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[3+2] Annulation of Allenoates with 6-Alkylidenepenicillanates
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The first examples of phosphane-catalyzed [3+2] annulation
of allenoates to 6-alkylidenepenicillanates leading to chiral
spirocyclopentenyl-β-lactams are reported. The synthesis of
this new type of β-lactams involved the generation of either
two or three consecutive stereogenic centers, including a

Introduction
Since the discovery of penicillins and cephalosporins as

antibiotics, the chemistry of β-lactams has attracted con-
siderable attention. However, the extensive clinical use of
these antibacterial agents has resulted in an increasing
number of resistant strains of bacteria. Penicillin resistance
is often caused by the action of enzymes known as β-lact-
amases, which cleave the reactive β-lactam bond of the anti-
biotic making it ineffective. Thus, the β-lactam ring is the
core of the biological activity of a large class of antibiotics
and also of several β-lactamase inhibitors.[1] The demand
for more efficient β-lactam antibiotics and β-lactamase in-
hibitors has led to increasing interest in the design of new
functionalized 2-azetidinones.

β-Lactams are also interesting synthons in organic syn-
thesis, providing routes to α- and β-amino acids and pept-
ides.[2] Structures with a spiro-β-lactam core are also inter-
esting target molecules, because some derivatives exhibit
relevant biological properties, namely cholesterol absorp-
tion inhibition, antibacterial activity and antiviral activity.[3]

In peptidomimetic chemistry, spiro-β-lactams are used as β-
turn mimetics.[4] Thus, the search for new spiro-β-lactam
derivatives is of great interest in medicinal chemistry.

An approach to new penicillin analogues is to explore
the reactivity of 6-diazopenicillanates or 6-alkylidenepenic-
illanates for the functionalization at C-6, keeping the penic-
illanate nucleus. In fact, chiral spiro-2-pyrazolinepenicillan-
ates can be obtained from the 1,3-dipolar cycloaddition of
6-diazopenicillanates.[3a,3b,5] Our own contribution[5] estab-
lished that cycloaddition with dipolarophiles such as acry-
lonitrile, acrylates or methyl vinyl ketone affords spiro-2-
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quaternary chiral center. Although the reported methodology
is highly diastereoselective, the regioselectivity is dependent
on the nature of the methylenepenicillanate derivative and
on the nature of the allenoate γ-substituent.

pyrazoline-β-lactams, whereas with N-substituted male-
imides, spiro-1-pyrazoline-β-lactams are obtained. Micro-
wave-induced denitrogenation of these spiro-1-pyrazoline-
β-lactams allows the stereoselective synthesis of novel spiro-
cyclopropyl-β-lactams. 6-Diazopenicillanates also react
with electron-deficient alkynes to give the corresponding
spiro-3H-pyrazole-β-lactam as a single product.[5] The ob-
served stereoselectivity can be explained by considering that
the major product results from addition to the sterically less
hindered α-side of the β-lactam. Reaction of 6-diazopenicill-
anates with aromatic imines, aldehydes and ketones leading
to spiro-aziridine-penicillanates[6] and spiro-epoxide-penic-
illanates,[7] respectively, are also known. On the other hand,
6-alkylidenepenicillanates participate in 1,3-dipolar cyclo-
addition reactions with diphenyldiazomethane to give
spiro-1-pyrazolinepenicillanates, which undergo thermally
induced ring contraction to afford spirocyclopropylpenicill-
anates.[3a] Spirocyclopropylpenicillanates have also been
prepared through rhodium-catalyzed cyclopropanation of
a 6-diazopenicillanate sulfone[8a] and by the CuI-catalyzed
reaction of 6-bromopenicillanoylmagnesium bromide with
α,β-unsaturated esters.[8b]

Phosphane-catalyzed [3+2] annulations of allenoates
with electron-deficient alkenes is a powerful synthetic strat-
egy for the construction of cyclopentene derivatives.[9] Cris-
tau et al. found that in the presence of phosphanes the ad-
dition of nucleophiles to electron-deficient allenes takes
place at the β,γ-carbon–carbon double bond (umpolung ad-
dition).[10] They observed that the reaction of methyl 2,3-
butadienoate (1) with triphenylphosphane followed by the
addition of NaI affords 2, which undergoes nucleophilic at-
tack at the γ-carbon atom leading to 3. Lu et al. explored
the reactivity of 1,3-dipoles generated from allenoates and
phosphanes as the three-carbon synthon in formal [3+2]
cycloaddition reactions.[11] This pioneering work included
the synthesis of cyclopentene derivatives via allenoate-de-
rived 1,3-dipoles and electron-deficient alkenes. The reac-
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Scheme 1. Phosphane-catalyzed reactions of allenoates.

tion with alkenes such as acrylates and methyl vinyl ketone
affords regioisomeric cyclopentenes 5 and 6. The selectivity
towards the former regioisomer can be rationalized as re-
sulting from the initial conjugate addition of the α-position
of the dipole to the alkene (Scheme 1).

Since this disclosure, cycloaddition of allenoates to a
wide range of electron-deficient alkenes has been
studied.[9,12–16] These included the use of chiral phosphanes
for the enantioselective synthesis of cyclopentenes[14,15] as
well as the use of chiral substrates to provide cyclopentenes
in a diastereoselective manner.[16] This annulation method-
ology, when applied to exocyclic alkenes, provides an ap-
proach to spirocyclic compounds.[13,15,16a,16b]

In this context, we decided to study the phosphane-cata-
lyzed [3+2] cycloaddition of allenoates to 6-alkylidenepenic-
illanates 7 as a route to chiral spirocyclopentene-β-lactams
(Scheme 2). This chemistry would allow the generation of
two (8; R1 = H) or three (8; R1 � H) consecutive stereo-
genic centers, including a quaternary stereocenter, leading
to a new class of penicillanate derivatives 9 and 10.

Scheme 2. Synthetic strategy for the synthesis of chiral spirocy-
clopentenyl-β-lactams.

Results and Discussion

6-Alkylidenepenicillanates 7 were obtained by Wittig re-
action of the appropriate phosphorus ylide with 6-oxopen-
icillanate 11 (Scheme 3).[17] Compound 11 was initially pre-
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pared from 6-aminopenicillanic acid (6-APA) according to
a known procedure.[18] This method involves the conversion
of 6-APA into 6-hydroxypenicillanic acid, followed by ester-
ification and final oxidation to the 6-oxo derivative. How-
ever, we decided to use an alternative method that proved
to be a more efficient approach to 6-oxopenicillanate 11.[19]

This synthetic strategy involves the synthesis of 6-diazopen-
icillanate from benzhydryl 6-β-aminopenicillanate,[20] fol-
lowed by rhodium-catalyzed oxidation of the diazo deriva-
tive in the presence of propylene oxide to give the target 6-
oxopenicillanate.

Scheme 3. Synthesis of 6-alkylidenepenicillanates 7.

The formal [3+2] cycloaddition of benzyl 2,3-butadieno-
ate (8a) with 6-alkylidenepenicillanates 7 was explored
(Table 1). Allenoate 8a reacted with 6-alkylidenepenicillan-
ate 7a in the presence of triphenylphosphane at room tem-
perature for 3 h, to produce regioisomeric spiro-β-lactams
13a and 14a, in 48% overall yield (Entry 1). By carrying out
the same reaction for 5 h, the overall yield was improved to
68 % (Entry 2). The structural assignment of these chiral
compounds 13a and 14a was made on the basis of 2D
NOESY, HMQC and HMBC spectra (400 MHz). The
NOESY spectra of these compounds showed cross peaks
between 1�-H and the β-Me protons, but no correlation was
observed between 1�-H and 5-H.

Quantum chemical calculations were carried out at the
Hartree–Fock level of theory by using the 6-31G(d) basis
set to determine the optimized geometries of spiro-β-lact-
ams 13a and 14a, followed by harmonic frequency calcula-
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Table 1. Phosphane-catalyzed [3+2] annulation of allenoate 8a with 6-alkylidenepenicillanates 7a–d.

