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Amphiphilic allylation of arylidene-1,3-oxazol-5(4H)-one using
bis-p-allylpalladium complexes: an approach to synthesis of cyclohexyl and
cyclohexenyl a-amino acids†
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An efficient method for synthesis of cyclohexyl and cyclohexenyl a-amino acids via
palladium-catalyzed three-component assemblies followed by ring-closing metathesis (RCM) is
described. The present catalytic reaction is successfully extended to substituted benzylidene azlactones
2a–j RCH=(1,3-oxazole): R = alkyl or aryl. The amphiphilic bis-allylation of these substrates has been
achieved by replacing toxic allylstannanes with allyltrifluoroborate and the reaction proceeded
smoothly to afford the corresponding 1,7-diene derivatives 3a–j in acceptable to good yields. RCM of
the resulting octadienes using the first generation Grubbs catalyst gave easy access to stereodefined
substituted cyclohexene derivatives 7–11 in high yields. Acid hydrolysis of the oxazolone ring of 7–10
gave protected amino acids 12–16. Debenzoylation of 13 and 15 afforded 1-amino-6-aryl-
cyclohex-3-enecarboxylic acids 17 and 18 in excellent yields, respectively. Moreover, catalytic reduction
of 13 gave the corresponding cyclohexane derivative 19 which could be debenzoylated to give
1-amino-2-phenylcyclohexene-1-carboxylic acid (20). The structures of compounds 9, 12 and 13 were
confirmed by X-ray structural analysis. It is an excellent method for creating a wide range of cyclic
a,a-disubstituted a-amino acids.

Introduction

Transition metal-catalyzed multicomponent assembling reactions
provide an efficient route for the construction of complex organic
molecules.1 Catalytic transformations involving nucleophilic at-
tack on (h3-allyl)palladium intermediates have been widely applied
in a number of important chemical processes,2–7 including allylic
substitution and the oxidation of alkenes and conjugated dienes.
Palladium-catalyzed allylation with various nucleophiles (Tsuji–
Trost-type reaction) is now a very important modern organic
transformation for the construction of carbon–carbon or carbon–
heteroatom bonds.8 Furthermore, it has been demonstrated that,
under catalytic conditions, bis-p-allylpalladium complexes can
undergo an initial electrophilic attack on one of the allyl moieties
followed by a nucleophilic attack on the other.9–14 This bis-p-
allylpalladium complex can act as an amphiphilic reagent reacting
with activated olefins and arynes to form the corresponding
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bis-allylation products. Subsequently, several modifications of
this reaction with variation of allyl sources, activated alkenes
and catalysts have been reported by different groups.15,16 This
catalytic amphiphilic bis-allylation could also be applied to the
synthesis of medium-sized carbocycles.17 Moreover, regioselective
unsymmetrical tetra-allylation of C60 was reported recently using
the catalytic amphiphilic bis-allylation reaction.18

In the past decade, organotrifluoroborates have become im-
portant reagents in organoboronate chemistry, in particular
for transition-metal-catalyzed coupling reactions.16,19,20 These
reagents are air- and thermostable species, which are usually easy
to handle and purify. Moreover, allyltrifluoroborates have been
shown to be effective allylating reagents for aldehydes.22 Recently,
Batey and co-workers21,22 described the synthesis of a new class of
allylboron compounds containing a trifluoroborate functionality.
Due to the toxicity as well as the byproducts of organostannanes,
we preferred the use of allyltrifluoroborate in catalytic bis-
p-allylpalladium reactions. On the other hand, azlactones are
important synthons for the synthesis of several biologically active
compounds.23 They are also particularly useful precursors for the
synthesis of amino acids,24 peptides,25 heterocycles,26 biosensors,27

and antitumor28 or anticancer29 compounds.
The construction of suitably functionalized cyclohexene frame-

works plays a central role in many natural product syntheses.30

Although the Diels–Alder reaction is among the most powerful
tools for generating such carbocycles,31 it is often difficult to form
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systems that are highly congested or possess substituent arrays
that are incompatible with the reaction.32 A number of alternative
methods for synthesizing cyclohexenes have arisen from catalytic
approaches, such as the phosphine-catalyzed Rauhut–Currier
reaction,33 transition-metal-catalyzed ring-closing metathesis
(RCM),34 and cycloisomerization reactions.35 In contradistinction
to the widespread use of these intramolecular processes, inter-
molecular counterparts for catalytic cyclohexene synthesis are less
well developed.36,37 With the development of air-stable, function-
ally compatible, and highly active ruthenium catalysts, such as the
first-generation Grubbs catalyst38 and second-generation Grubbs
catalyst,39 the ring-closing metathesis (RCM) reaction has become
one of the most powerful methods to synthesize many kinds of
cyclized products from acyclic diene or enyne precursors.40 In
this study, the first-generation Grubbs catalyst was used in the
metathesis reaction of the resulting bis-allylated azlactones giving
the corresponding cyclohexenes in excellent yields.

a,a-Disubstituted a-amino acids are nonproteinogenic modi-
fied amino acids, in which the hydrogen atom at the a-position
of natural a-amino acids is replaced with an alkyl substituent.41

The a-alkyl substituents in a,a-disubstituted amino acids severely
restrict the conformational freedom of peptides containing such
residues, and these amino acids are used as a probe to investigate
the biologically active conformation,42 to study the secondary
structure of peptides,43 and to search for the origin of chirality.44

Furthermore, a,a-disubstituted a-amino acids are also found in
many biologically active compounds, including antibiotics such
as altemicidin.45 Certain cyclic a,a-disubstituted amino acids,
notably those with 3-, 5-, and 6-membered rings, tend to induce
a-helical conformations when incorporated into peptides.46 One
of the challenges is to have procedures that provide flexible and
simple methods for obtaining optically active a,a-disubstituted
a-amino acids and that, furthermore, give diversity in structural
and electronic properties.

Here we demonstrate a new protocol in amino acids synthesis;
bis-allylated azlactones can act as excellent precursors for the
synthesis of cyclic amino acids by bis-allylation of unsaturated
azlactones. To the best of our knowledge, this is the first bis-
allylation of azlactones. Catalytic cyclization of the resulting 1,7-
diene afforded cyclohexene–azlactone adducts.

Results and discussion

Catalytic amphiphilic bis-allylation

The three-component assembling reactions such as bis-allylation
gave the corresponding a,b-functionalized products in high yields.
Although these reactions are limited to highly activated olefins,16

we succeeded in utilizing substituted azlactones 2a–j as substrates.
In the current study, we used an alternative catalytic system of bis-
p-allylpalladium complexes generated from allyltrifluoroborate
(1). Arylidene azlactones 2a–g and 2i were prepared according
to the classic Erlenmeyer synthesis,47 whereas 2h and alkyli-
dene azlactone 2j were prepared under mild conditions using
alumina as a catalyst.48 In a preliminary study,49 we reported
suitable conditions for the amphiphilic bis-allylation of arylidene
malononitrile with allyl acetate and allyltrifluoroborate to give
substituted 1,7-diene derivatives. The results prompted us to
extend this methodology into other olefins such as arylidene

azlactones in bis-allylation reactions as a masked amino acid
fragment. Moreover, we examined the optimization of palladium
catalysts and ligands for amphiphilic bis-allylation of activated
alkenes by replacing allylstannanes with allyltrifluoroborate.49

