finally,
optimal conversion of β-lactam 6d into 3-tert-butylamino-
4,4-dimethyltetrahydrofuran-2-carboxylate 7d was achieved
by using 10 equiv. of HCl in methanol and reflux for 120 h
(Scheme 3). Analogously, 3-aminotetrahydrofuran-2-carb-
oxylates 7a–c,e were prepared in good yields and purity
upon treatment of cis-β-lactams 6a–c,e with 10 equiv. of
HCl in methanol at reflux temperature for 24–120 h
(Scheme 3). In the 1H NMR spectra, the methylene group
of the tetrahydrofuran ring in compounds 7 appeared as an
AB system with a coupling constant between 8.3 and 8.8 Hz
(CDCl3) (Figure 1).

Scheme 3.

Due to the high stereoselectivity in the Staudinger syn-
thesis of cis-β-lactams 4 and transfer of this relative config-
uration through the reaction sequence, cis-3-aminotetra-
hydrofuran-2-carboxylates 7 were deduced as the final reac-
tion products. Moreover, the experimental coupling con-
stants between the protons at C-2 and C-3 in tetra-
hydrofurans 7 (6.2–8.3 Hz, CDCl3) are in accordance with
coupling constants of similar compounds described in the
literature.[36,37] Nonetheless, coupling constants of 4.6–
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Figure 1. Geminal coupling constants in oxolanes 6 and 7.

4.8 Hz between the protons at C-2 and C-3 have also been
reported for cis-3-azidotetrahydrofuran-2-carboxylates,
making a conclusive stereochemical assignment solely
based on coupling constants precarious.[38]

Subsequently, NOESY experiments were performed on
3-aminotetrahydrofuran-2-carboxylates 7. Although the lat-
ter experiments also pointed into the direction of the ini-
tially proposed cis stereochemistry, no irrefutable proof
could be obtained. Finally, X-ray analysis of 3-aminotetra-
hydrofuran-2-carboxylate 7e unambiguously settled the is-
sue and revealed a cis relationship between the amino group
and the ester moiety (Figure 2).

Figure 2. X-ray analysis of methyl cis-3-(4-methoxyphenylamino)-
4,4-dimethyltetrahydrofuran-2-carboxylate (7e).

In addition to the above-described strategy, providing an
entry into 2-oxa-6-azabicyclo[3.2.0]heptan-7-ones in which
the oxygen atom is connected to the C-3 β-lactam carbon
atom, an alternative approach was applied with the inten-
tion to produce the isomeric 2-oxa-7-azabicyclo[3.2.0]hep-
tan-6-ones (in which the oxygen atom is connected to the
C-4 β-lactam carbon atom). Based on a methodology re-
ported in the literature,[39] cycloaddition of 2,3-dihydrofu-
ran 8 with phenyl and benzyl isocyanate in a sealed tube at
100 °C afforded the corresponding 2-oxa-7-azabicyclo-

Scheme 4.
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[3.2.0]heptan-6-ones 9a–b (Scheme 4). The structural ident-
ity of bicyclic β-lactam 9a, which was prepared in higher
yield as compared to the above-mentioned literature proto-
col, was acknowledged through comparison of its spectro-
scopic data with those reported in the literature.[39c] In the
1H NMR spectra, the coupling constants between the two
protons at C-3 varied between 9.4 and 9.7 Hz (CDCl3).

Attempts to open bicyclic β-lactams 9 toward the corre-
sponding oxolanes 10 by using methanolic hydrogen chlo-
ride failed due to the presence of a labile hemiaminal
moiety. Therefore, attempts were made to prepare the more
stable 7-tosyl-2-oxa-7-azabicyclo[3.2.0]heptan-6-one as a
substrate for acidic methanolysis upon treatment of 2,3-di-
hydrofuran with 1.05 equiv. of chlorosulfonyl isocyanate in
diethyl ether under reflux for 8 h. However, only complex
reaction mixtures were obtained. Finally, efforts were made
to perform the cycloaddition of aryl isocyanates with 2,5-
dihydrofuran in order to prepare 3-oxa-6-azabicyclo[3.2.0]-
heptan-7-ones by applying the same reaction conditions
(sealed tube, 100 °C, 5 d), albeit without any success.