Entry β-Lactam 7 Reaction conditions Isolated yield [%]
γ-Regioisomer 13 α-Regioisomers 14

1 7a r.t., 3 h 27 21
2 7a r.t., 5 h 41 27
3 7b r.t., 5 h 35 53
4 7c r.t., 5 h 50 (31:69)[a]

5 7d r.t., 3 h 41 –

[a] Regioisomeric ratio determined by 1H NMR spectroscopic analysis.

Figure 1. Optimized geometries of spiro-β-lactams 13a and 14a at the HF/6-31G(d) level.

tions, at the same level of theory, which allowed characteri-
zation of the nature of the stationary points (Figure 1). The
calculated structures corroborate the stereochemistry as-
signment of these β-lactams and are in agreement with the
NOE experiments.

The work was then extended to other 6-alkylidenepenic-
illanates (Table 1). Benzyl 2,3-butadienoate (8a) reacted
with 6-alkylidenepenicillanate 7b at room temperature for
5 h to produce the spiro-β-lactams 13b and 14b in 88 %
overall yield (Entry 3). The reaction of 6-alkylidenepenicill-
anate 7c with allenoate 8a at room temperature for 5 h also
gave the regioisomeric spiro-β-lactams 13c and 14c, in 50%
overall yield (Entry 4). Unfortunately, 13c and 14c could
not be separated by flash chromatography. Interestingly, the
reaction of 6-alkylidenepenicillanate 7d with the same allen-
oate at room temperature gave spiro-β-lactam 13d regio-
selectively in 41 % yield (Entry 5).

It has been previously observed that the formal phos-
phane-catalyzed [3+2] cycloaddition of exocyclic alkenes to
allenoates can lead to a regioselection that differs from that
observed in the cycloaddition with acrylates[15b] (see
Scheme 1). The results on the formal [3+2] cycloaddition of
8a with 6-alkylidenepenicillanates 7 showed that the re-
gioselectivity depends on the nature of the methylenepenic-
illanate derivative. In the case of 1-methoxycarbonylmethyl-
enepenicillanate the synthesis of the γ-regioisomer is fa-
vored, whereas the γ-regioisomer is formed exclusively from

www.eurjoc.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 0000, 0–04

the 1-acetylmethylene derivative. However, with 1-benzoyl-
methylenepenicillanate the opposite regioselectivity was ob-
served. Thus, a combination of steric and electronic effects
must be considered to explain the regioselectivity of these
[3+2] annulation reactions. It is noteworthy that the α- and
γ-regioisomers were isolated as single stereoisomers.

The reactivity of 6-alkylidenepenicillanates towards
benzyl 2,3-pentadienoate (8b) in the presence of tri-
phenylphosphane was also explored (Table 2). Spirocy-
clopentenyl-β-lactam 15a was prepared as the only product
in 48 % yield, by the [3+2] annulation reaction of allenoate
8b with 7a (Entry 1). The stereochemistry assignment of
compound 15a was made on the basis of 2D NOESY ex-
periments (400 MHz). In this spectrum, 1�-H showed corre-
lation with the β-Me protons, but no cross peaks were ob-
served between 1�-H and 5-H nor between 1�-H and 2�-H.

Benzyl 2,3-pentadienoate (8b) reacted with 7b at room
temperature for 5 h to give spiro-β-lactam 15b as a single
product, in 36% yield (Table 2, Entry 2). The chiral spiro-
β-lactam 15c was also obtained regio- and stereoselectively
from the reaction of allenoate 8b with 6-alkylidenepenic-
illanate 7d (Entry 3).

The study of the reactivity of 6-alkylidenepenicillanates
7 towards γ-substituted allenoate 8b showed that the PPh3-
catalyzed [3+2] cycloaddition also proceeds, with the re-
gioselective synthesis of the α-regioisomer being observed
regardless of the nature of the methylenepenicillanate deriv-
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Table 2. Phosphane-catalyzed [3+2] annulation of allenoate 8b with
6-alkylidenepenicillanates 7a, 7b and 7d.

Entry β-Lactam 7 Reaction conditions Isolated yield of 15 [%]

1 7a r.t., 5 h 48
2 7b r.t., 5 h 36
3 7d r.t., 3 h 37

ative, through a process in which three new chiral centers
are formed.

The study was then extended to the reaction of benzyl 4-
phenyl-2,3-butadienoate (8c) with 6-alkylidenepenicillan-
ates in the presence of triphenylphosphane (Table 3). Spiro-
β-lactam 16a was prepared in 56% yield as a single product
by the reaction of allene 8c with 6-alkylidenepenicillanate
7a at room temperature for 7 h (Entry 1). The assignment
of the stereochemistry of compound 16a was made on the
basis of 2D NOESY spectra (400 MHz), in which 1�-H
showed a correlation with the β-Me protons, but no cross
peaks were found between 1�-H and 5-H. On the other
hand, cross peaks were observed between the 4�-H and 5-
H, but no correlation was observed between 1�-H and 4�-
H.

Spirocyclopentenyl-β-lactam 17b was prepared regio-
and stereoselectively in high yield (84 %) by the reaction
of 6-alkylidenepenicillanate 7b with allenoate 8c at room
temperature for 7 h (Table 3, Entry 2). When the reaction
was allowed to proceed for 24 h, the same regioselectivity

Table 3. Phosphane-catalyzed [3+2] annulation of allenoate 8c with 6-alkylidenepenicillanates 7a, 7b and 7d.

Entry β-Lactam 7 Reaction conditions Isolated yield [%]
16 17

1 7a r.t., 7 h 56 –
2 7b r.t., 7 h – 84
3 7b r.t., 24 h – 55
4 7d r.t., 7 h 5 38
5 7d r.t., 24 h 12 48
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was observed, but compound 17b was obtained in lower
yield (Entry 3). This result indicates that prolonged reaction
time leads to decomposition of the product. In fact, we be-
lieve that, in general, the isolated yields of the reported re-
actions of 6-alkylidenepenicillanates are affected by the ease
of the isolation or stability of products. It is worth noting
that the cycloaddition of 1-benzoylmethylenepenicillanate
(7b) with all the studied allenoates led to the synthesis of
the α-regioisomer as either the only or the major product.

The reaction of benzyl 4-phenyl-2,3-butadienoate (8c)
and 6-alkylidenepenicillanate 7d at room temperature for
7 h led to the formation of spirocyclopentenyl-β-lactams
16c and 17c, in 43% overall yield (Table 3, Entry 4). By car-
rying out the same reaction for 24 h, the overall yield was
improved to 60% (Entry 5). The stereochemistry assign-
ment of compounds 17b and 17c was also made on the
basis of 2D NOESY experiments (400 MHz). In these spec-
tra, 1�-H showed correlation with the β-Me protons and
with 2�-H. On the other hand, no correlation was observed
between 5-H and either 1�-H or 2�-H. It is noteworthy that
α-regioisomers 17 had a configuration at C-2� opposite to
that of compounds 15, resulting from the PPh3-catalyzed
reaction of 6-alkylidenepenicillanates when methyl-substi-
tuted allenoate 8b was used. Other examples are known in
which the stereochemical outcome of the cycloaddition of
exocyclic alkenes with allenoates bearing γ-substituents (Me
vs. Ph) depends on the nature of the substituent.[16a]

Finally, attempts to carry out the reaction of benzyl 4,4-
ethylphenyl-2,3-butadienoate with 6-alkylidenepenicillan-
ates 7a and 7b in the presence of triphenylphosphane were
unsuccessful.

The synthesis of the new spirocyclopentenyl-β-lactams
can be rationalized as shown in Scheme 4. Conjugate ad-
dition of the dipole to the 6-alkylidenepenicillanates occurs
to the sterically less hindered α-side of the β-lactam, fol-
lowed by ring closure, proton transfer and elimination to
regenerate triphenylphosphane. The “butterfly” conforma-
tion of the penicillanate ring system ensures that reactions
at the 6-position occur with high selectivity, involving the
approach of the reagents from this face.[1b,3f] The formation
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Scheme 4. Possible mechanism for the synthesis of spirocyclopentenyl-β-lactams.

of α- and/or γ-regioisomers will depend on the initial attack
of the dipole at C-6 of the β-lactam, which can involve
either the α- or the γ-position. The different stereochemical
outcome observed in the synthesis of α-regioisomers 15 and
17, obtained from methyl- or phenyl-substituted allenoates,
respectively, can be explained by considering that the bulky
phenyl group trans to the triphenylphosphonium moiety of
the zwitterion will be favored, whereas the methyl substitu-
ent may accommodate a cis relationship.