According to these results we found that the amphiphilic bis-
allylation reaction with allyltrifluoroborate and allyl acetate pro-
ceeded smoothly using Pd2(dba)3CHCl3/tricyclohexylphosphine
(PCy3) in THF. These reaction conditions could be applied to
azlactones 2. The reaction of benzylidene azlactone 2a (1 equiv.),
allyltrifluoroborate 1 (1.5 equiv.), and allyl acetate (1.5 equiv.) in
THF proceeded in the presence of Pd2(dba)3CHCl3 (5 mol%) and
PCy3 (10 mol%) in an argon atmosphere at 70 ◦C for 24 h to furnish
1,7-diene derivative 3a in 45% yield. The low yield of 3a could be
explained by the formation of mono-allylated byproduct which
was identified by ESI mass spectrometry. Increasing the reaction
time had no effect on the bis-allylated yield. Moreover, allyl acetate
gave the highest yield of three-component assembling product.
Other substrates such as allyl chloride, which was considered
the most appropriate for the amphiphilic bis-allylation with
allyltributylstannane, were less effective for the reaction, affording
3a in lower yield (26%). So, in another attempt to enhance the
yield of the bis-allylated product, we performed the bis-allylation
reaction using 3 equiv. of allyl acetate. It was found that the yield
of 3a increased to 49% (Table 1, entry 1). To study the scope
of the reaction, attempting to enhance the activity of the double
bond in azlactone, we used different aryl derivatives of azlactones.
Several diversely substituted benzylidene azlactones underwent
bis-allylations by this procedure to produce the corresponding
1,7-octadiene derivatives. The results are summarized in Table 1.
This procedure is compatible with a wide range of substituents
including electron donating and electron withdrawing groups
substituted on the phenyl ring. Various substituted arylethylidene
azlactones 2b–i underwent bis-allylation with 1 and allyl acetate
to give the corresponding three-component assembling products
3b–3i in good yields (entries 2–9).

Arylethylidene azlactones with electron donating groups (en-
tries 2–4) are more effective substrates for the assembling reaction
than that bearing an electron withdrawing group on the phenyl
ring (entry 5). The lower yield of 3d compared to the yields of
3b and 3c was attributed to the insolubility of 2d in THF and
using DMF as the solvent (entry 4). The present protocol is
successfully extended to azlactones with a heterocyclic substituent,
such as furyl and pyridyl groups. Thus, treatment of furylidene
azlactone (2f) and pyridylidene azlactone (2h) with 1 as well as
allyl acetate in the presence of Pd2(dba)3CHCl3/PCy3 afforded
the corresponding 1,7-diene derivatives 3f and 3h in 73% and 62%
yields, respectively (entries 6 and 8). Under similar conditions,
the reaction of piperonylidene azlactone (2g) with 1 and allyl
acetate produced the corresponding assembling product 3g in 75%
yield (entry 7). The bis-allylation reaction also proceeded with
E/Z-cinnamylidene azlactone 2i to give (E/Z)-4-allyl-2-phenyl-
4-(1-phenylhexa-1,5-dien-3-yl)oxazol-5(4H)-one (3i) in 32% yield
(entry 9). It should be noted that the allylation reaction is
completely regioselective, adding to the b and a carbons of
2i. No other regioisomer was detected as evidenced by the 1H
NMR spectrum of the crude reaction mixture, indicating that the
catalytic allylation is highly regioselective. The three-component
assembling reaction of alkylidene azlactone 2j gave 3j in 68%
yield (entry 10). The purification of the bis-allylation product was
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Table 1 Palladium-catalyzed double allylation of olefins 2a–j with allyltrifluoroborate 1 and allyl acetate

Entry R Product Time (h) Yield (%)a d.r.b

1 3a 24 45 5 : 1

2 3b 24 58 4 : 1

3 3c 48 67 3 : 1

4 3dc 24 47 3 : 1

5 3e 48 49 4 : 1

6 3fc 24 73 5 : 1

7 3g 24 75 4 : 1

8 3h 24 62 3 : 1

9 3i 48 32 —

10 3j 24 68 4 : 1

a Combined isolated yields of two diastereomers based on 2. b Diastereomer ratio determined by 1H NMR. c DMF was used as the solvent.

performed by preparative thin layer chromatography (TLC) using
hexane/ethyl acetate as the mobile phase. Diastereoselectivity (3–
5 : 1) of the bis-allylation reactions was observed in all substituted
azlactones 2a–j except 2i (Table 1). The major diastereomers were
isolated by preparative TLC and identified.

The proposed mechanism for the reaction course of this
transformation is summarized in Scheme 1. On the basis of
the known palladium chemistry and the mechanisms for the

catalytic reactions involving bis-p-allylpalladium complexes as
key intermediates,9,17,50–52 a mechanism is proposed to account
for the present catalytic amphiphilic bis-allylation reaction. The
first step likely involves the oxidative addition of allyl acetate
to Pd(0) to give p-allylpalladium acetate 4. Transmetalation of
allyltrifluoroborate 1 to p-allylpalladium acetate 4 gives bis-p-
allylpalladium intermediate 5 and KBF3OAc. Reaction of olefin 2
with 5 gives the complex 6, which undergoes reductive elimination

7182 | Org. Biomol. Chem., 2011, 9, 7180–7189 This journal is © The Royal Society of Chemistry 2011
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Table 2 Metathesis reaction of 3

Entry 3 Product R Yield (%)a

1 a3 7 85

2 c3 8 87

3 f3 9 92

4 g3 10 76

5 i3 11 70

a Isolated yields based on 3.

Scheme 1 Palladium-catalysis mechanism.

to afford the corresponding bis-allylated product 3 and regenerate
the Pd(0) catalyst.

Metathesis of bis-allylated compounds

Catalytic olefin metathesis transformed some of these bis-allylated
products (3a, 3c, 3f, 3g and 3i) to the corresponding cyclohexenes
(7–11) in 70–92% yields (Table 2).

In our experiments the metathesis of bis-allylated products to
cyclohexenes worked with excellent results when the reaction was
carried out in dichloromethane at reflux for 5–8 h in the presence
of 1st generation Grubbs’ catalyst, allowing the formation of
the corresponding cyclohexenes. The metathesis of 3i is highly

chemoselective giving the cinnamyl-substituted product 11, exclu-
sively (entry 5). The 1H NMR spectrum of compound 11 showed
d- and g -CH protons resonate at 5.9 and 6.5 ppm, respectively.
It was possible to obtain X-ray quality crystals from 9 by slow
evaporation of a CH2Cl2/hexane solution at room temperature.
The solid state structure of the cyclohexene 9, determined by X-
ray diffraction, is depicted in Fig. 1. The cyclohexene 9 consists
of a cyclohexene ring having azlactone and furan moieties as
substituents at positions 1 and 6. The C–C bond lengths of the
cyclohexene ring span over a narrow range of 1.495(2)–1.555(2) Å
compared with the C C bond distance 1.322(2) Å.

Fig. 1 ORTEP representation of 9, showing 50% probability thermal
ellipsoids.

This journal is © The Royal Society of Chemistry 2011 Org. Biomol. Chem., 2011, 9, 7180–7189 | 7183
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Hydrolysis of oxazolone ring

One of the goals of our synthetic work was the successful
preparation and characterization of a structurally diverse series
of a,a-disubstituted a-amino acids derived from compounds 7–
11. Incubation of azlactone 7 in a mixture of MeOH/H2O (1 : 1)
and HCl (6 N) at room temperature for 1 h resulted in cleavage of
the oxazolone ring to give a mixture of 12 and 13 which could
be isolated by preparative TLC to give 40% and 36% yields,
respectively (Scheme 2).

Scheme 2 Cleavage of azlactone 7.

In the 1H NMR spectra of 12 and 13, the new signals at 6.8 and
6.7 ppm indicated the presence of an NH group. 13C NMR spectra
showed a low field shift of C N of the former oxazolone ring in
compounds 7–11, from ca. 160.2 ppm to ca. 166.8 ppm, whereas a
high field shift of ca. 7 ppm for the carbonyl carbon of compounds
12 and 13 (172.8 ppm) compared with compound 7 (180.3 ppm)
was observed. The expected deviations in these positions were
attributed to oxazolone ring opening. Alternative conditions using
a mixture of THF/aq. HCl (6 N) for direct conversion of 7 to the
corresponding free carboxylic compound (13) were also possible.
The compounds 12 and 13 crystallize in the monoclinic space
groups P21/c and C2/c, respectively (Fig. 2, Table 3).