Conclusion

The synthesis of cis-2-oxa-6-azabicyclo[3.2.0]heptan-7-
ones as a novel class of C-fused bicyclic β-lactams is de-
scribed starting from cis-3-hydroxy-β-lactams through in-
tramolecular nucleophilic substitution. The latter 3,4-fused
bicyclic β-lactams were converted into biologically relevant
cis-3-aminotetrahydrofuran-2-carboxylates by methanolysis
in acid medium. This approach comprises the first transfor-
mation of β-lactams into cis-3-aminotetrahydrofuran-2-
carboxylates in good overall yields.

Experimental Section
General: See Supporting Information.

Synthesis of cis-3-Benzyloxy-4-(2-bromo-1,1-dimethylethyl)azetidin-
2-ones 4a–e: As a representative example, the synthesis of cis-3-
benzyloxy-4-(2-bromo-1,1-dimethylethyl)-1-(4-methoxyphenyl)azet-
idin-2-one (4e) is described here. To a stirred solution of β-bro-
moimine 3e[21] (1.85 g, 6.85 mmol) and Et3N (2.08 g, 20.56 mmol)
in CH2Cl2 (15 mL) was added benzyloxyacetyl chloride (1.90 g,
10.28 mmol), and the resulting solution was heated under reflux
for 30 min. Afterwards, the mixture was cooled to room tempera-
ture and stirred for 12 h. Subsequently, the reaction mixture was
poured into water (50 mL) under vigorous stirring and extracted
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with CH2Cl2 (2�20 mL). The combined organic layers were dried
(MgSO4), filtered, and the solvent was removed in vacuo to furnish
a mixture of cis- and trans-3-benzyloxy-4-(2-bromo-1,1-dimethyl-
ethyl)-1-(4-methoxyphenyl)azetidin-2-one (4e), in a cis/trans ratio
of 79:21 (determined by 1H NMR analysis). The two isomers were
separated by means of column chromatography on silica gel (petro-
leum ether/EtOAc, 3:1) in 68% yield for cis-4e (1.95 g) and in 14%
yield for trans-4e (0.40 g).

cis-3-Benzyloxy-4-(2-bromo-1,1-dimethylethyl)-1-(4-methoxyphenyl)-
azetidin-2-one (cis-4e): White translucent crystals (obtained after
column chromatography). Yield 68%. M.p. 92.9–93.9 °C. Rf = 0.40
(petroleum ether/EtOAc, 3:1). 1H NMR (300 MHz, CDCl3): δ =
1.19 (s, 3 H), 1.21 (s, 3 H), 3.25 (d, J = 9.9 Hz, 1 H), 3.63 (d, J =
9.9 Hz, 1 H), 3.78 (s, 3 H), 4.50 (d, J = 5.5 Hz, 1 H), 4.76 (d, J =
11.6 Hz, 1 H), 4.86 (d, J = 5.5 Hz, 1 H), 5.01 (d, J = 11.6 Hz, 1
H), 6.85–6.90 and 7.28–7.40 (m, 9 H) ppm. 13C NMR (75 MHz,
CDCl3): δ = 22.6 and 24.40 (CH3), 38.6 (C), 44.7 (CH2), 55.4
(CH3), 63.0 (CH), 73.6 (CH2), 81.4 (CH), 114.3 (CH), 121.8 (CH),
127.7 (CH), 128.0 (CH), 128.5 (CH), 129.8 (C), 137.0 (C), 157.2
(C), 166.4 (C) ppm. IR (ATR): ν̃max = 1246, 1510, 1746 cm–1. MS:
m/z (%) = 418/420 (100) [M + H]+. C21H24BrNO3 (418.32): calcd.
C 60.29, H 5.78, N 3.35; found C 59.94, H 5.41, N 3.43.

Synthesis of cis-4-(2-Bromo-1,1-dimethylethyl)-3-hydroxyazetidin-2-
ones 5a–e: As a representative example, the synthesis of cis-4-(2-
bromo-1,1-dimethylethyl)-1-tert-butyl-3-hydroxyazetidin-2-one (5d)
is described here. Palladium on activated carbon (0.16 g, 10% Pd)
was added to a solution of β-lactam 4d (1.64 g, 4.46 mmol) in
methanol (30 mL), and the resulting mixture was placed in a Parr
apparatus. The inside of the Parr apparatus was then degassed and
filled with hydrogen gas, after which the mixture was stirred at
room temperature for 16 h while applying 5 bar of hydrogen gas.
Filtration of the heterogeneous mixture through Celite® and evapo-
ration of the solvent in vacuo afforded cis-4-(2-bromo-1,1-di-
methylethyl)-1-tert-butyl-3-hydroxyazetidin-2-one (5d), which was
purified by recrystallisation from diethyl ether in 93 % yield
(1.15 g).