Conclusions

Herein, a synthetic methodology leading to a new type
of chiral spiro-β-lactam is described. For the first time,
phosphane-catalyzed [3+2] annulation of allenoates to 6-
alkylidenepenicillanates was explored, which gave access to
chiral spirocyclopentenyl-β-lactams in a process involving
the generation of either two or three consecutive stereogenic
centers, including a quaternary chiral center.

Experimental Section
General: Thin-layer chromatography (TLC) was performed on pre-
coated silica gel plates. Flash chromatography was performed on
silica gel 60 as the stationary phase. 1H and 13C NMR spectra

www.eurjoc.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 0000, 0–06

were recorded with a Bruker Avance III instrument operating at
400 MHz and 100 MHz, respectively; chemical shifts are expressed
in ppm relatively to internal tetramethylsilane (TMS), and coupling
constants (J) are in Hertz. IR spectra were recorded with a Perkin-
Elmer 1720X FTIR spectrometer. Optical rotations were measured
with an Optical Activity AA-5 electrical polarimeter. Mass spectra
were recorded with a Hewlett-Packard 5989B spectrometer under
electrospray ionization (ESI). HR mass spectra were obtained with
an electrospray (ESI) TOF VG Autospec M spectrometer. Melting
points were recorded with a Reichert hot stage. Benzhydryl 6-β-
aminopenicillanate,[19] benzhydryl 6-oxopenicillinate,[20] phos-
phorus ylides 12a–d[21] and allenes 8a–d[22] were prepared as de-
scribed in the literature.

General Procedure for the Synthesis of 6-Alkylidenepenicillanates:
Benzhydryl 6-oxopenicillinate 11[19] (2.73 mmol) was dissolved in
dichloromethane (13 mL), the solution was cooled to –55 °C under
nitrogen, and the appropriate phosphorus ylide (2.57 mmol) in
dichloromethane (30 mL) was added dropwise. Stirring was contin-
ued for 10 min, then the solution was warmed to room temperature
and washed with water (20 mL). The organic layer was separated,
dried, and concentrated under reduced pressure. The product was
purified by flash chromatography.

Benzhydryl 6-(Z)-(1-Methoxycarbonylmethylene)penicillanate (7a):
Prepared from 6-oxopenicillanate 11 (0.33 g, 0.87 mmol) and phos-
phorus ylide 12a (0.34 g, 0.83 mmol), as described in the general
procedure. After purification by flash chromatography (hexane/
ethyl acetate, 2:1), compound 7a was obtained as a brown oil
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(0.24 g, 0.55 mmol, 66 %); [α]D20 = +220 (c = 1, CH2Cl2). IR (film):
ν̃ = 1779, 1743, 1732 cm–1. 1H NMR (400 MHz, CDCl3): δ = 1.27
(s, 3 H, 2α-Me), 1.56 (s, 3 H, 2β-Me), 3.81 (s, 3 H, CO2Me), 4.66
(s, 1 H, 3-H), 6.03 (s, 1 H, 5-H), 6.31 (s, 1 H, CHCO2Me), 6.96 (s, 1
H, CHPh2), 7.32–7.38 (m, 10 H, Ar-H) ppm. 13C NMR (100 MHz,
CDCl3): δ = 25.4, 33.6, 52.5, 63.9, 69.0, 70.7, 78.5, 115.4, 127.1,
127.6, 128.2, 128.4, 128.6, 128.7, 139.1, 139.2, 156.8, 164.2, 166.3,
166.7 ppm. MS (ESI): m/z (%) = 460 (45) [M + Na+], 279 (7), 167
(100). HRMS (ESI): calcd. for C24H23NNaO5S [M + Na+]
460.11891; found 460.11841.

Benzhydryl 6-(Z)-(1-Benzoylmethylene)penicillanate (7b): Prepared
from 6-oxopenicillanate 11 (1.00 g, 2.62 mmol) and phosphorus
ylide 12b (0.94 g, 2.47 mmol), as described in the general procedure.
After purification by flash chromatography (hexane/ethyl acetate,
2:1), compound 7b was obtained as a yellow oil (0.57 g, 1.18 mmol,
48%); [α]D20 = +110 (c = 1, CH2Cl2). IR (film): ν̃ = 1774, 1745,
1638 cm–1. 1H NMR (400 MHz, CDCl3): δ = 1.28 (s, 3 H, 2α-Me),
1.59 (s, 3 H, 2β-Me), 4.68 (s, 1 H, 3-H), 6.16 (s, 1 H, 5-H), 6.98 (s,
1 H, CHPh2), 7.31–7.41 (m, 10 H, Ar-H), 7.50–7.54 (m, 2 H, Ar-
H), 7.62–7.66 (m, 1 H, Ar-H), 7.99 (d, 3J = 7.6 Hz, 2 H, Ar-H)
ppm. 13C NMR (100 MHz, CDCl3): δ = 25.5, 33.4, 63.8, 69.7, 71.1,
78.4, 116.2, 127.1, 127.5, 128.2, 128.4, 128.6, 128.7, 129.0, 134.1,
135.0, 137.0, 139.0, 139.2, 156.3, 166.8, 167.4, 188.3 ppm. MS
(ESI): m/z (%) = 506 (17) [M + Na+], 279 (7), 167 (100). HRMS
(ESI): calcd. for C29H25NNaO4S [M + Na+] 506.13965; found
506.13752.

Benzhydryl 6-(Z)-(1-tert-Butoxycarbonylmethylene)penicillanate
(7c): Prepared from 6-oxopenicillanate 11 (1.08 g, 2.83 mmol) and
phosphorus ylide 12c (1.00 g, 2.66 mmol), as described in the gene-
ral procedure. After purification by flash chromatography (hexane/
ethyl acetate, 2:1), compound 7c was obtained as a brown oil
(0.64 g, 1.33 mmol, 50%); [α]D20 = +150 (c = 0.4, CH2Cl2). IR (film):
ν̃ = 1780, 1745, 1723 cm–1. 1H NMR (400 MHz, CDCl3): δ = 1.28
(s, 3 H, 2α-Me), 1.52 (s, 9 H, CO2tBu), 1.57 (s, 3 H, 2β-Me), 4.65
(s, 1 H, 3-H), 5.99 (s, 1 H, 5-H), 6.19 (s, 1 H, CHCO2tBu), 6.95 (s, 1
H, CHPh2), 7.30–7.37 (m, 10 H, Ar-H) ppm. 13C NMR (100 MHz,
CDCl3): δ = 25.5, 28.1, 33.8, 63.9, 69.2, 70.7, 78.4, 82.8, 118.1,
127.1, 127.5, 128.2, 128.6, 128.7, 139.1, 139.2, 155.1, 62.9,
166.8 ppm. MS (ESI): m/z (%) = 502 (68) [M + Na+], 167 (100).
HRMS (ESI): calcd. for C27H29NNaO5S [M + Na+] 502.16586;
found 502.16531.

Benzhydryl 6-(Z)-(1-Acetylmethylene)penicillanate (7d): Prepared
from 6-oxopenicillanate 11 (2.86 g, 7.50 mmol) and phosphorus
ylide 12d (2.24 g, 7.04 mmol), as described in the general procedure.
After purification by flash chromatography (hexane/ethyl acetate,
2:1), compound 7d was obtained as a brown oil (1.25 g, 2.97 mmol,
42%); [α]D20 = +230 (c = 1, CH2Cl2). IR (film): ν̃ = 1776, 1744,
1655 cm–1. 1H NMR (400 MHz, CDCl3): δ = 1.27 (s, 3 H, 2α-Me),
1.56 (s, 3 H, 2β-Me), 2.35 (s, 3 H, COMe), 4.66 (s, 1 H, 3-H), 6.03
(s, 1 H, 5-H), 6.54 (s, 1 H, CHCOMe), 6.96 (s, 1 H, CHPh2), 7.31–
7.38 (m, 10 H, Ar-H) ppm. 13C NMR (100 MHz, CDCl3): δ = 25.4,
31.3, 33.6, 64.0, 69.4, 70.9, 78.5, 120.0, 127.1, 127.6, 128.2, 128.4,
128.6, 128.7, 139.1, 139.2, 154.2, 166.7, 167.7, 196.2 ppm. MS
(ESI): m/z (%) = 422 (100) [M + H+], 268 (43). HRMS (ESI): calcd.
for C24H24NO4S [M + H+] 422.14206; found 422.14104.