Similarly, compounds 8–10 were hydrolysed producing ben-
zoylated amino acids 14–16 (Scheme 3). The structures of these
compounds were also confirmed by both 1H and 13C NMR
spectroscopy, which showed the disappearance of the benzoyl CH
and NH signals and appearance of high field NH2 broad singlet at
ca. 4.6 ppm. Amino acids 17 and 18 could be obtained from 13 and
15 in good yields by treatment with ammonia solution (Scheme 3).

Reduction of cyclohexene

Cyclohexene 13 was quantitatively hydrogenated in MeOH at
room temperature, using 10% palladium/carbon as a catalyst
to give cyclohexane 19, which is the direct precursor of the
cyclohexane amino acid 20 (Scheme 4). The chemical shift of
the CH CH group of the former cyclohexene (compound 13)
disappeared with appearance of new high field signals at 1.6 and
1.8 ppm of two methylene groups (compound 20) upon reduction.
The 13C NMR spectrum showed new signals at approximately
25 ppm for the new methylene carbons of compound 20.

Fig. 2 X-Ray crystal structures of 12 and 13. Thermal probability
ellipsoids are drawn at the 50% probability level (hydrogen atoms are
omitted for clarity).

Scheme 4 Reduction of cyclohexene 13.

Azlactones and amino acids have characteristic stretching
modes that are suitable for study by IR spectroscopy. The IR
spectra of 3a–j contained weak and strong absorption bands
located at ca. 1654, 1778, and 1816 cm-1, which could be attributed
to the vibrational modes of the C C, C N and C O groups,
respectively. These bands were not sensitive to the metathesis
reactions in compounds 7–11. However, hydrolysis of azlactone
followed by debenzoylation led to the complete disappearance of

Scheme 3 Conversion of azalactones to cyclic amino acids.

7184 | Org. Biomol. Chem., 2011, 9, 7180–7189 This journal is © The Royal Society of Chemistry 2011
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Table 3 Details of crystallographic data collection for 9, 12 and 13

9 12 13

Formula C18H15NO3 C22H21NO3 C20H19NO3

Fw 293.31 347.40 321.36
Crystal system Orthorhombic Monoclinic Monoclinic
Space group Fdd2 P21/c C2/c
a/Å 18.004(3) 10.6098(13) 29.149(6)
b/Å 39.249(6) 18.036(2) 7.5081(15)
c/Å 8.1408(11) 9.5122(12) 15.387(3)
a (◦) 90 90 90
b (◦) 90 98.7510(10) 107.300(2)
g (◦) 90 90 90
V/nm3 5.7526(14) 1.7991(4) 3.2152(11)
Z 16 4 8
Dc/g cm-3 1.355 1.283 1.328
F(000) 2464 736 1360
m/mm-1 0.093 0.085 0.089
l/Å 0.71073 0.71073 0.71073
Range (2q) for data collection/◦ 2.08–27.57 2.25–27.46 2.77–27.52
GOF 1.675 1.027 1.03
T/K 123 123 123
R1

a (I > 2s(I)) 0.0391 0.0403 0.0448
WR2

b (I > 2s(I)) 0.0546 0.0985 0.0954
R1

a (all data) 0.0476 0.0495 0.0693
WR2

b (all data) 0.0557 0.1039 0.1059

a R1 = R‖Fo| - |Fc‖/R |Fo|. b wR2 = [R w(Fo
2 - Fc

2)2/R w(Fo
2)2)]1/2.

the vibrational mode of C N in the IR spectra of compounds
7–11, which was replaced with a new strong absorption band
(compounds 17, 18 and 20) at ca. 3500 cm-1, which is characteristic
of the NH2 group, whereas n(C O) is shifted from ca. 1816 to
1725 cm-1.

Conclusion

We have developed a procedure for the bis-allylation of activated
azlactones via the three-component assembling reaction between
arylidene azlactones, trifluoroborate and allyl acetate in the pres-
ence of palladium catalysts. In combination with our previously
reported methodologies on the activated olefins, this methodol-
ogy provides a novel process for the 1,2-bisfunctionalization of
activated C C bonds. This method allows an efficient synthesis
of various 1,7-diene derivatives in good to excellent yields.
The present catalytic reaction proceeds with various substituted
azlactones. Metathesis cyclization of the resulting bis-allylated
azlacones yielded the corresponding 3-oxa-1-aza-spiro[4.5]deca-
1,7-dienes which could be either hydrolysed to the corresponding
cyclohexenyl a-amino acids or reduced to the corresponding
cyclohexyl a-amino acids.

Experimental section

Materials and methods

Most chemicals and solvents were of analytical grade and used
without further purification. Aldehydes and Grubbs’ catalyst were
commercially available. Starting materials 1, 2a–h and 2i–j were
prepared as described in the literature.22,47,48 NMR spectra (1H and
13C) were measured on 400 MHz spectrometer. Chemical shifts of
1H NMR and13C NMR were expressed in parts per million (ppm,
d units), and coupling constant (J) values were expressed in units

of hertz (Hz). IR (cm-1) spectra were determined as KBr disc on
an FTIR-8600PC spectrometer. Electron spray ionization (ESI)
mass spectra were recorded on an LCMS-2010 eV spectrometer.
Elemental analyses were performed by 2400 automatic elemental
analyzer. All compounds gave elemental analysis within ±0.4% of
the theoretical values. Analytical thin layer chromatography (TLC)
was performed on glass plates of silica gel 60 GF254. Visualization
was accompanied by UV light (254 nm), I2 or KMnO4. Melting
points (mp) were determined on ATM-01 melting point apparatus.
Preparative TLC was carried out using 0.75 mm layers of silica gel
60 GF254 made from water slurries on glass plates of dimensions
20 ¥ 20 cm2, followed by drying in air at 100 ◦C.

General procedure of amphiphilic bis-allylation of azlactone 2

To a solution of azlactone 2 (0.65 mmol), allyltrifluoroborate
(145 mg, 0.98 mmol), and Pd(dba)3·CHCl3 (35 mg, 0.033 mmol)
in THF (10 ml) was added allyl acetate (2.1 ml, 1.96 mmol) and
tricyclohexylphosphine (18 mg, 0.066 mmol) under nitrogen. The
reaction mixture was heated with stirring at 70 ◦C for 24–48 h
(TLC). The reaction was quenched with water, and the reaction
mixture was extracted with ether, dried over anhydrous magnesium
sulphate, and concentrated. Purification by preparative TLC with
n-hexane/ethylacetate (9 : 1) as eluent gave the major diastereomer
of bis-allylated product as a yellow oil.