cis-4-(2-Bromo-1,1-dimethylethyl)-1-tert-butyl-3-hydroxyazetidin-2-
one (5d): White crystals (recrystallization from Et2O). Yield 93 %.
M.p. 157.4–158.4 °C. 1H NMR (300 MHz, CDCl3): δ = 1.23 (s, 3
H), 1.27 (s, 3 H), 1.39 (s, 9 H), 3.40 (d, J = 9.9 Hz, 1 H), 3.97 (d,
J = 5.5 Hz, 1 H), 3.99 (d, J = 9.9 Hz, 1 H), 4.87 (dd, J = 5.5, J =
5.5 Hz, 1 H), 5.39 (dbr, J = 5.5 Hz, 1 H) ppm. 13C NMR (75 MHz,
CDCl3): δ = 22.6 (CH3), 26.6 (CH3), 29.0 (CH3), 37.2 (C), 44.5
(CH2), 54.1 (C), 66.2 (CH), 73.7 (CH), 172.3 (C) ppm. IR (ATR):
ν̃max = 1700, 2972, 3225 cm–1. MS: m/z (%) = 278/280 (100) [M +
H]+. C11H20BrNO2 (278.19): calcd. C 47.49, H 7.25, N 5.04; found
C 47.11, H 7.43, N 4.90.

Synthesis of cis-4,4-Dimethyl-2-oxa-6-azabicyclo[3.2.0]heptan-7-
ones 6a–e: As a representative example, the synthesis of cis-6-tert-
butyl-4,4-dimethyl-2-oxa-6-azabicyclo[3.2.0]heptan-7-one (6d) is
described here. To cis-4-(2-bromo-1,1-dimethylethyl)-1-tert-butyl-3-
hydroxyazetidin-2-one (5d) (0.70 g, 2.52 mmol) in benzene (20 mL)
was added Et3N (2.54 g, 25.19 mmol). This mixture was heated un-
der reflux for 16 h, after which the solvent was removed under re-
duced pressure. Dry diethyl ether was added, and the precipitated
triethylammonium bromide was removed by filtration. Evaporation
of the solvent yielded the bicyclic cis-β-lactam 6d in 90% crude
yield. Purification by column chromatography (petroleum ether/
EtOAc, 3:1) gave 6-tert-butyl-4,4-dimethyl-2-oxa-6-azabicy-
clo[3.2.0]heptan-7-one (6d, 0.41 g, 82%) in pure form.

cis-tert-Butyl-4,4-dimethyl-2-oxa-6-azabicyclo[3.2.0]heptan-7-one
(6d): White translucent crystals (obtained after column chromatog-
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raphy). Yield 82%. Rf = 0.17 (petroleum ether/EtOAc, 3:1). M.p.
72.2–73.2 °C. 1H NMR (300 MHz, CDCl3): δ = 0.97 and 1.16 (2 s,
2� 3 H), 1.37 (s, 9 H), 3.63 (s, 2 H, OCH2), 3.71 (d, J = 3.9 Hz, 1
H), 4.97 (d, J = 3.9 Hz, 1 H) ppm. 13C NMR (75 MHz, CDCl3): δ
= 20.5 and 24.3 (CH3), 28.3 (CH3), 39.5 (C), 53.4 (C), 66.1 (CH),
77.7 (CH2), 84.9 (CH), 167.3 (C) ppm. IR (ATR): ν̃max = 1722,
2959 cm–1. MS: m/z (%) = 198 (100) [M + H]+. C11H19NO2

(197.27): calcd. C 66.97, H 9.71, N 7.10; found C 67.11, H 9.57, N
7.10.