General Procedure for the Synthesis of Spirocyclopentenyl-β-lact-
ams: To a mixture of the appropriate 6-alkylidenepenicillanate
(0.40 mmol) and PPh3 (20 mol-%) in toluene (3 mL), a solution of
the allene 7 (0.40 mmol) in toluene (2 mL) was added. The reaction
mixture was stirred at room temperature under nitrogen for the
time indicated in each case. The reaction was monitored by TLC.
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Upon completion, the solvent was removed under reduced pressure
and the crude product was purified by flash chromatography.

(1�R,6R)-3-Benzhydryl 2�-Benzyl 1�-Methyl Spiro(cyclopent-3-enyl)-
5�,6-penicillanate-1�,2�,3-tricarboxylate (13a) and (1�R,6S)-3-Benz-
hydryl 4�-Benzyl 1�-Methyl Spiro(cyclopent-4-enyl)-5�,6-penicillan-
ate-1�,4�,3-tricarboxylate (14a): Obtained from allene 8a (71 mg,
0.41 mmol) and 6-alkylidenepenicillanate 7a (180 mg, 0.41 mmol)
as described in the general procedure (reaction time: 5 h). Purifica-
tion of the crude product by flash chromatography (hexane/ethyl
acetate, 3:1, then hexane/ethyl acetate, 2:1), gave, in order of elu-
tion, 13a as a yellow oil (101 mg, 0.17 mmol, 41%) and 14a as a
yellow oil (66 mg, 0.11 mmol, 27%).

Compound 13a: [α]D20 = +210 (c = 1, CH2Cl2). IR (film): ν̃ = 1777,
1745, 1727, 1686 cm–1. 1H NMR (400 MHz, CDCl3): δ = 1.23 (s,
3 H, 2α-Me), 1.59 (s, 3 H, 2β-Me), 3.05 (dd, 2J = 18.4, 3J = 2.8 Hz,
1 H, 4�-H), 3.32 (pseudo-d, 2J = 18.4 Hz, 1 H, 4�-H), 3.66 (s, 3 H,
CO2Me), 4.06 (s, 1 H, 1�-H), 4.53 (s, 1 H, 3-H), 5.12 (d, 2J =
12.4 Hz, 1 H, CH2Ph), 5.23 (d, 2J = 12.4 Hz, 1 H, CH2Ph), 5.40
(s, 1 H, 5-H), 6.93 (s, 1 H, CHPh2), 7.00 (br. s, 1 H, 3�-H), 7.32–
7.36 (m, 15 H, Ar-H) ppm. 13C NMR (100 MHz, CDCl3): δ = 26.0,
32.8, 40.0, 52.2, 52.5, 63.5, 66.6, 67.9, 68.7, 70.8, 78.4, 127.0, 127.6,
128.2, 128.3, 128.4, 128.5, 128.6, 134.3, 135.6, 139.2, 145.2, 162.5,
166.9, 171.7, 175.3 ppm. MS (ESI): m/z (%) = 634 (87) [M + Na+],
492 (24), 167 (100). HRMS (ESI): calcd. for C35H33NNaO7S [M +
Na+] 634.18699; found 634.18726.

Compound 14a: [α]D20 = +220 (c = 0.75, CH2Cl2). IR (film): ν̃ =
1772, 1735, 1732, 1716 cm–1. 1H NMR (400 MHz, CDCl3): δ =
1.10 (s, 3 H, 2α-Me), 1.50 (s, 3 H, 2β-Me), 2.54 (dd, 2J = 18.8, 3J

= 2.4 Hz, 1 H, 2�-H), 3.01 (ddd, 2J = 18.8, 3J = 8.4 and 2.0 Hz, 1
H, 2�-H), 3.48 (pseudo-d, 3J = 8.4 Hz, 1 H, 1�-H), 3.61 (s, 3 H,
CO2Me), 4.48 (s, 1 H, 3-H), 5.11 (s, 2 H, CH2Ph), 6.08 (s, 1 H, 5-
H), 6.86 (s, 1 H, CHPh2), 6.93 (br. s, 1 H, 3�-H), 7.18–7.39 (m, 15
H, Ar-H) ppm. 13C NMR (100 MHz, CDCl3): δ = 24.6, 32.3, 35.3,
46.8, 51.4, 61.4, 65.4, 67.6, 69.7, 72.0, 77.2, 126.3, 126.4, 127.1,
127.2, 127.3, 127.5, 132.6, 134.6, 138.4, 145.0, 161.4, 165.5, 172.1,
172.4 ppm. MS (ESI): m/z (%) = 634 (100) [M + Na+], 167 (82).
HRMS (ESI): calcd. for C35H33NNaO7S [M + Na+] 634.18699;
found 634.18757.

(1�R,6R)-3-Benzhydryl 2�-Benzyl 1�-Benzoylspiro(cyclopent-3-enyl)-
5�,6-penicillanate-3,2�-dicarboxylate (13b) and (1�R,6S)-3-Benzhy-
dryl 4�-Benzyl 1�-Benzoylspiro(cyclopent-4-enyl)-5�,6-penicillanate-
3,4�-dicarboxylate (14b): Obtained from allene 8a (70 mg,
0.40 mmol) and 6-alkylidenepenicillanate 7b (193 mg, 0.40 mmol)
as described in the general procedure (reaction time: 5 h). Purifica-
tion of the crude product by flash chromatography (hexane/ethyl
acetate, 5:1), gave, in order of elution, 13b as a yellow oil (94 mg,
0.14 mmol, 35%) and 14b as a fluffy yellow solid (138 mg,
0.21 mmol, 53%).

Compound 13b: [α]D20 = +280 (c = 1, CH2Cl2). IR (film): ν̃ = 1775,
1746, 1716, 1671 cm–1. 1H NMR (400 MHz, CDCl3): δ = 1.11 (s,
3 H, 2α-Me), 1.51 (s, 3 H, 2β-Me), 3.10 (dd, 2J = 18.4, 3J = 2.8 Hz,
1 H, 4�-H), 3.55 (pseudo-d, 2J = 18.4 Hz, 1 H, 4�-H), 4.53 (s, 1 H,
3-H), 4.96 (s, 2 H, CH2Ph), 5.17 (br. s, 1 H, 1�-H), 5.43 (s, 1 H, 5-
H), 6.91 (s, 1 H, CHPh2), 7.06 (br. s, 1 H, 3�-H), 7.13 (m, 2 H, Ar-
H), 7.25–7.41 (m, 15 H, Ar-H), 7.52–7.56 (m, 1 H, Ar-H), 8.06 (d,
3J = 7.6 Hz, 2 H, Ar-H) ppm. 13C NMR (100 MHz, CDCl3): δ =
26.0, 32.4, 40.7, 52.7, 64.1, 66.6, 69.0, 70.6, 71.1, 78.3, 127.0, 127.6,
128.2, 128.3, 128.3, 128.4, 128.5, 128.6, 128.6, 129.3, 133.5, 135.3,
135.8, 137.3, 139.1, 139.2, 145.8, 162.7, 166.9, 176.3, 201.0 ppm.
MS (ESI): m/z (%) = 680 (16) [M + Na+], 492 (8), 167 (100).
HRMS (ESI): calcd. for C40H35NNaO6S [M + Na+] 680.20773;
found 680.20745.
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Compound 14b: M.p. 110–112 °C; [α]D20 = +385 (c = 1, CH2Cl2). IR
(KBr): ν̃ = 1781, 1750, 1721, 1677 cm–1. 1H NMR (400 MHz,
CDCl3): δ = 1.11 (s, 3 H, 2α-Me), 1.52 (s, 3 H, 2β-Me), 2.51 (dd,
2J = 18.8, 3J = 2.4 Hz, 1 H, 2�-H), 3.20 (ddd, 2J = 18.8, 3J = 8.4
and 2.0 Hz, 1 H, 2�-H), 4.55 (s, 1 H, 3-H), 4.56 (pseudo-d, 3J =
8.4 Hz, 1 H, 1�-H), 5.21 (s, 2 H, CH2Ph), 6.29 (s, 1 H, 5-H), 6.91
(br. s, 1 H, 3�-H), 6.94 (s, 1 H, CHPh2), 7.29–7.51 (m, 17 H, Ar-
H), 7.58–7.62 (m, 1 H, Ar-H), 7.94 (d, 3J = 7.2 Hz, 1 H, Ar-H)
ppm. 13C NMR (100 MHz, CDCl3): δ = 24.7, 31.6, 34.8, 48.3, 61.5,
65.4, 68.0, 69.9, 72.8, 77.2, 126.3, 126.3, 127.0, 127.1, 127.2, 127.3,
127.4, 127.5, 127.5, 127.9, 132.5, 133.2, 134.0, 134.7, 138.5, 143.7,
161.4, 165.6, 173.2, 197.2 ppm. MS (ESI): m/z (%) = 680 (64) [M
+ Na+], 658 (20), 167 (100). HRMS (ESI): calcd. for
C40H35NNaO6S [M + Na+] 680.20773; found 680.20760.