Allyl-2-phenyl-4-(1-phenyl-but-3-enyl)-4H-oxazol-5-one (3a).
Yield (97 mg, 45%); yellow oil; Rf 0.37 (n-hexane/AcOEt = 9 : 1);
1H NMR (400 MHz, CDCl3) d 8.03 (d, 2H, J = 7.2 Hz), 7. 57-7.28
(m, 8H), 5.45 (m, 2H), 5.02 (dd, 2H, J = 8 Hz, J = 3.5 Hz), 4.83
(dd, 2H, J = 8.0 Hz, J = 3.5 Hz), 3.18 (dd, 1H, J = 4.0 Hz, J = 4.0
Hz), 2.43 (m, 2H), 2.27 (m, 2H); 13C NMR (100 MHz, CDCl3)
d 180.3, 160.2, 138.7, 135.2, 132.7, 130.5, 129.7, 128.8, 128.3,
128.0, 127.4, 125.8, 120.7, 117.1, 76.7, 52.1, 40.7, 36.2; IR (KBr
disc) 3062, 2931, 1816, 1778, 1654, 972, 883, 702 cm-1; MS, m/z

This journal is © The Royal Society of Chemistry 2011 Org. Biomol. Chem., 2011, 9, 7180–7189 | 7185
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(ESI) 332.41 [100, M + 1]+; Anal. Calc. for C22H21NO2: C, 79.73;
H, 6.39; N, 4.23%. Found: C, 79.73; H, 6.32; N, 4.18%. 1H NMR
(400 MHz, CDCl3) of the minor diastereomer: d 7.98 (d, 2H, J =
7.00 Hz), 7.55-7.13 (m, 8H), 5.61 (m, 2H), 5.14 (dd, 2H, J = 8 Hz,
J = 3.5 Hz), 4.95 (t, 2H, J = 7.5 Hz), 3.17 (dd, 1H, J = 4.0 Hz, J =
4.0 Hz), 2.67 (m, 2H), 2.51 (m, 2H).

4-Allyl-4-[1-(4-methoxy-phenyl)-but-3-enyl]-2-phenyl-4H -oxa-
zol-5-one (3b). Yield (136 mg, 58%); yellow oil; Rf 0.53 (n-
hexane/AcOEt = 9 : 1); 1H NMR (400 MHz, CDCl3) d = 8.01
(d, 2H, J = 8.2 Hz), 7.55-7.43 (m, 3H), 7.38 (m, 2H), 7.23 (m, 2H),
5.49 (m, 2H), 5.16 (t, 2H, J = 10.5 Hz), 4.78 (t, 2H, J = 10.3 Hz),
3.75 (s, 3H), 3.23 (m, 1H), 2.43 (m, 2H), 2.23 (m, 2H); 13C NMR
(100 MHz, CDCl3) d = 180.0, 162.3, 149.2, 147.7, 137.8, 136.6,
133.6, 129.4, 128.3, 128.3, 127.4, 125.6, 121.7, 115.0, 76.9, 55.8,
53.7, 39.4, 37.2; IR (KBr disc) 3065, 2935, 1808, 1774, 1655, 976,
885, 705 cm-1; MS, m/z (ESI) 362.43 [100, M + 1]+; Anal. Calc. for
C23H23NO3: C, 76.43; H, 6.41; N, 3.88%. found: C, 76.32; H, 6.37;
N, 3.79%. 1H NMR (400 MHz, CDCl3) of the minor diastereomer:
d = 7.90 (d, 2H, J = 8.0 Hz), 7.41-7.35 (m, 3H), 7.36 (m, 2H), 7.22
(m, 2H), 5.54 (m, 2H), 5.23 (t, 2H, J = 10.5 Hz), 4.71 (t, 2H, J =
10.3 Hz), 3.75 (s, 3H), 3.29 (m, 1H), 2.73 (m, 2H), 2.52 (m, 2H).

4-Allyl-4-[1-(3,4-dimethoxy-phenyl)-but-3-enyl]-2-phenyl-4H-
oxazol-5-one (3c). Yield (170 mg, 67%); yellow oil; Rf 0.43 (n-
hexane/AcOEt = 9 : 1); 1H NMR (400 MHz, CDCl3) d = 8.03 (dd,
2H, J = 1.5 Hz, J = 1.5 Hz), 7.93 (d, 1H, J = 6.5 Hz), 7.57-7.49
(m, 3H), 6.84 (d, 1H, J = 8.0 Hz), 6.70 (m, 1H), 5.51 (m, 2H),
5.02 (t, 2H, J = 10.0 Hz), 4.86 (t, 2H, J = 10.0 Hz), 3.92 (s, 3H),
3.86 (s, 3H), 3.15 (m, 1H), 2.41 (m, 2H), 2.25 (m, 2H); 13C NMR
(100 MHz, CDCl3) d = 179.3, 166.2, 149.2, 147.7, 137.6, 136.8,
133.1, 129.7, 128.8, 128.3, 127.4, 125.8, 121.6, 115.2, 77.0, 55.4,
55.2, 53.7, 39.5, 37.9; IR (KBr disc) 3058, 2936, 1812, 1772, 1655,
970, 882, 742 cm-1; MS, m/z (ESI) 392.46 [100, M + 1]+; Anal.
Calc. for C24H23NO4: C, 73.64; H, 6.44; N, 3.58%. found: C, 73.59;
H, 6.39; N, 3.47%. 1H NMR (400 MHz, CDCl3) of the minor
diastereomer: d = 7.93 (d, 2H, J = 4 Hz), 7.90 (d, 1H, J = 6.5 Hz),
7.54-7.45 (m, 3H), 6.83 (d, 1H, J = 8.0 Hz), 6.68 (m, 1H), 5.71 (m,
2H), 5.14 (t, 2H, J = 10.0 Hz), 4.79 (t, 2H, J = 10.0 Hz), 3.92 (s,
3H), 3.85 (s, 3H), 3.28 (m, 1H), 2.77 (m, 2H), 2.46 (m, 2H).

4-Allyl-4-[1-(4-dimethylamino-phenyl)-but-3-enyl]-2-phenyl-
4H-oxazol-5-one (3d). Yield (114 mg, 47%); yellow oil; Rf 0.6
(n-hexane/AcOEt = 9 : 1); 1H NMR (400 MHz, CDCl3) d = 8.07
(d, 2H, J = 3.5 Hz), 7.91 (d, 1H, J = 4.0 Hz), 7.73-7.40 (m, 5H),
5.47 (m, 2H), 4.99 (t, 2H, J = 7.5 Hz), 4.83 (t, 2H, J = 7.5 Hz),
3.17 (m, 1H), 2.99 (s, 3H), 2.83 (s, 3H), 2.42 (m, 2H), 2.23 (m,
2H); 13C NMR (100 MHz, CDCl3) d = 179.2, 168.3, 146.8, 137.6,
135.8, 131.5, 130.0, 129.6, 128.4, 127.4, 114.8, 115.7, 78.6, 40.5,
40.1, 35.8; IR (KBr disc) 3060, 2934, 1815, 1775, 1656, 987, 880,
725 cm-1; MS, m/z (ESI) 375.48 [100, M + 1]+; Anal. Calc. for
C24H26N2O2: C, 76.98; H, 7.00; N, 7.48%. found: C, 76.92; H, 6.97;
N, 7.43%. 1H NMR (400 MHz, CDCl3) of the minor diastereomer:
d = 7.93 (d, 2H, J = 3.5 Hz), 7.90 (d, 1H, J = 4.0 Hz), 7.70-7.42
(m, 5H), 5.82 (m, 2H), 4.93 (t, 2H, J = 7.5 Hz), 4.80 (t, 2H, J =
7.5 Hz), 3.25 (m, 1H), 3.00 (s, 3H), 2.82 (s, 3H), 2.53 (m, 2H), 2.31
(m, 2H).