Synthesis of cis-3-Aminotetrahydrofuran-2-carboxylates 7a–e: As a
representative example, the synthesis of methyl cis-3-(tert-bu-
tylamino)tetrahydrofuran-2-carboxylate (7d) is described here. 6-
tert-Butyl-4,4-dimethyl-2-oxa-6-azabicyclo[3.2.0]heptan-7-one (6d)
(0.40 g, 2.03 mmol) was dissolved in methanol (25 mL) containing
10 equiv. of HCl gas. The HCl gas was obtained by adding sulfuric
acid to a solution of sodium chloride in hydrogen chloride, and
utilizing sulfuric acid as drying trap. The mixture was heated under
reflux for 120 h, after which the solvent was removed under re-
duced pressure. Saturated sodium hydrogen carbonate solution
(15 mL) was added to the reaction mixture, followed by extraction
with CH2Cl2 (3�25 mL). The combined organic fractions were
dried (MgSO4), filtered, and the solvent was removed under re-
duced pressure. Purification by column chromatography on silica
gel (petroleum ether/EtOAc, 4:1) furnished methyl cis-3-(tert-bu-
tylamino)tetrahydrofuran-2-carboxylate (7d, 0.32 g) in 68% yield.

Methyl cis-3-(tert-Butylamino)tetrahydrofuran-2-carboxylate (7d):
Colorless liquid. Yield 68%. Rf = 0.28 (petroleum ether/EtOAc,
17:3). 1H NMR (300 MHz, CDCl3): δ = 0.96 and 1.04 (2 s, 2� 3
H), 1.05 (s, 9 H), 3.21 (d, J = 8.3 Hz, 1 H), 3.57 (d, J = 8.3 Hz, 1
H), 3.74 (s, 3 H), 3.82 (d, J = 8.3 Hz, 1 H), 4.52 (d, J = 8.3 Hz, 1
H) ppm. 13C NMR (75 MHz, CDCl3): δ = 20.4 and 25.3 (CH3),
30.1 (CH3), 41.1 (C), 50.0 (C), 51.5 (CH3), 63.6 (CH), 79.8 (CH2),
80.5 (CH), 172.5 (C) ppm. IR (ATR): ν̃max = 1084, 1198, 1466,
1748, 2958 cm–1. MS: m/z (%) = 230 (100) [M + H]+. C12H23NO3

(229.32): calcd. C 62.85, H 10.11, N 6.11; found C 62.71, H 10.34,
N 5.98.

Synthesis of 2-Oxa-7-azabicyclo[3.2.0]heptan-6-ones 9a–b: As a rep-
resentative example, the synthesis of 2-oxa-7-aza-7-phenylbicy-
clo[3.2.0]heptan-6-one (9a) is described here. A mixture of 2,3-dihy-
drofuran (8, 2.76 g, 39.43 mmol) and phenyl isocyanate (0.94 g,
7.90 mmol) in a sealed Teflon® tube was heated at 100 °C and
stirred for 5 d. The resulting mixture was subjected to concentra-
tion. 7-Phenyl-2-oxa-7-azabicyclo[3.2.0]heptan-6-one (9a, 1.49 g)
was obtained in 95% yield without further purification (purity �

95% based on 1H NMR).

7-Phenyl-2-oxa-7-azabicyclo[3.2.0]heptan-6-one (9a): Yellow crys-
tals. Yield 99%. M.p. 48.9–49.9 °C. 1H NMR (300 MHz, CDCl3):
δ = 1.85 (dddd, J = 13.2, J = 12.1, J = 8.8, J = 8.3 Hz, 1 H), 2.27
(dd, J = 13.2, J = 5.5 Hz, 1 H), 3.78 (dd, J = 8.8, J = 3.3 Hz, 1
H), 3.93 (ddd, J = 12.1, J = 9.7, J = 5.5 Hz, 1 H), 4.24 (dd, J =
9.7, J = 8.3 Hz, 1 H), 5.90 (d, J = 3.3 Hz, 1 H), 7.08–7.13 and
7.29–7.51 (m, 5 H) ppm. 13C NMR (75 MHz, CDCl3): δ = 25.4
(CH2), 55.8 (CH), 66.9 (CH2), 85.8 (CH), 116.9 (CH), 124.4 (CH),
129.2 (CH), 136.9 (C), 165.2 (C) ppm. IR (ATR): ν̃max = 1072,
1381, 1743 cm–1. MS: m/z (%) = 190 (100) [M + H]+. C11H11NO2

(189.21): calcd. C 69.83, H 5.86, N 7.40; found C 69.61, H 5.92, N
7.23.

Supporting Information (see footnote on the first page of this arti-
cle): Spectroscopic data of compounds trans-4e, cis-5a–c,e, trans-
5e, 6a–c,e and 7a–c,e. X-ray structural information on compound
7e.
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