(1�R,6R)-3-Benzhydryl 2�-Benzyl 1�-tert-Butyl Spiro(cyclopent-3-
enyl)-5�,6-penicillanate-1�,2�,3-tricarboxylate (13c) and (1�R,6S)-3-
Benzhydryl 4�-Benzyl 1�-tert-Butyl Spiro(cyclopent-4-enyl)-5�,6-pen-
icillanate-1�,4�,3-tricarboxylate (14c): Obtained from allene 8a
(72 mg, 0.41 mmol) and 6-alkylidenepenicillanate 7c (198 mg,
0.41 mmol) as described in the general procedure (reaction time:
5 h). Purification by flash chromatography (hexane/ethyl acetate,
3:1) gave a mixture of compounds 13c and 14c as a colorless oil
(135 mg, 0.21 mmol, 50%).

Compound 13c: IR (film): ν̃ = 1774, 1746, 1720, 1631 cm–1. 1H
NMR (400 MHz, CDCl3): δ = 1.16 (s, 3 H, 2α-Me), 1.30 (s, 9 H,
CO2tBu), 1.54 (s, 3 H, 2β-Me), 2.92 (dd, 2J = 18.4, 3J = 2.8 Hz, 1
H, 4�-H), 3.21 (pseudo-d, 2J = 18.4 Hz, 1 H, 4�-H), 3.88 (s, 1 H,
1�-H), 4.46 (s, 1 H, 3-H), 5.13 (d, 2J = 2.0 Hz, 1 H, CH2Ph), 5.36
(s, 1 H, 5-H), 6.86 (s, 1 H, CHPh2), 6.93 (br. s, 1 H, 3�-H), 7.18–
7.39 (m, 15 H, Ar-H) ppm. MS (ESI): m/z (%) = 654 (17) [M +
H+], 598 (14), 167 (100). HRMS (ESI): calcd. for C38H40NO7S [M
+ H+] 654.25200; found 654.25266.

Compound 14c: IR (film): ν̃ = 1774, 1746, 1720, 1631 cm–1. 1H
NMR (400 MHz, CDCl3): δ = 1.13 (s, 3 H, 2α-Me), 1.35 (s, 9 H,
CO2tBu), 1.52 (s, 3 H, 2β-Me), 2.50 (dd, 2J = 18.8, 3J = 2.8 Hz, 1
H, 1 H, 2�H), 3.01 (ddd, 2J = 18.8, 3J = 8.4 and 1.6 Hz, 1 H, 1 H,
2�-H), 3.37 (pseudo-d, 3J = 8.4 Hz, 1 H, 1�-H), 4.48 (s, 1 H, 3-H),
5.10 (s, 2 H, CH2Ph), 6.11 (s, 1 H, 5-H), 6.86 (s, 1 H, CHPh2), 6.93
(br. s, 1 H, 3�-H), 7.26–7.36 (m, 15 H, Ar-H) ppm. MS (ESI): m/z
(%) = 654 (17) [M + H+], 598 (14), 167 (100). HRMS (ESI): calcd.
for C38H40NO7S [M + H+] 654.25200; found 654.25266.

(1�R,6R)-3-Benzhydryl 2�-Benzyl 1�-Acetylspiro(cyclopent-3-enyl)-
5�,6-penicillanate-3,2�-dicarboxylate (13d): Obtained from allene 8a
(71 mg, 0.41 mmol) and 6-alkylidenepenicillanate 7d (172 mg,
0.41 mmol) as described in the general procedure (reaction time:
3 h). After purification by flash chromatography (hexane/ethyl
acetate, 4:1 to 2:1), 13d was obtained as a yellow oil (99 mg,
0.17 mmol, 41%); [α]D20 = +220 (c = 0.5, CH2Cl2). IR (KBr): ν̃ =
1775, 1744, 1709, 1630 cm–1. 1H NMR (400 MHz, CDCl3): δ =
1.22 (s, 3 H, 2α-Me), 1.62 (s, 3 H, 2β-Me), 2.42 (s, 3 H, COMe),
2.99 (dd, 2J = 18.4, 3J = 2.8 Hz, 1 H, 1 H, 4�-H), 3.33 (pseudo-d,
2J = 18.4 Hz, 1 H, 1 H, 4�-H), 4.28 (s, 1 H, 1�-H), 4.54 (s, 1 H, 3-
H), 5.15 (d, 2J = 12.4 Hz, 1 H, CH2Ph), 5.20 (d, 2J = 12.4 Hz, 1
H, CH2Ph), 5.42 (s, 1 H, 5-H), 6.93 (s, 1 H, CHPh2), 6.98 (br. s, 1
H, 3�-H), 7.26–7.36 (m, 15 H, Ar-H) ppm. 13C NMR (100 MHz,
CDCl3): δ = 26.1, 32.6, 32.8, 40.1, 58.4, 63.8, 66.8, 69.0, 69.7, 70.9,
78.3, 127.0, 127.8, 128.2, 128.4, 128.5, 128.6, 128.6, 134.8, 135.4,
139.1, 139.2, 145.6, 163.1, 166.9, 176.0, 209.3 ppm. MS (ESI): m/z
(%) = 596 (60) [M + H+], 568 (100), 540 (36), 351 (30). HRMS
(ESI): calcd. for C35H34NO6S [M + H+] 596.21013; found
596.20818.
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(1�R,2�R,6S)-3-Benzhydryl 4�-Benzyl 1�-Methyl 2�-Methylspiro(cy-
clopent-4-enyl)-5�,6-penicillanate-1�,4�,3-tricarboxylate (15a): Ob-
tained from allene 8b (79 mg, 0.42 mmol) and 6-alkylidenepenicil-
lanate 7a (184 mg, 0.42 mmol) as described in the general pro-
cedure (reaction time: 5 h). After purification by flash chromatog-
raphy (hexane/ethyl acetate, 7:1) to 4:1), 15a was obtained as a
yellow oil (109 mg, 0.17 mmol, 40%). [α]D20 = +200 (c = 1, CH2Cl2).
IR (film): ν̃ = 1778, 1743, 1731, 1728 cm–1. 1H NMR (400 MHz,
CDCl3): δ = 1.22 (s, 3 H, 2α-Me), 1.37 (d, 3J = 7.2 Hz, 3 H, 2�-
Me), 1.59 (s, 3 H, 2β-Me), 3.28–3.32 (m, 1 H, 2�-H), 3.64 (s, 3 H,
CO2Me), 4.10 (br. s, 1 H, 1�-H), 4.53 (s, 1 H, 3-H), 5.09 (d, 2J =
12.4 Hz, 1 H, CH2Ph), 5.26 (d, 2J = 12.4 Hz, 1 H, CH2Ph), 5.49
(s, 1 H, 5-H), 6.92 (br. s, 2 H, CHPh2 and 3�-H), 7.33–7.36 (m, 15
H, Ar-H) ppm. 13C NMR (100 MHz, CDCl3): δ = 16.4, 26.0, 32.7,
45.2, 52.5, 52.6, 63.3, 66.7, 68.0, 68.9, 69.5, 78.4, 127.0, 127.6,
128.2, 128.3, 128.4, 128.6, 128.6, 132.3, 135.6, 139.1, 139.3, 150.0,
162.8, 166.9, 172.0, 176.2 ppm. MS (ESI): m/z (%) = 648 (100) [M
+ Na+], 626 (20), 492 (15), 196 (92). HRMS (ESI): calcd. for
C36H35NNaO7S [M + Na+] 648.20264; found 648.20469.