4-Allyl-4-[1-(4-nitro-phenyl)-but-3-enyl]-2-phenyl-4H -oxazol-
5-one (3e). Yield (120 mg, 49%); yellow oil; Rf 0.42 (n-
hexane/AcOEt = 9 : 1); 1H NMR (400 MHz, CDCl3) d = 8.21

(d, 2H, J = 8.0 Hz), 8.04 (d, 2H, J = 8.0 Hz), 7.66-7.51 (m, 5H),
5.47 (m, 2H), 5.06 (dd, 2H, J = 9.0 Hz, J = 8.5 Hz), 4.86 (dd,
2H, J = 10.4 Hz, J = 9.6 Hz), 3.32 (dd, 1H, J = 6.0 Hz, J = 4.8
Hz), 2.45 (m, 2H), 2.20 (m, 2H); 13C NMR (100 MHz, CDCl3)
d = 179.4, 160.7, 147.3, 146.5, 134.0, 133.0, 130.6, 129.7, 128.8,
128.0, 125.4, 123.5, 121.2, 118.0, 76.7, 51.5, 40.6, 36.0; IR (KBr
disc) 3061, 2939, 1820, 1771, 1652, 976, 885, 741 cm-1. MS, m/z
(ESI) 454 [100, M + 2K]+; Anal. Calc. for C22H20N2O4: C, 70.20;
H, 5.36; N, 7.44%. found: C, 70.17; H, 5.33; N, 7.40%. 1H NMR
(400 MHz, CDCl3) of the minor diastereomer: d = 8.13 (d, 2H, J =
8.0 Hz), 8.07 (d, 2H, J = 8.0 Hz), 7.66-7.51 (m, 5H), 5.61 (m, 2H),
5.14 (dd, 2H, J = 9.0 Hz, J = 8.5 Hz), 4.84 (dd, 2H, J = 10.4 Hz,
J = 9.6 Hz), 3.74 (dd, 1H, J = 6.0 Hz, J = 4.8 Hz), 2.84 (m, 2H),
2.61 (m, 2H).

4-Allyl-4-(1-(furan-2-yl)but-3-enyl)-2-phenyloxazol-5(4H)-one
(3f). Yield (152 mg, 73%); yellow oil; Rf 0.77 (n-hexane/AcOEt =
9 : 1); 1H NMR (400 MHz, CDCl3) d = 8.00 (d, 2H, JCH = 10.0
Hz), 7.58-7.47 (m, 3H.), 7.35 (d, 1 H, J = 8.0 Hz), 6.28 (d, 2H,
J = 8.8 Hz) 5.57 (m, 2H), 5.12 (m, 2H), 4.85 (t, 2H, J = 10.0 Hz),
3.29 (m, 1H), 2.50 (m, 3H), 2.26 (m, 1H); 13C NMR (100 MHz,
CDCl3) d = 178.4, 169.1, 157.7, 141.9, 137.6, 135.5, 131.4, 128.4,
115.7, 111.1, 105.7, 78.3, 43.5, 37.8, 29.6; IR (KBr) 3067, 2933,
1814, 1774, 1655, 973, 885, 719 cm-1; MS, m/z (ESI) 321 [75, M]+;
Anal. Calc. for C20H19NO3: C, 74.75; H, 5.96; N, 4.36%. found:
C, 74.62; H, 5.87; N, 4.27%. 1H NMR (400 MHz, CDCl3) of the
minor diastereomer: d = 7.96 (d, 2H, JCH = 10.0 Hz), 7.56-7.48 (m,
3H.), 7.31 (d, 1 H, J = 8.0 Hz), 6.17 (d, 2H, J = 8.8 Hz) 5.73 (m,
2H), 5.07 (m, 2H), 4.81 (t, 2H, J = 10.0 Hz), 3.31 (m, 1H), 262 (m,
3H), 2.41 (m, 1H).

4-Allyl-4-(1-benzo[1,3]dioxol-5-yl-but-3-enyl)-2-phenyl-4H-
oxazol-5-one (3g). Yield (182 mg, 75%); yellow oil; Rf 0.35 (n-
hexane/AcOEt = 9 : 1); 1H NMR (400 MHz, CDCl3) d = 8.04 (d,
2H, J = 8.0 Hz), 7.57-7.44 (m, 3H), 6.81-6.61 (m, 3H), 5.94 (s, 2H),
5.49 (m, 2H), 5.02 (m, 2H), 4.85 (m, 2H), 3.09 (m, 1H), 2.39 (m,
2H), 2.32 (m, 2H); 13C NMR (100 MHz, CDCl3) d = 177.7, 169.0,
148.5, 146.1, 136.8, 136.0, 132.7, 129.5, 128.7, 128.2, 121.6, 115.7,
113.6, 102.4, 78.6, 42.6, 42.3, 32.0; IR (KBr) 3066, 2932, 1815,
1775, 1656, 976, 885, 723 cm-1; MS, m/z (ESI) 375.42 [100, M +
1]+. Anal. Calc. for C23H21NO4: C, 73.58; H, 5.64; N, 3.73%. found:
C, 73.53; H, 5.59; N, 3.71%. 1H NMR (400 MHz, CDCl3) of the
minor diastereomer: d = 7.91 (d, 2H, J = 8.0 Hz), 7.56-7.45 (m,
3H), 6.73-6.60 (m, 3H), 5.82 (s, 2H), 5.67 (m, 2H), 5.00 (m, 2H),
4.81 (m, 2H), 3.15 (m, 1H), 2.84 (m, 2H), 2.65 (m, 2H).

4-Allyl-2-phenyl-4-(1-(pyridin-4-yl)but-3-enyl)oxazol-5(4H)-one
(3h). Yield (133 mg, 62%); yellow oil; Rf 0.45 (n-hexane/AcOEt =
9 : 1); 1H NMR (400 MHz, CDCl3) d = 8.75 (d, 2H, J = 8.5 Hz),
8.25 (d, 2H, J = 8.5 Hz), 8.0 (d, 2H, J = 8.5 Hz), 7.72 (m, 1H),
7.51 (m, 2H), 5.65 (m, 2H), 4.95 (m, 2H), 4.81 (m, 2H), 3.19 (m,
1H), 2.49, 2.30 (m, 4H); 13C NMR (100 MHz, CDCl3) d = 180.2,
160.1, 154.0, 149.1, 139.0, 135.0, 129.6, 128.4, 126.3, 120.9, 117.1,
76.8, 52.1, 40.7, 36.2; IR (KBr disc) 3065, 2932, 1817, 1771, 1653,
975, 886, 722 cm-1; MS, m/z (ESI) 333.40 [100, M + 1]+; Anal.
Calc. for C21H20N2O2: C, 75.88; H, 6.06; N, 8.43%. found: C,
75.84; H, 6.03; N, 8.40%. 1H NMR (400 MHz, CDCl3) of the
minor diastereomer: d = 8.73 (d, 2H, J = 8.5 Hz), 8.25 (d, 2H, J =
8.5 Hz), 8.1 (d, 2H, J = 8.5 Hz), 7.68 (m, 1H), 7.53 (m, 2H), 5.74
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(m, 2H), 5.06 (m, 2H), 4.92 (m, 2H), 3.27 (m, 1H), 2.64, 2.45 (m,
4H).

(E/Z )-4-allyl-2-phenyl-4-(1-phenylhexa-1,5-dien-3-yl)oxazol-
5(4H)-one (3i). Yield (74 mg, 32%); yellow oil; Rf 0.5 (n-
hexane/AcOEt = 9 : 1); 1H NMR (400 MHz, CDCl3) d = 8.02
(d, 2H, J = 7.0 Hz), 7.61-7.21 (m, 8H), 6.55 (m, 1H), 6.21 (m, 1H),
5.63 (m, 2H), 5.12 (m, 4H), 3.31 (m, 1H), 2.75 (m, 2H), 2.45 (m,
2H); 13C NMR (100 MHz, CDCl3) d = 179.8, 160.4, 136.7, 135.2,
134.4, 132.7, 130.5, 128.8, 128.5, 128.5, 128.0, 127.6, 127.3, 126.5,
126.4, 125.8, 120.7, 117.0, 76.5, 50.0, 40.7, 35.0; IR (KBr disc)
3065, 2937, 1815, 1778, 1659, 972, 886, 735 cm-1; MS, m/z (ESI)
356 [100, M - 1]-; Anal. Calc. for C24H23NO2: C, 80.64; H, 6.49; N,
3.92%. found: C, 80.59; H, 6.47; N, 3.87%. 1H NMR (400 MHz,
CDCl3) of the minor diastereomer: d = 8.00 (d, 2H, J = 7.0 Hz),
7.60-7.23 (m, 8H), 6.73 (m, 1H), 6.30 (m, 1H), 5.71 (m, 2H), 5.19
(m, 4H), 3.43 (m, 1H), 2.83 (m, 2H), 2.64 (m, 2H).