(1�R,2�R,6S)-3-Benzhydryl 4�-Benzyl 1�-Benzoyl-2�-methylspiro(cy-
clopent-4-enyl)-5�,6-penicillanate-3,4�-dicarboxylate (15b): Obtained
from allene 8b (62 mg, 0.33 mmol) and 6-alkylidenepenicillanate 7b
(158 mg, 0.33 mmol) as described in the general procedure (reac-
tion time: 5 h). After purification by flash chromatography (hexane/
ethyl acetate, 4:1 to 2:1), 15b was obtained as a fluffy yellow solid
(83 mg, 0.12 mmol, 36%); m.p. 64–66 °C; [α]D20 = +240 (c = 1,
CH2Cl2). IR (KBr): ν̃ = 1769, 1743, 1717, 1678 cm–1. 1H NMR
(400 MHz, CDCl3): δ = 1.10 (s, 3 H, 2α-Me), 1.48 (d, 3J = 10 Hz,
3 H, 2�-Me), 1.56 (s, 3 H, 2β-Me), 2.81–2.84 (m, 1 H, 2�-H), 4.11
(br. s, 1 H, 1�-H), 4.55 (s, 1 H, 3-H), 5.20 (m, 2 H, CH2Ph), 6.23
(s, 1 H, 5-H), 6.86 (d, 3J = 2.8 Hz, 1 H, 3�-H), 6.93 (s, 1 H, CHPh2),
7.26–7.52 (m, 17 H, Ar-H), 7.60–7.63 (m, 1 H, Ar-H), 7.93 (d, 3J

= 7.2 Hz, 2 H, Ar-H) ppm. 13C NMR (100 MHz, CDCl3): δ = 20.3,
25.7, 32.7, 43.6, 56.3, 62.4, 66.4, 69.2, 71.1, 73.7, 78.2, 127.4, 128.1,
128.1, 128.2, 128.4, 128.5, 128.6, 129.0, 132.9, 133.5, 135.5, 135.7,
139.6, 149.9, 162.6, 166.7, 174.0, 198.0 ppm. MS (ESI): m/z (%) =
672 (100) [M + H+], 313 (39), 221 (32), 196 (80). HRMS (ESI):
calcd. for C41H38NO6S [M + H+] 672.24144; found 672.24251.

(1�R,2�R,6S)-3-Benzhydryl 4�-Benzyl 1�-Acetyl-2�-methylspiro(cy-
clopent-4-enyl)-5�,6-penicillanate-3,4�-dicarboxylate (15c): Obtained
from allene 8b (77 mg, 0.41 mmol) and 6-alkylidenepenicillanate 7d
(172 mg, 0.41 mmol) as described in the general procedure (reac-
tion time: 3 h). After purification by flash chromatography (hexane/
ethyl acetate, 4:1 to 2:1), 15c was obtained as a yellow oil (93 mg,
0.15 mmol, 37 %); [α]D20 = +220 (c = 0.75, CH2Cl2). IR (film): ν̃ =
1769, 1741, 1711, 1638 cm–1. 1H NMR (400 MHz, CDCl3): δ =
1.16 (s, 3 H, 2α-Me), 1.42 (d, 3J = 7.2 Hz, 3 H, 2�-Me), 1.56 (s, 3
H, 2β-Me), 2.27 (s, 3 H, COMe), 2.78–2.79 (m, 1 H, 2�-H), 3.27
(br. s, 1 H, 1�-H), 4.54 (s, 1 H, 3-H), 5.15 (d, 2J = 12.4 Hz, 1 H,
CH2Ph), 5.19 (d, 2J = 12.4 Hz, 1 H, CH2Ph), 6.12 (s, 1 H, 5-H),
6.83 (d, 3J = 2.4 Hz, 1 H, 3�-H), 6.93 (s, 1 H, CHPh2), 7.26–7.46
(m, 15 H, Ar-H) ppm. 13C NMR (100 MHz, CDCl3): δ = 21.1,
25.7, 29.4, 35.2, 42.6, 61.1, 62.5, 66.4, 69.0, 71.0, 73.5, 78.2, 127.3,
128.1, 128.1, 128.2, 128.4, 128.5, 132.5, 135.7, 139.5, 149.8, 162.5,
166.7, 173.6, 206.1 ppm. MS (ESI): m/z (%) = 610 (100) [M + H+],
558 (7). HRMS (ESI): calcd. for C36H36NO6S [M + H+] 610.22579;
found 610.22352.

(1�R,4�R,6R)-3-Benzhydryl 2�-Benzyl 1�-Methyl 4�-Phenylspiro(cy-
clopent-3-enyl)-5�,6-penicillanate-1�,2�,3-tricarboxylate (16a): Ob-
tained from allene 8c (98 mg, 0.39 mmol) and 6-alkylidenepenicil-
lanate 7a (169 mg, 0.39 mmol) as described in the general pro-
cedure (reaction time: 7 h). After purification by flash chromatog-
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raphy (hexane/ethyl acetate, 5:1), 16a was obtained as a colorless
oil (153 mg, 0.22 mmol, 56%); [α]D20 = +105 (c = 1, CH2Cl2). IR
(film): ν̃ = 1775, 1720, 1682, 1645 cm–1. 1H NMR (400 MHz,
CDCl3): δ = 1.11 (s, 3 H, 2α-Me), 1.56 (s, 3 H, 2β-Me), 3.60 (s, 3
H, CO2Me), 4.22 (s, 1 H, 1�-H), 4.46 (d, 3J = 2.4 Hz, 1 H, 4�-H),
4.51 (s, 1 H, 3-H), 4.81 (s, 1 H, 5-H), 5.13 (d, 2J = 12.4 Hz, 1 H,
CH2Ph), 5.31 (d, 2J = 12.4 Hz, 1 H, CH2Ph), 6.89 (s, 1 H, CHPh2),
6.98 (br. s, 1 H, 3�-H), 7.22–7.38 (m, 20 H, Ar-H) ppm. 13C NMR
(100 MHz, CDCl3): δ = 25.9, 32.6, 52.3, 52.8, 57.3, 63.2, 66.9, 68.8,
68.9, 69.0, 78.2, 127.0, 127.4, 128.1, 128.2, 128.3, 128.4, 128.4,
128.6, 128.6, 128.6, 128.8, 129.5, 134.6, 135.6, 139.0, 139.3, 146.2,
162.7, 166.7, 171.7, 176.5 ppm. MS (ESI): m/z (%) = 710 (3) [M +
Na+], 460 (7), 167 (100). HRMS (ESI): calcd. for C41H37NNaO7S
[M + Na+] 710.21829; found 710.21877.

(1�R,2�S,6S)-3-Benzhydryl 4�-Benzyl 1�-Benzoyl-2�-phenylspiro(cy-
clopent-4-enyl)-5�,6-penicillanate-3,4�-dicarboxylate (17b): Obtained
from allene 8c (79 mg, 0.32 mmol) and 6-alkylidenepenicillanate 7b
(155 mg, 0.32 mmol) as described in the general procedure (reac-
tion time: 7 h). After purification by flash chromatography (hexane/
ethyl acetate, 7:1) to 5:1), 17b was obtained as a fluffy yellow solid
(197 mg, 0.27 mmol, 84%); m.p. 72–74 °C; [α]D20 = +190 (c = 1,
CH2Cl2). IR (film): ν̃ = 1770, 1743, 1720, 1676 cm–1. 1H NMR
(400 MHz, CDCl3): δ = 1.08 (s, 3 H, 2α-Me), 1.40 (s, 3 H, 2β-Me),
3.87 (br. s, 1 H, 2�-H), 4.49 (br. s, 1 H, 1�-H), 4.52 (s, 1 H, 3-H),
5.20 (d, 2J = 12.4 Hz, 1 H, CH2Ph), 5.27 (d, 2J = 12.4 Hz, 1 H,
CH2Ph), 6.22 (s, 1 H, 5-H), 6.88 (d, 3J = 2.8 Hz, 1 H, 3�-H), 6.94
(s, 1 H, CHPh2), 7.26–7.48 (m, 22 H, Ar-H), 7.60–7.62 (m, 1 H,
Ar-H), 7.88 (d, 3J = 7.6 Hz, 2 H, Ar-H) ppm. 13C NMR (100 MHz,
CDCl3): δ = 24.6, 31.4, 54.1, 55.2, 61.2, 65.6, 68.1, 70.8, 74.0, 77.2,
126.3, 126.3, 126.9, 127.0, 127.1, 127.2, 127.3, 127.5, 127.5, 127.6,
127.7, 127.9, 127.9, 132.6, 133.0, 134.4, 134.6, 138.3, 138.5, 145.9,
161.4, 165.7, 172.7, 197.2 ppm. MS (ESI): m/z (%) = 734 (61) [M
+ H+], 167 (100). HRMS (ESI): calcd. for C46H40NO6S [M + H+]
734.25709, found 734.25773.

(1�R,4�R,6R)-3-Benzhydryl 2�-Benzyl 1�-Acetyl-4�-phenylspiro(cy-
clopent-3-enyl)-5�,6-penicillanate-3,2�-dicarboxylate (16c) and
(1�R,2�S,6S)-3-Benzhydryl 4�-Benzyl 1�-Acetyl-2�-phenylspiro(cy-
clopent-4-enyl)-5�,6-penicillanate-3,4�-dicarboxylate (17c): Obtained
from allene 8c (100 mg, 0.40 mmol) and 6-alkylidenepenicillanate
7d (169 mg, 0.40 mmol) as described in the general procedure (reac-
tion time: 24 h). Purification of the crude product by flash
chromatography (hexane/ethyl acetate, 5:1), gave, in order of elu-
tion, 16c as a colorless oil (32 mg, 0.048 mmol, 12%) and 17c as a
colorless oil (130 mg, 0.19 mmol, 48%).

Compound 16a: [α]D20 = +67 (c = 0.9, CH2Cl2). IR (film): ν̃ = 1775,
1741, 1712, 1638 cm–1. 1H NMR (400 MHz, CDCl3): δ = 1.01 (s,
3 H, 2α-Me), 1.52 (s, 3 H, 2β-Me), 2.42 (s, 3 H, COMe), 4.36 (d,
3J = 1.6 Hz, 1 H, 4�-H), 4.42 (s, 1 H, 1�-H), 4.45 (s, 1 H, 3-H), 4.70
(s, 1 H, 5-H), 5.09 (d, 2J = 12.4 Hz, 1 H, CH2Ph), 5.18 (d, 2J =
12.4 Hz, 1 H, CH2Ph), 6.82 (s, 1 H, CHPh2), 6.87 (br. s, 1 H, 3�-
H), 7.15–7.29 (m, 20 H, Ar-H) ppm. 13C NMR (100 MHz, CDCl3):
δ = 26.2, 32.3, 33.8, 57.0, 58.8, 63.6, 67.0, 69.0, 69.1, 70.7, 78.2,
127.0, 127.4, 128.1, 128.2, 128.4, 128.5, 128.6, 128.6, 128.7, 129.8,
135.2, 135.2, 136.6, 139.0, 139.3, 146.2, 163.1, 166.7, 177.4,
208.5 ppm. MS (ESI): m/z (%) = 672 (100) [M + H+], 644 (40), 557
(51), 501 (65), 422 (22). HRMS (ESI): calcd. for C41H38NO6S [M
+ H+] 672.24144; found 672.23893.

Compound 17c: [α]D20 = +130 (c = 1, CH2Cl2). IR (film): ν̃ = 1769,
1741, 1718, 1630 cm–1. 1H NMR (400 MHz, CDCl3): δ = 1.15 (s,
3 H, 2α-Me), 1.50 (s, 3 H, 2β-Me), 2.36 (s, 3 H, COMe), 3.67 (br.
s, 1 H, 1�-H), 3.85 (br. s, 1 H, 2�-H), 4.52 (s, 1 H, 3-H), 5.17 (d, 2J

= 12.4 Hz, 1 H, CH2Ph), 5.23 (d, 2J = 12.4 Hz, 1 H, CH2Ph), 6.10
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(s, 1 H, 5-H), 6.85 (d, 3J = 2.8 Hz, 1 H, 3�-H), 6.94 (s, 1 H, CHPh2),
7.25–7.48 (m, 20 H, Ar-H) ppm. 13C NMR (100 MHz, CDCl3): δ
= 25.6, 30.6, 33.0, 54.2, 61.3, 62.4, 66.6, 69.0, 71.6, 74.6, 78.3,
127.3, 127.4, 128.0, 128.1, 128.3, 128.4, 128.6, 129.0, 133.9, 135.6,
139.5, 139.9, 146.7, 162.3, 166.7, 173.3, 206.4 ppm. MS (ESI): m/z
(%) = 672 (100) [M + H+], 588 (21), 422 (12), 326 (18). HRMS
(ESI): calcd. for C41H38NO6S [M + H+] 672.24144; found
672.23885.

Supporting Information (see footnote on the first page of this arti-
cle): 1H and 13C NMR spectra for compounds 7 and 13–17.
NOESY, HMQC and HMBC spectra of selected compounds.

Acknowledgments

Thanks are due to Fundação para a Ciência e a Tecnologia (SFRH/
BD/63622/2009 and PEst-C/QUI/UI0313/2011) for financial sup-
port. We acknowledge the Nuclear Magnetic Resonance Labora-
tory of the Coimbra Chemitry Centre (http://www.nmrccc.uc.pt),
University of Coimbra for obtaining the NMR spectroscopic data
and AtralCipan for providing the 6-aminopenicillanic acid. We also
thank Cláudio M. Nunes for carrying out the computational calcu-
lations.

[1] a) J. R. Knowles, Acc. Chem. Res. 1985, 18, 97–104; b) Compre-
hensive Heterocyclic Chemistry II (Eds.: A. R. Katritzky, C. W.
Rees, E. F. V. Scriven), Elsevier, Oxford, 1996, vol. 1B, chapter
1.20, pp. 623–658; c) J. F. Fisher, S. O. Meroueh, S. Mobashery,
Chem. Rev. 2005, 105, 395–424; d) F. J. Pérez-Llarena, G. Bou,
Curr. Med. Chem. 2009, 16, 3740–3765; e) C. Bebrone, P. Las-
saux, L. Vercheval, J.-S. Sohier, A. Jehaes, E. Sauvage, M. Gal-
leni, Drugs 2010, 70, 651–679.

[2] a) I. Ojima, Acc. Chem. Res. 1995, 28, 383–389; b) S. Gyón-
falvi, Z. Szakonyi, F. Fülöp, Tetrahedron: Asymmetry 2003, 14,
3965–3972; c) B. Alcaide, P. Almendros, C. Aragoncillo, Chem.
Rev. 2007, 107, 4437–4492; d) L. Kiss, E. Forró, T. A. Marti-
nek, T. A. Bernáth, N. De Kimpe, F. Fülöp, Tetrahedron 2008,
64, 5036–5043; e) E. Leemans, M. D�hooghe, Y. Dejaegher,
K. W. Törnroos, N. De Kimpe, Eur. J. Org. Chem. 2010, 352–
358; f) Z. Szakonyi, F. Fülöp, Amino Acids 2011, 41, 597–608.

[3] a) J. C. Sheehan, E. Chacko, Y. S. Lo, D. R. Ponzi, E. Sato, J.
Org. Chem. 1978, 43, 4856–4859; b) M. M. Campbell, R. G.
Harcus, S. J. Ray, Tetrahedron Lett. 1979, 20, 1441–1444; c)
J. W. Skiles, D. McNeil, Tetrahedron Lett. 1990, 31, 7277–7280;
d) L.-Y. Chen, A. Zaks, S. Chackalamannil, S. Dugar, J. Org.
Chem. 1996, 61, 8341–8343; e) G. Wu, W. Tormos, J. Org.
Chem. 1997, 62, 6412–6414; f) S. S. Bari, A. Bhalla, Top. Heter-
ocycl. Chem. 2010, 22, 49–99; g) G. S. Singh, M. D’hooghe, N.
De Kimpe, Tetrahedron 2011, 67, 1989–2012.