4-Allyl-4-(1-cyclohexylbut-3-enyl)-2-phenyloxazol-5(4H)-one
(3j). Yield (138 mg, 63%); yellow oil; Rf 0.6 (n-hexane/AcOEt =
9 : 1); 1H NMR (400 MHz, CDCl3) d = 8.04 (m, 2H), 7.64-7.41
(m, 3H), 5.53 (m, 2H), 5.02 (m, 2H), 4.86 (m, 2H), 3.26 (m, 1H),
2.97 (t, 1H, J = 10.0 Hz), 2.62, 2.38 (m, 4H), 2.23, 1.95 (m, 3H),
1.71-1.49 (m, 4H); 13C NMR (100 MHz, CDCl3) d = 176.5, 167.2,
137.9, 136.1, 131.3, 128.4, 115.8, 76.5, 41.5, 33.2, 31.7, 29.4, 28.4,
28.3, 26.8; IR (KBr disc) 3062, 2939, 1822, 1779, 1656, 975, 887,
741 cm-1; MS, m/z (ESI) 337 [100, M]+; Anal. Calc. for C22H27NO2:
C, 78.30; H, 8.06; N, 4.15%. found: C, 78.27; H, 8.03; N, 4.11%.
1H NMR (400 MHz, CDCl3) of the minor diastereomer: d = 7.87
(m, 2H), 7.63-7.40 (m, 3H), 5.76 (m, 2H), 5.14 (m, 2H), 4.88 (m,
2H), 3.37 (m, 1H), 3.11 (t, 1H, J = 10.0 Hz), 2.83, 2.46 (m, 4H),
2.35, 2.06 (m, 3H), 1.82-1.68 (m, 4H).

General procedure for ring closing diene metathesis: synthesis of
cyclohexene derivatives (7–11)

The typical procedure for the ring closing diene metathesis is
as follows: precursor diene 3c, 3f, 3g, or 3j (1 mmol) was
dissolved in freshly distilled and degassed dichloromethane (17
mL) under a nitrogen atmosphere. After stirring for 10 min at
room temperature, ruthenium catalyst 1st generation (41.2 mg,
0.05 mmol) dissolved in dichloromethane (3 mL) was added
by syringe. After 5–8 h of reflux at 40 ◦C, the reaction was
complete as indicated by TLC. The solution was concentrated
via rotavapor. TLC of the crude oil gave the corresponding
cyclohexene derivatives as white solids.

2,10-Diphenyl-3-oxa-1-aza-spiro[4.5]deca-1,7-dien-4-one (7).
Yield (257 mg, 85%); white solid; Rf 0.2 (n-hexane/AcOEt =
9 : 1); mp = 140–142 ◦C; 1H NMR (300 MHz, CDCl3) d = 7.75
(d, 2H, J = 6.0 Hz), 7.46-7.10 (m, 8H), 6.04 (bs, 1H), 5.79 (bs,
1H), 3.45 (t, 1H, J = 6.6 Hz), 3.08 (t, 1H, J = 15.0 Hz), 2.90 (d,
1H, J = 18.0 Hz), 2.45 (t, 2H, J = 18.0 Hz); 13C NMR (100 MHz,
CDCl3) d = 177.0, 161.0, 138.4, 136.4, 131.6, 128.6, 126.7, 68.5,
39.0, 34.2, 27.6; IR (KBr disc) 3065, 2935, 1825, 1775, 1658, 1045,
887, 742 cm-1; MS, m/z (ESI) 304 [100, M + 1]+. Anal. Calc. for
C20H17NO2: C, 79.19; H, 5.65; N, 4.62%. found: C, 79.11; H, 5.58;
N, 4.57%.

10-(3,4-Dimethoxy-phenyl)-2-phenyl-3-oxa-1-aza-spiro[4.5]-
deca-1,7-dien-4-one (8). Yield (315 mg, 87%); white solid; Rf 0.15

(n-hexane/AcOEt = 9 : 1); mp = 134–136 ◦C; 1H NMR (400 MHz,
CDCl3) d = 7.76 (t, 2H, J = 6.5 Hz), 7.47-7.34 (m, 4H), 6.79-6.69
(m, 2H), 6.05 (m, 1H), 5.68 (m, 1H), 3.78 (s, 3H), 3.74 (s, 3H), 3.40
(dd, 1H, J = 6.0, 6.5 Hz), 3.05 (t, 1H, J = 12.0 Hz), 2.85 (m, 1H),
2.43 (t, 2H, J = 12.0 Hz); 13C NMR (100 MHz, CDCl3) d = 177.0,
163.2, 147.6, 146.0, 136.4, 132.0, 128.6, 126.3, 115.8, 68.2, 54.5,
40.0, 33.8, 27.4; IR (KBr disc) 3059, 2928, 1810, 1775, 1652, 1025,
887, 738 cm-1; MS, m/z (ESI) 364 [100, M + 1]+; Anal. Calc. for
C22H21NO4: C, 72.71; H, 5.82; N, 3.85%. found: C, 72.63; H, 5.77;
N, 3.81%.

10-Furan-2-yl-2-phenyl-3-oxa-1-aza-spiro[4.5]deca-1,7-dien-4-
one (9). Yield (269 mg, 92%); white solid; Rf 0.25 (n-
hexane/AcOEt = 9 : 1); mp = 131–133 ◦C; 1H NMR (400 MHz,
CDCl3) d = 7.86 (d, 2H, J = 8 Hz), 7.52-7.49 (m, 1H), 7.43-7.40
(m, 2H), 7.18 (s, 1H), 6.15 (dd, 2H, J = 8.0, 6.5 Hz), 5.96 (m, 1H),
5.73 (m, 1H), 3.55 (t, 1H, J = 10.0 Hz), 2.95 (t, 1H, J = 12.0 Hz),
2.78 (d, 1H, J = 12.5 Hz), 2.42 (m, 2H); 13C NMR (100 MHz,
CDCl3) d = 177.2, 161.5, 153.3, 141.7, 132.6, 128.6, 127.8, 127.0,
125.7, 121.2, 110.0, 106.0, 69.4, 40.0, 33.7, 27.3; IR (KBr disc)
3057, 2932, 1821, 1775, 1656, 975, 889, 729 cm-1; MS, m/z (ESI)
295 [100, M + 2H]+; Anal. Calc. for C18H15NO3: C, 73.71; H, 5.15;
N, 4.78%. found: C, 73.68; H, 5.11; N, 4.75%.

10-Benzo[1,3]dioxol-5-yl-2-phenyl-3-oxa-1-aza-spiro[4.5]deca-
1,7-dien-4-one (10). Yield (263 mg, 76%); white solid; Rf 0.3 (n-
hexane/AcOEt = 9 : 1); mp = 165–167 ◦C; 1H NMR (400 MHz,
CDCl3) d = 7.97 (m, 2H), 7.46-7.34 (m, 4H), 6.72-6.53 (m, 3H),
6.02 (m, 1H), 5.87 (m, 2H), 5.72 (m, 1H), 3.37 (q, 1H, J = 8.0
Hz), 2.96 (t, 1H, J = 11.5 Hz), 2.79 (d, 1H, J = 11.5 Hz), 2.39
(m, 2H); 13C NMR (100 MHz, CDCl3) d = 178.0, 162.8, 148.0,
146.7, 136.6, 135.7, 132.6, 129.6, 128.9, 121.3, 115.7, 113.4, 101.8,
68.5, 40.6, 36.0, 28.0; IR (KBr disc) 3065, 2935, 1813, 1772, 1654,
972, 885, 725 cm-1; MS, m/z (ESI) 347 [100, M]+; Anal. Calc. for
C20H17NO4: C, 72.61; H, 4.93; N, 4.03%. found: C, 72.58; H, 4.88;
N, 3.99%

2-Phenyl-10-styryl-3-oxa-1-aza-spiro[4.5]deca-1,7-dien-4-
one (11). Yield (230 mg, 70%); white solid; Rf 0.28 (n-
hexane/AcOEt = 9 : 1); mp = 172–174 ◦C; 1H NMR (400 MHz,
CDCl3) d = 7.94 (m, 2H), 7.54-7.41 (m, 3H), 7.22-7.15 (m, 5H),
6.54 (m, 1H), 5.94 (m, 2H), 5.73 (m, 1H), 2.96 (m, 1H), 2.64 (m,
2H), 2.44 (m, 2H); 13C NMR (100 MHz, CDCl3) d = 177.8, 160.3,
136.8, 134.1, 133.7, 129.0, 128.7, 128.4, 128.1, 126.5, 126.4, 126.3,
125.8, 122.0, 121.3, 69.7, 43.5, 42.9, 34.5, 32.8, 28.5, 27.7; IR (KBr
disc) 3068, 2932, 1815, 1775, 1656, 977, 889, 741 cm-1; MS, m/z
(ESI) 352 [100, M + Na]+; Anal. Calc. for C22H19NO2: C, 80.22;
H, 5.81; N, 4.25%. found: C, 80.19; H, 5.79; N, 4.21%.

General procedure of hydrolysis of azlactones

Method A. 6 N aq. HCl (10 mL) was added to a solution
of azlactone 7 (303 mg, 1 mmol) in 10 mL methanol at room
temperature in a 50 mL round flask. The reaction mixture was
heated at 50 ◦C for 1 h and the formation of the products was
monitored by TLC. The solvents were evaporated under vacuum
to yield a white solid of the crude product which was purified by
preparative TLC using CH2Cl2/methanol (90 : 5) as eluent to yield
colorless crystalline solids.

This journal is © The Royal Society of Chemistry 2011 Org. Biomol. Chem., 2011, 9, 7180–7189 | 7187
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Method B. A solution of aq. HCl (6 M, 10 mL) was added to
a solution of azlactone 7, 8, 10 or 11 (1 mmol) in 5 mL THF at
room temperature in a 25 mL round flask. The reaction mixture
was heated at 70 ◦C for 1 h and the formation of the products was
monitored by TLC. The solvents were evaporated under vacuum
to yield a white solid of the crude product which was purified by
preparative TLC using CH2Cl2/methanol (90 : 5) as eluent to yield
colorless solids.

Methyl(1-benzoylamino-6-phenyl-cyclohex-3-enecarboxylate)
(12). Yield (134 mg, 40%); white solid; Rf 0.57 (CH2Cl2/MeOH =
90 : 5); mp = 153–155 ◦C; 1H NMR (400 MHz, CDCl3) d = 7.67 (d,
2H, J = 6 Hz), 7.47-7.16 (m, 8H), 6.79 (s, 1H), 5.9 (m, 1H), 5.82
(m, 1H), 3.72 (m, 1H), 3.69 (s, 3H), 3.15 (d, 1H, J = 8.5 Hz), 2.74
(d, 1H, J = 8.5 Hz), 2.61 (m, 2H); 13C NMR (100 MHz, CDCl3)
d = 172.7, 166.8, 140.2, 134.7, 131.5, 128.5, 128.4, 128.1, 127.5,
126.9, 125.3, 125.0, 61.7, 43.8, 29.9, 29.3; IR (KBr disc) 3389,
3059, 2929, 1725, 1685, 1645, 979, 882, 742 cm-1; MS, m/z (ESI)
358 [100, M + Na]+; Anal. Calc. for C21H21NO3: C, 75.2; H, 6.31;
N, 4.18%. found: C, 74.93; H, 6.15; N, 4.07%.

1 - Benzoylamino - 6 - phenyl - cyclohex - 3 - enecar-
boxylic acid (13). Yield (253 mg, 79%); white solid; Rf 0.15
(CH2Cl2/MeOH = 90 : 5); mp = 219–221 ◦C; 1H NMR (400 MHz,
CDCl3) d = 7.69 (d, 2H, J = 6.3 Hz), 7.54 (m, 2H), 7.43 (m, 2H),
7.28 (m, 6H), 6.73 (s, 1H), 6.01 (m, 1H), 5.85 (m, 1H), 4.06 (m,
1H), 2.77 (t, 2H, J = 8.0 Hz), 2.60 (t, 2H, J = 8.0 Hz); 13C NMR
(100 MHz, CDCl3) d = 175.5, 165.8, 141.1, 135.6, 131.9, 128.5,
128.4, 128.2, 127.5, 126.9, 125.3, 124.9, 61.7, 43.9, 30.2, 30.1; IR
(KBr disc) 3391, 3057, 2931, 1727, 1681, 1642, 974, 887, 740 cm-1;
MS, m/z (ESI) 344 [100, M + Na]+; Anal. Calc. for C20H19NO3:
C, 74.75; H, 5.96; N, 4.36%. found: C, 74.71; H, 5.93; N, 4.34%.

1-Benzoylamino-6-(3,4-dimethoxy-phenyl)-cyclohex-3-enecar-
boxylic acid (14). Yield (305 mg, 80%); white solid; Rf 0.42
(CH2Cl2/MeOH = 90 : 5); mp = 195–197 ◦C; 1H NMR (400 MHz,
CDCl3) d = 7.68-7.49 (m, 4H), 6.86-6.72 (m, 4H), 6.25 (s, 1H),
5.90 (m, 1H), 5.75 (m, 1H), 3.83 (m, 1H), 3.76 (s, 3H), 3.74 (s, 3H),
3.21 (d, 1H, J = 12.0 Hz), 2.75-2.62 (m, 3H); 13C NMR (100 MHz,
CDCl3) d = 172.8, 167.5, 147.6, 146.3, 135.2, 131.5, 127.2, 125.0,
116.6, 62.2, 54.3, 42.0, 39.5, 28.4; IR (KBr disc) 3395, 3062, 2932,
1727, 1682, 1647, 975, 886, 741 cm-1; MS, m/z (ESI) 382 [100, M +
1]+; Anal. Calc. for C22H23NO5: C, 69.28; H, 6.08; N, 3.67%. found:
C, 69.24; H, 6.03; N, 3.65%.

1 - Benzoylamino - 6 - furan - 2 - yl - cyclohex - 3 - enecarboxylic
acid (15). Yield (214 mg, 69%); white solid; Rf 0.23
(CH2Cl2/MeOH = 90 : 5); mp = 201–203 ◦C; 1H NMR (400 MHz,
CDCl3) d = 7.73 (d, 2H, J = 6.8 Hz), 7.53-7.31 (m, 4H), 7.26 (s,
1H), 6.29 (d, 2H, J = 7.2 Hz), 6.20 (s, 1H), 5.85 (m, 2H), 4.14
(bs, 1H), 2.96 (bs, 1H), 2.74-2.52 (m, 3H); 13C NMR (100 MHz,
CDCl3) d = 175.5, 162.1, 139.5, 136.4, 130.3, 128.7, 126.0, 63.9,
38.8, 33.8, 25.2; IR (KBr disc) 3397, 3056, 2935, 1725, 1686, 1645,
975, 886, 745 cm-1; MS, m/z (ESI) 334 [60, M + Na]+; Anal. Calc.
for C18H17NO4: C, 69.44; H, 5.50; N, 4.50%. found: C, 69.40; H,
5.48; N, 4.47%.

6-Benzo[1,3]dioxol-5-yl-1-benzoylamino-cyclohex-3-enecarbo-
xylic acid (16). Yield (259 mg, 71%); white solid; Rf 0.26
(CH2Cl2/MeOH = 90 : 5); mp = 187–189 ◦C; 1H NMR (400 MHz,
CDCl3) d = 7.63-7.25 (m, 5H.), 6.78-6.59 (m, 4H), 5.79 (m, 4H),

3.91 (bs, 1H), 3.00 (bs, 1H), 2.58 (m, 3H);13C NMR (100 MHz,
CDCl3) d = 174.1, 163.5 (C N), 151.5, 148.1, 140.2, 135.7, 131.7,
128.2, 127.0, 125.5, 122.3, 115.6, 107.8, 100.6, 64.4, 44.6, 34.2,
30.3, 21.1; IR (KBr disc) 3400, 3065, 2935, 1724, 1685, 1643, 977,
885, 742 cm-1; MS, m/z (ESI) 366 [100, M + 1]+; Anal. Calc. for
C21H19NO5: C, 69.03; H, 5.24; N, 3.83%. found: C, 69.00; H, 5.21;
N, 3.79%.

General procedures for debenzoylation of compounds 13 and 16

Ammonium hydroxide solution (3 mL) was added to a solution
of 13 or 16 (1 mmol) in methanol (15 mL) at room temperature.
The mixture was refluxed for 24 h. When the reaction mixture had
reached room temperature, the solvents were evaporated under
vacuum and the crude substance was purified by TLC using
CH2Cl2/methanol (80 : 20) as the mobile phase to give cream
colored solids.

1-Amino-6-phenyl-cyclohex-3-enecarboxylic acid (17). Yield
(165 mg, 76%); white solid; Rf 0.24 (CH2Cl2/Methanol = 9 : 1);
mp = 219–221 ◦C; 1H NMR (400 MHz, CDCl3) d = 7.73, 7.63,
7.40 (m, 5H), 6.08 (m, 1H), 5.81 (m, 1H), 4.51 (bs, 2H), 4.05 (m,
1H), 2.85 (m, 2H), 2.60 (m, 2H); 13C NMR (100 MHz, CDCl3) d =
178.5, 138.2, 129.2, 129.0, 127.8, 126.8, 126.0, 71.1, 46.8, 31.1, 27.5;
IR (KBr disc) 3512, 3052, 2937, 1705, 1645, 979, 882, 743 cm-1;
MS, m/z (ESI) 240 [100, M + Na]+; Anal. Calc. for C13H15NO2:
C, 71.87; H, 6.96; N, 6.45%. found: C, 71.84; H, 6.93; N, 6.41%.

1-Amino-6-furan-2-yl-cyclohex-3-enecarboxylic acid (18).
Yield (134 mg, 65%); white solid; Rf 0.21 (CH2Cl2/Methanol =
9 : 1); mp = 179–181 ◦C; 1H NMR (400 MHz, CDCl3) d = 7.39 (d,
1H, J = 8.0 Hz), 6.08 (d, 2H, J = 8.2 Hz), 5.95 (m, 1H), 5.73 (m,
1H), 4.68 (bs, 2H), 3.38 (d, 1H, J = 9.5 Hz), 2.98-2.77 (m, 2H),
2.41-2.35 (m, 2H); 13C NMR (100 MHz, CDCl3) d = 175.6, 139.6,
136.5, 63.9, 38.8, 33.8, 25.2; IR (KBr disc) 3507, 3058, 2931,
1697, 1641, 976, 884, 742 cm-1; MS, m/z (ESI) 230 [97, M + Na]+;
Anal. Calc. for C11H13NO3: C, 63.76; H, 6.32; N, 6.76%. found:
C, 63.61; H, 6.27; N, 6.71%.

Synthesis of 1-benzamido-2-phenylcyclohexanecarboxylic acid (19)

To a mixture of 13 (0.16 g, 0.5 mmol) and Pd/C (0.058 g) in dry
MeOH (10 mL) solution was added one drop of AcOH under
hydrogen atmosphere, and the reaction mixture was stirred at
room temperature for 6 h. The palladium catalyst was removed
by filtration through Celite, and the solvent was evaporated. The
white solid was washed with CH2Cl2 to afford 19. Yield (153 mg,
95%); mp = 208–210 ◦C; 1H NMR (400 MHz, CDCl3) d = 7.69-
7.40 (m, 5H), 7.16 (m, 5H), 3.85 (d, 1H, J = 9.2 Hz), 2.75 (q, 1H,
J = 8.0 Hz), 2.46 (q, 1H, J = 8.0 Hz), 2.10 (t, 2H, J = 14.0 Hz),
1.93 (d, 1H, J = 12.0 Hz), 1.78 (t, 2H, J = 12.0 Hz), 1.57 (m, 1H);
13C NMR (100 MHz, CDCl3) d = 174.5, 166.1, 145.1, 134.0, 133.2,
127.0, 126.9, 126.4, 125.7, 62.0, 45.5, 29.3, 24.9, 20.5; IR (KBr
disc) 3393, 3059, 2932, 1725, 1682, 975, 885, 741 cm-1; MS, m/z
(ESI) 346 [100, M + Na]+; Anal. Calc. for C20H21NO3: C, 74.28;
H, 6.55; N, 4.33%. found: C, 74.24; H, 6.51; N, 4.30%.

1-Amino-2-phenyl-cyclohexanecarboxylic acid (20). This com-
pound was prepared from 19 (323 mg, 1 mmol) and ammonium
hydroxide solution (3 mL), using the debenzoylation procedure
described for 13 to give 20 as a white solid.
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Yield (140 mg, 64%); white solid; Rf 0.17 (CH2Cl2/Methanol =
9 : 1); mp = 165–167 ◦C; 1H NMR (400 MHz, CDCl3) d = 8.00 (d,
2H, J = 6.0 Hz), 7.62 (m, 3H), 4.21 (m, 1H), 3.85 (bs, 2H), 2.83 (t,
1H, J = 12.0 Hz), 2.43 (m, 1H), 2.20 (t, 2H, J = 12.0 Hz), 1.91-1.76
(m, 4H); 13C NMR (100 MHz, CDCl3) d = 176.0, 147.1, 128.0,
126.5, 126.4, 63.5, 43.0, 29.0, 25.1, 19.3; IR (KBr disc) 3503, 3062,
2933, 1706, 973, 885, 742 cm-1; MS, m/z (ESI) 242 [93, M + Na]+;
Anal. Calc. for C13H17NO2: C, 71.21; H, 7.81; N, 6.39%. found: C,
71.20; H, 7.81; N, 6.37%.

Crystal structure determination of 9, 12 and 13

Colorless single crystals of 9 suitable for XRD analyses were
obtained from slow evaporation of a CH2Cl2/hexanes solution
at room temperature. However, colorless crystals of 12 and 13
were obtained by slow evaporation of methanol solutions at room
temperature. Each crystal was mounted on a glass fiber, and
the diffraction data of all the complexes were collected on an
AXS APEX II CCD detector using graphite monochromated
Mo-Ka radiation at 123 K. The crystal data and experimental
details are listed in Table 3. All the structures were solved by the
combination of direct methods and Fourier techniques, and all the
non-hydrogen atoms were anisotropically refined by full-matrix
least-squares calculations. The atomic scattering factors and
anomalous dispersion terms were obtained from the International
Tables for X-ray Crystallography IV.53 Since the reflection data
for the abovementioned crystals were insufficient for refining all
the parameters of the hydrogen atoms, they were obtained from
difference Fourier maps.
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