[4] a) E. Alonso, F. López-Ortiz, C. Del Pozo, E. Peralta, A.
Macías, J. González, J. Org. Chem. 2001, 66, 6333–6338; b) H.
Bittermann, P. Gmeiner, J. Org. Chem. 2006, 71, 97–102.

[5] B. S. Santos, S. C. C. Nunes, A. A. C. C. Pais, T. M. V. D.
Pinho e Melo, Tetrahedron 2012, 68, 3729–3737.

[6] a) J. E. Elliot, M. M. Khalaf, V. J. Jephcote, D. l. John, D. J.
Williams, B. L. Allwood, J. Chem. Soc., Chem. Commun. 1986,
584–585; b) V. J. Jephcote, D. l. John, D. J. Williams, J. Chem.
Soc. Perkin Trans. 1 1986, 2195–2201.

[7] a) V. J. Jephcote, I. C. Jowett, D. l. John, P. D. Edwards, K.
Luk, A. M. Slawin, D. J. Williams, J. Chem. Soc. Perkin Trans.
1 1986, 2187–2194; b) V. J. Jephcote, D. l. John, J. Chem. Soc.
Perkin Trans. 1 1986, 2203–2205.

[8] a) V. P. Sandanayaka, A. S. Prashad, Y. Yang, R. T. William-
son, Y. I. Lin, T. S. Mansour, J. Med. Chem. 2003, 46, 2569–
2571; b) J. E. Arrowsmith, C. W. Greengrass, M. J. Newman,
Tetrahedron 1983, 39, 2469–2475.

[9] a) X. Lu, C. Zhang, Z. Xu, Acc. Chem. Res. 2001, 34, 535–
544; b) Modern Allene Chemistry (Eds.: N. Krause, A. S. K.



Job/Unit: O30153 /KAP1 Date: 26-04-13 12:42:16 Pages: 10

B. S. Santos, T. M. V. D. Pinho e MeloFULL PAPER
Hashmi), Wiley-VCH, Weinheim, 2004; c) S. Ma, Chem. Rev.
2005, 105, 2829–2871; d) S. Ma, Aldrichim. Acta 2007, 40, 91–
102; e) H. H. A. M. Hassan, Curr. Org. Chem. 2007, 4, 413–
439; f) L.-W. Ye, J. Zhou, Y. Tang, Chem. Soc. Rev. 2008, 37,
1140–1152; g) Y. Liang, S. Liu, Y. Xia, Y. Li, Z.-X. Yu, Chem.
Eur. J. 2008, 14, 4361–4373; h) T. M. V. D. Pinho e Melo, Curr.
Org. Chem. 2009, 13, 1406–1431; i) B. J. Cowen, S. J. Miller,
Chem. Soc. Rev. 2009, 38, 3102–3116; j) S. Yu, S. Ma, Angew.
Chem. 2012, 124, 3128; Angew. Chem. Int. Ed. 2012, 51, 3074–
3112; k) Q.-Y. Zhao, Z. Lian, Y. Wei, M. Shi, Chem. Commun.
2012, 48, 1724–1732.

[10] H.-J. Cristau, J. Viala, H. Christol, Bull. Soc. Chim. Fr. 1985,
980–988.

[11] C. Zhang, X. Lu, J. Org. Chem. 1995, 60, 2906–2908.
[12] a) S. M. M. Lopes, B. S. Santos, F. Palacios, T. M. V. D.

Pinho e Melo, ARKIVOC 2010, 5, 70–81; b) Y. Wang, Z.-H.
Yu, H.-F. Zheng, D.-Q. Shi, Org. Biomol. Chem. 2012, 10,
7739–7746.

[13] a) Y. Du, X. Lu, Y. Yu, J. Org. Chem. 2002, 67, 8901–8905; b)
D. J. Wallace, R. L. Sidda, R. A. Reamer, J. Org. Chem. 2007,
72, 1051–1054; c) X.-C. Zhang, S.-H. Cao, Y. Wei, M. Shi, Org.
Lett. 2011, 13, 1142–1145; d) X.-C. Zhang, S.-H. Cao, Y. Wei,
M. Shi, Chem. Commun. 2011, 47, 1548–1550.

[14] a) X.-Y. Guan, Y. Wei, M. Shi, Org. Lett. 2010, 12, 5024–5027;
b) M. Neel, J. Gouin, A. Voituriez, A. Marinetti, Synthesis
2011, 2003–2009.

[15] a) G. Zhu, Z. Chen, Q. Jiang, D. Xiao, P. Cao, X. Zhang, J.
Am. Chem. Soc. 1997, 119, 3836–3837; b) J. E. Wilson, G. C.
Fu, Angew. Chem. 2006, 118, 1454; Angew. Chem. Int. Ed.
2006, 45, 1426–1429; c) B. J. Cowen, S. J. Miller, J. Am. Chem.
Soc. 2007, 129, 10988–10989; d) A. Voituriez, A. Panossian, N.
Fleury-Brégeot, P. Retailleau, A. Marinetti, J. Am. Chem. Soc.
2008, 130, 14030–14031; e) Y.-Q. Zou, C. Li, J. Rong, H. Yan,
J.-R. Chen, W.-J. Xiao, Synlett 2011, 1000–1004; f) Y. Fujiwara,
G. C. Fu, J. Am. Chem. Soc. 2011, 133, 12293–12297; g) D.
Duvvuru, N. Pinto, C. Gomez, J.-F. Betzer, P. Retailleau, A.
Voituriez, A. Marinetti, Adv. Synth. Catal. 2012, 354, 408–414;
h) D. Wang, Y. Wei, M. Shi, Chem. Commun. 2012, 48, 2764–
2766.

[16] a) A. T. Ung, K. Schafer, K. B. Lindsay, S. G. Pyne, K.
Amornraksa, R. Wouters, I. Van der Linden, I. Biesmans, A. S.
Lesage, B. W. Skelton, A. H. White, J. Org. Chem. 2002, 67,

www.eurjoc.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 0000, 0–010

227–233; b) Y. Du, X. Lu, J. Org. Chem. 2003, 68, 6463–6465;
c) J. L. García Ruano, A. Núñez Jr., M. Rosario Martín, A.
Fraile, J. Org. Chem. 2008, 73, 9366–9371.

[17] a) J. D. Buynak, B. Geng, B. Bachmann, L. Hua, Bioorg. Med.
Chem. Lett. 1995, 5, 1513–1518; b) C. C. Ruddle, T. P. Smyth,
Org. Biomol. Chem. 2007, 5, 160–168.

[18] J. D. Buynak, H. B. Borate, G. W. Lamb, D. D. Khasnis, C.
Husting, H. Isom, U. Siriwardane, J. Org. Chem. 1993, 58,
1325–1335.

[19] J. C. Sheehan, T. J. Commons, J. Org. Chem. 1978, 43, 2203–
2208.

[20] J. D. Buynak, A. S. Rao, S. D. Nidamarthy, Tetrahedron Lett.
1998, 39, 4945–4946.

[21] a) F. Ramirez, S. Dershowitz, J. Org. Chem. 1957, 22, 41–25;
b) B. Giese, J. Schoch, C. Rüchardt, Chem. Ber. 1978, 111,
1395–1403.

[22] T. H. Lambert, D. C. W. MacMillan, J. Am. Chem. Soc. 2002,
124, 13646–13647.

[23] a) Calculations were performed with Gaussian 03[23b] at the
Hartree–Fock level by using the standard 6-31G(d) basis set;
b) M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, J. A. Montgomery Jr., T.
Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar,
J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y.
Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P.
Hratchian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R.
Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R.
Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morok-
uma, G. A. Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzew-
ski, S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K.
Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V.
Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B.
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L.
Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A.
Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian 03, Re-
vision C.02, Gaussian, Inc., Wallingford CT, 2004.

Received: January 29, 2013
Published Online: �


