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Design and Synthesis of Haptens for the Catalytic Antibody-Promoted
Dynamic Kinetic Resolution of Oxazolin-5-ones
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The synthesis of the first two haptens designed to elicit cata-
lytic hydrolytic antibodies for the dynamic kinetic resolution
of racemic 4-substituted 4H-oxazolin-5-ones is reported. A
cyclic phosphinate and a 2,5-dihydro-1H-pyrrolium derivat-
ive were chosen as ‘‘first generation’’ haptens. The cyclic
phosphinate was designed to mimic the higher energy trans-
ition state along the reaction coordinate for the hydrolytic
process, while the dihydro-1H-pyrrolium group of the second

Introduction

A considerable amount of effort has been devoted to the
development of efficient chemical and biological catalysts
for the synthesis of enantiomerically pure molecules. Re-
cently, the principles and tools of organic chemistry have
been used to exploit the immune system for the generation
of antigen-induced catalysts. The specificity and, in some
cases, the rates of the antibody-catalyzed reactions rival
those of enzymatic systems. Abzymes are therefore a valu-
able addition to the pool of biocatalysts, especially for reac-
tions that cannot be catalyzed by enzymes.[1]

In the synthesis of chiral intermediates, the resolution of
racemic compounds with mediation by chiral reagents or
biocatalysts has become a valuable tool.[2] In most cases,
however, only one enantiomer of the intermediate is re-
quired in the synthesis, and the unwanted isomer has to be
either discarded or racemized for recycling in the resolution
process. Dynamic kinetic resolution (DKR) is one way of
avoiding this problem.[3] In this process, one of the enanti-
omers is racemized in situ and thus provides fresh starting
material for the resolution. Theoretically, a quantitative
conversion of racemic starting material into one enantiomer
of the product could be achievable; such processes have
long been known in pure enzymatic or chemical syn-

[a] Université Louis Pasteur de Strasbourg, Laboratoire de
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hapten was selected to generate hydrolytic antibodies that
might use a ‘‘bait and switch’’ mechanism. These two haptens
were prepared successfully by use of a ring-closing meta-
thesis reaction as the key step. This study is the first pilot
investigation towards an antibody-promoted dynamic kinetic
resolution and should allow the development of a new bioca-
talytic route to enantiomerically pure natural and unnatural
amino acids.

thesis.[3,4] Our goal here was to apply the concept of DKR
to abzymatic synthesis.

We selected the enantioselective ring opening of 4-substi-
tuted 4H-oxazolin-5-ones as a model reaction (Scheme 1).

Scheme 1. Dynamic Kinetic Resolution of 4-substituted 2-phenyl-
oxazolin-5-ones

This reaction is suitable for study of the feasibility of
DKR with abzymes, because the substrates undergo spon-
taneous racemization under mild conditions, while the en-
antioselective hydrolysis of 4H-oxazol-5-one derivatives un-
der catalysis by proteolytic enzymes and carboxyesterase
has already been investigated by several groups as a new
approach for the enzymatic asymmetric synthesis of α-am-
ino acids. Initially, products of only modest optical purity
were obtained, as the rates of enzyme-catalyzed ring open-
ing were not considerably faster than those of competing
nonenzymatic hydrolysis.[5] However, significant improve-
ments were made by Sih et al. when they discovered that
lipases are able to catalyze a highly enantioselective hydro-
lysis of 4-benzyl-2-phenyloxazolin-5-one (ee . 99%) in an
aqueous buffer at pH 7.4. The same authors have reported
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that lipase was also able to catalyze the enantioselective
methanolysis of a variety of 4-substituted 2-phenyloxazolin-
5-one derivatives in nonpolar organic solvents.[6] These re-
sults provided the main guidelines for the abzymatic DKR
of oxazolinones.[7] In addition, antibody-catalyzed ester hy-
drolysis has been extensively studied and is well docu-
mented.[8] Here we report the design and the synthesis of
the first two haptens necessary for the preparation of anti-
bodies intended for catalysis of the enantioselective ring
opening of 4H-oxazol-5-ones.

Results and Discussion

Hapten Design

With the aim of inducing catalytic antibodies for the al-
kaline cleavage of oxazolinones by immunization, we de-
signed the two transition state analogues 1 and 2, which
would be both used as racemic compounds (Scheme 2).
These analogues should be stable in biological systems and
thus able to raise antibodies suitable for stabilization of the
higher energy transition state on the reaction profile. On
the basis of current mechanistic principles of organic chem-
istry, we postulated that the reaction should proceed
through cyclic intermediates with a tetrahedral-like trans-
ition state possessing a partial negative charge distribution.
The work of Williams[9] has established three discrete steps
in the formation of an oxazolinone intermediate during al-
kaline hydrolysis of N-benzoylglycine p-nitrophenyl ester:
(a) abstraction of the α-amido N2H proton, (b) addition of
the oxygen of the α-amide anion to the ester carbonyl
group, presumably to form a quasi-tetrahedral intermediate,
and (c) breakdown of the intermediate, to release p-nitro-
phenolate anion and the oxazolin-5-one. Further studies by
Matta et al.[9] on secondary and solvent kinetic isotope ef-
fects in this reaction are consistent with a transition state
in which cyclization of the acyl moiety to a tetrahedral-like
intermediate has occurred. Expulsion of p-nitrophenoxide
from the tetrahedral-like intermediate is the rate-controlling
step. As the formation of the oxazolinone is a reversible
process, we anticipated that the rate-controlling step for the
ring opening should be the attack of the nucleophile. Ac-
cordingly, the five-membered heterocycles 1 and 2 were
chosen as first generation transition state analogues (TSAs)
because they should mimic the geometric and electronic
characteristics of the first step of the process.[10] To ensure
the stability of the haptens, the endocyclic nitrogen and
oxygen atoms were replaced by carbon atoms. This replace-
ment was judged acceptable since the endocyclic double
bond was preserved in both analogues. The position of at-
tachment of the linker to the hapten 1 was chosen so as to
allow broad substrate specificity.[11] In contrast, the TSA 2,
with the linker attached at the nitrogen atom, should permit
study of the cleavage of 4-benzyl-2-phenyloxazolin-5-ones
with a series of different nucleophiles. It was anticipated
that product inhibition would be avoided, because the
acyclic products should easily be released from the binding
site of antibodies obtained by immunization with cyclic
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haptens. Regarding electronic features, a phosphinate func-
tion and a N-oxide group were chosen to mimic the anionic
character of the transition state.[12]

Scheme 2. Haptens 1, 2, and 3 designed for the alkaline hydrolysis
of 4-substituted 2-phenyloxazolin-5-ones

Unfortunately, it was never possible to obtain compound
2, because the last step of its synthesis 2 the oxidation of
the tertiary amine function into the corresponding N-oxide
2 only produced complex reaction mixtures. Consequently,
we partially reconsidered our strategy and turned to an al-
ternative approach to hapten design, with an attempt to
generate antibodies that might use a ‘‘bait and switch’’
mechanism instead.[13] The incorporation of the highly po-
lar ammonium group in hapten 3 should elicit complement-
ary carboxylate groups in the antibody binding pocket,
which would act as a general base. This ‘‘bait and switch’’
strategy has been shown to be superior in some cases to the
more conventional approach of transition state mimicry.[9c]

Synthesis

In the retrosynthetic analysis of heterocycles (6)-1 and
(6)-3 (derived from 2), the endocyclic double bond would
derive from ring-closing metathesis (RCM),[14] an efficient
method for the preparation of functionalized heterocycles
from acyclic diene precursors.

Synthesis of TSA 1

RCM of allyl(2-phenylallyl)phosphinic acid should result
directly in an advanced synthetic intermediate for the pre-
paration of TSA 1. However, we found that the RCM of
diallylphosphinic acid, in contrast to RCM reactions on di-
enes including a phosphinate group, could not be achieved
either with the Grubbs Ru-alkylidene 4[15] or with the
Schrock Mo-alkylidene.[16] RCM of allyl(2-phenylallyl)phos-
phinic acid benzyl ester was also not feasible with the Ru-
catalyst 4; only starting material was recovered. Con-
sequently, we started our synthesis with 1-benzyloxy-3-phos-
pholene 1-oxide 5 (Scheme 3), which was prepared by
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RCM of the corresponding acyclic phosphinate diene with
the aid of the Grubbs catalyst 4.[17]

Scheme 3. Synthesis of the transition state analogue 1: a) 2 mol%
Grubbs catalyst 4, CH2Cl2, reflux, 80%; b) Ph2N2

1 BF4
2,

Pd(OAc)2, MeOH, 50 °C, 75%; c) LDA, TMEDA, 278 °C, THF,
I2(CH2)42COOMe, 35%; d) TMSBr, CH2Cl2, room temp., 83%;
e) 1  LiOH, dioxane, 56%

The phenyl group was introduced into position by means
of a Heck coupling.[18] After several attempts with iodoben-
zene and phenyl triflate, giving only low yields of product,
we found that treatment of compound 5 with 1.5 equiva-
lents of phenyldiazonium tetrafluoroborate and 3 mol% of
Pd(OAc)2 at 50 °C in MeOH afforded the expected prod-
ucts 6a and 6b in satisfactory yield (75%) after only 45 mi-
nutes.[19] Under these mild conditions, no double bond iso-
merization caused by the syn elimination and readdition of
Pd2H species was observed. The reaction provided the two
diastereomers 6a and 6b in a ratio of 6:4. These two com-
pounds could be cleanly separated by column chromato-
graphy and fully characterized. The relative syn and anti
stereochemistry of the two chiral centers (the phosphorus
center and the benzylic carbon) in compounds 6a and 6b
was assigned with the aid of bidimensional NOESY experi-
ments. Correlations of the two hydrogens positioned α to
the phosphinate group with hydrogens in close spatial rela-
tionships allowed us to reach conclusions on the spatial re-
lationship of the benzyloxy and phenyl groups. Indeed, for
diastereomer 6b, two spatial interactions were detected for
one of these hydrogens. Two cross-peaks with the benzylic
proton of the phosphinate moiety and with the ortho proton
of the phenyl group located β to the phosphinate group
were observed. Moreover, no spatial interactions could be
detected for the other hydrogen positioned α to the phos-
phinate group. These results are consistent with a stereoiso-
mer in which the phenyl and the benzyl groups are in a
syn relationship.

The introduction of the linker was achieved by the depro-
tonation of diastereomer 6b with LDA in the presence of
TMEDA, followed by alkylation with methyl 5-iodovaler-
ate. This reaction afforded compound 7 as a single diastere-
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omer, in a chemical yield of 35%. Under these conditions,
alkylation occurred regioselectively at the position α to the
phosphinate group. It should be noted that diastereomer
6a was unreactive under these conditions. Deprotection of
compound 7 was achieved in two steps. In the first step, the
phosphinic acid 8 was released in a chemical yield of 83%
after treatment with TMSBr[20] in dichloromethane. In the
second step, LiOH in dioxane was used to saponify the
methyl ester group to afford the desired TSA (6)-1 as a
white solid in 56% yield after recrystallization from a mix-
ture of methanol and dichloromethane.

Synthesis of the Hapten 3

The RCM of the diene 9 should afford an advanced inter-
mediate for the synthesis of the hapten 3 in one step
(Scheme 4). We demonstrated that, unlike the RCM of al-
lyl(2-phenylallyl)phosphinic acid benzyl ester, that of the
phenyl-substituted 4-aza-1,6-diene 9 was possible, and af-
forded the desired cyclic product in 83% yield.[21] Con-
sequently, diene 9 was prepared from the N-protected ,-
phenylalanine methyl ester 10 by a sequence described in
the literature.[22] The α-ester group of 10 was first reduced
with diisobutylaluminium hydride to provide an interme-
diate aluminoxy acetal, which, on treatment with the appro-
priate Wittig reagent, afforded the allylamine 11 in 35%
overall yield. The 4-aza-1,6-diene 9 was obtained in 92%
yield from compound 11 by alkylation with 3-bromo-2-
phenylprop-1-ene in the presence of NaH. The RCM of di-
ene 9 was accomplished in benzene at 60 °C in the presence
of 2% of Ru2alkylidene 4 (added portionwise) to afford
compound 12 in 83% yield. The presence of rotamers in
compounds 11 and 12 was confirmed by NMR experiments
at higher temperatures, at which coalescence of the signals

Scheme 4. Synthesis of hapten 3: a) Dibal-H, toluene, 278 °C;
b) PPh35CH2, 278 °C to 50 °C, 35%; c) NaH, CH25CPhCH2Br,
DMF, 0 °C to room temp., 92%; d) 2 mol% Grubbs catalyst 4,
benzene, 60 °C, 83%; e) TFA, CH2Cl2, room temp., 98%;
f) Br(CH2)4COOMe, K2CO3, CH3CN reflux 85%; g) 1  LiOH,
dioxane, 52%; h) MeI, acetone, room temp., 100%
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was observed. The tert-butyl carbamate was cleaved almost
quantitatively by a solution of 20% trifluoroacetic acid in
dichloromethane, to give compound 13 as an oil. The linker
was introduced by N-alkylation with methyl 5-bromovaler-
ate in acetonitrile in the presence of K2CO3, to give com-
pound 14 in a chemical yield of 85%. Saponification of the
ester group of 14 with LiOH, followed by quaternization
of the nitrogen in the presence of methyl iodide, afforded
compound (6)-3 as a 1:1 mixture of the two diastereomers.

Conclusion

The design and synthesis of the first two haptens for the
catalytic antibody-promoted DKR of 4H-oxazol-5-ones
have been reported. Two strategies 2 transition state mim-
icry and a ‘‘bait and switch’’ strategy 2 were adopted for
the hapten design. Straightforward syntheses with RCM re-
actions as their key steps were developed. The production
of monoclonal antibodies against BSA and KLH conjug-
ates of these haptens and their characterization for catalysis
will be described separately.

Experimental Section

General Remarks: When appropriate, reactions were carried out in
dried glassware under inert argon atmosphere. All solvents were
dried by standard methods before use. THF was distilled from so-
dium/benzophenone under argon atmosphere, dichloromethane
and acetonitrile from calcium hydride under argon atmosphere.
Methanol, triethylamine, and benzene were kept dry over sodium
under argon; DMF, TMEDA, and acetone over molecular sieves.
Commercially available starting materials were used without fur-
ther purification. TLC: commercially precoated Merck plates
60F254 silica gel. Viewing was accomplished with UV light and pho-
sphomolybdic acid solution. Flash column chromatography were
performed with Merck Si 60 silica gel (40263 µm) with ethyl acet-
ate/hexane mixture as eluent. Melting points were determined on a
Reichert Jung apparatus. 1H, 13C, and 31P spectra were recorded
on Bruker AC 200 or DPX 300 machines and IR spectra on a
Perkin2Elmer 1600 FT-IR. Mass spectra were performed by A.
Valleix (CEA Saclay), HMRS by P. Guenot (Université de Rennes
I), and elemental analysis by the Service Central d9Analyses CNRS
(Gif sur Yvette).

1-Benzyloxy-4-phenyl-2-phospholene 1-Oxide (6a and 6b): A solu-
tion of compound 5[14] (1.2 g, 5.8 mmol), phenyldiazonium tetra-
fluoroborate (1.7 g, 8.7 mmol), and Pd(OAc)2 (40 mg, 0.17 mmol)
in dry methanol (20 mL) was heated at 50 °C. After 45 min, the
reaction mixture was treated with a saturated aqueous solution of
NH4Cl (10 mL) and extracted with ethyl acetate (2 3 20 mL). The
combined organic layers were washed with water (20 mL), dried
with MgSO4, filtered, and concentrated under vacuum. The oil was
purified by silica gel chromatography (hexane/EtOAc, 4:1) to afford
the two diastereomers 6a (740 mg) and 6b (500 mg) as white solids
(overall yield 1.24 g, 75%).

Compound 6a: Rf 5 0.64 (EtOAc); m.p. 60 °C (hexane/EtOAc).
1H NMR (CDCl3, 300 MHz): δ 5 7.4527.16 (m, 10 H), 6.92 (ddd,
J 5 50.9, J 5 8.3, J 5 2.2, 1 H), 6.23 (ddd, J 5 22.6, J 5 8.3, J 5

2.6, 1 H), 5.16 (dd, J 5 12.0, J 5 9.6, 1 H), 5.12 (dd, J 5 12.0,
J 5 9.5, 1 H), 3.94 (m, 1 H), 2.38 (ddd, J 5 15.4, J 5 13.7, J 5
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8.3, 1 H), 1.84 (ddd, J 5 15.8, J 5 13.7, J 5 5.3, 1 H). 13C NMR
(CDCl3, 50 MHz): δ 5 154.7 (d, J 5 27.6), 142.4 (d, J 5 8.7),
136.5 (d, J 5 5.8), 129.1, 128.7, 128.6, 128.3, 127.4, 127.2, 124.2
(d, J 5 119.1), 66.9 (d, J 5 5.8), 45.3 (d, J 5 14.5), 31.4 (d, J 5

93.0). 31P NMR (CDCl3, 121.5 MHz): δ 5 73.5. IR (KBr): ν̃5

3031, 1455, 1323, 1225, 999, 876, 733 cm21. MS (CI/NH3): m/z
(%) 5 302 (100) [M 1 NH4]1, 285 (41) [M 1 H]1. C17H17O2P
(284.1): C 71.80, H 6.00, O 11.26; found C 71.57, H 6.03, O 11.58

Compound 6b: Rf 5 0.32 (EtOAc); m.p. 62 °C (hexane/EtOAc).
1H NMR (CDCl3, 300 MHz): δ 5 7.43-7.13 (m, 10 H), 6.9 (ddd,
J 5 51.0, J 5 8.3, J 5 2.8, 1 H), 6.2 (ddd, J 5 22.8, J 5 8.4, J 5

2.3, 1 H), 5.16 (d, J 5 9.4, 2 H), 4.11 (m, 1 H), 2.43 (ddd, J 5

15.7, J 5 13.6, J 5 9.0, 1 H), 1.81 (ddd, J 5 15.8, J 5 13.8, J 5

3.8, 1 H). 13C NMR (CDCl3, 75 MHz): δ 5 154.2 (d, J 5 29.1),
142.4 (d, J 5 4.4), 136.5 (d, J 5 4.4), 129.0, 128.7, 128.5, 128.2,
127.3, 127.2, 124.1(d, J 5 120.6), 66.9 (d, J 5 5.8), 45.4 (d, J 5

16.0), 30.7 (d, J 5 94.5). 31P NMR (CDCl3, 121.5 MHz): δ 5 74.5.
MS (CI/NH3): m/z (%) 5 302 (37) [M 1 NH4]1, 285 (100) [M 1

H]1. C17H17O2P (284.1): C 71.80, H 6.00, O 11.26; found C 71.87,
H 6.13, O 11.21.

Methyl 5-(1-Benzyloxy-1-oxo-4-phenyl-3-phospholen-2-yl)pentano-
ate (7): LDA (1.5 mL, 0.85  in tetrahydrofuran, 1.3 mmol) was
added slowly at 278 °C to a solution of 6b (340 mg, 1.2 mmol) and
TMEDA (900 µL, 6 mmol) in dry tetrahydrofuran (5 mL). After 15
min, a solution of methyl 5-iodovaleroate (730 mg, 3.0 mmol) in
dry tetrahydrofuran (5 mL) was added dropwise. After 1 h at 278
°C, the reaction mixture was hydrolyzed with a saturated aqueous
solution of NH4Cl (10 mL) and extracted with ethyl acetate (3 3

15 mL). The combined organic layers were washed with water
(20 mL), dried with MgSO4, filtered, and concentrated under va-
cuum. The crude residue was purified by silica gel chromatography
(hexane/EtOAc, 3:2) to give 7 (145 mg, 35%) as a colorless oil; Rf 5

0.40 (hexane/EtOAc, 3:2). 1H NMR (CDCl3, 300 MHz): δ 5

7.3927.29 (m, 10 H), 6.29 (m, 1 H), 5.14 (d, J 5 9.0, 2 H), 3.67
(s, 3 H), 2.9222.64 (m, 3 H), 2.34 (t, J 5 7.4, 2 H), 1.9521.48 (m,
6 H). 13C NMR (CDCl3, 75 MHz): δ 5 173.9, 136.7 (d, J 5 17.4),
136.5 (d, J 5 11.6), 136.3 (d, J 5 5.8), 128.6, 128.5, 128.4, 128.2,
127.9, 126.4 (d, J 5 14.5), 125.3, 66.3 (d, J 5 7.3), 51.4, 41.5 (d,
J 5 88.6), 33.7, 30.7 (d, J 5 90.1), 29.1, 27.7 (d, J 5 7.3), 24.7;
31P NMR (CDCl3, 121.5 MHz): δ 5 73.6. IR (neat): ν̃ 5 2940,
2359, 1734, 1232, 1007 cm21. MS (CI/NH3): m/z (%) 5 416 (8) [M
1 NH4]1, 399 (100) [M 1 H]1. C23H27O4P (398.2): C 69.37, H
6.83, O 16.07; found C 69.69, H 6.79, O 16.26.

Methyl 5-(1-Hydroxy-1-oxo-4-phenyl-3-phospholen-2-yl)pentanoate
(8): TMSBr (215 mL, 1.7 mmol) was added slowly to a solution of
compound 7 (265 mg, 0.66 mmol) in dichloromethane (2 mL).
After 1 h at room temperature, methanol (0.5 mL) was added.
After evaporation under vacuum, the product was purified by silica
gel chromatography (CH2Cl2/MeOH, 4:1) to afford compound 8
(170 mg, 83%) as a white solid; Rf 5 0.26 (CH2Cl2/MeOH, 4:1);
m.p. . 280 °C (CH2Cl2/MeOH). 1H NMR (CD3OD, 300 MHz):
δ 5 7.4227.19 (m, 5 H), 6.30 (d, J 5 31.6), 3.64 (s, 3 H), 2.60 (d,
J 5 12.4), 2.50 (m, 1 H), 2.33 (t, J 5 7.2, 3 H), 1.8321.43(m, 6
H). 13C NMR (CD3OD, 50 MHz): δ 5 176.1, 139.3 (d, J 5 11.6),
138.5 (d, J 5 16.0), 129.4, 128.8 (d, J 5 13.1), 128.5, 126.3, 50.1,
44.6 (d, J 5 91.5), 34.7, 34.3 (d, J 5 90.1), 30.8, 29.3 (d, J 5 8.7),
26.2. 31P NMR (CD3OD, 121.5 MHz): δ 5 57.3. IR (KBr): ν̃ 5

3412, 1736, 1181, 1053, 752 cm21.

5-(1-Hydroxy-1-oxo-4-phenyl-3-phospholen-2-yl)pentanoic Acid (1):
Compound 8 (165 mg, 0.53 mmol) in dioxane (1.5 mL) was stirred
overnight with LiOH (1 , 2.7 mL, 2.7 mmol). After evaporation
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under reduced pressure, the aqueous phase was acidified (pH 5 1)
with hydrochloric acid (4 ⁾ and then extracted with chloroform (3
3 20 mL). The combined organic layers were dried with MgSO4,
filtered, and concentrated under vacuum. The crude product was
recrystallized from MeOH/CH2Cl2 (4:3) to give 1 (90 mg, 56%) as
a white solid; m.p. . 280 °C (MeOH/CH2Cl2). 1H NMR (CD3OD,
300 MHz): δ 5 7.45 (d, J 5 6.8, 2 H), 7.3727.28 (m, 3 H), 6.37
(m, 1 H), 2.83 (d, J 5 12.8, 2 H), 2.74 (m, 1 H), 2.35 (t, J 5 7.2,
2 H), 1.8621.54 (m, 6 H). 13C NMR (CD3OD, 75 MHz): δ 5

177.5, 138.2 (d, J 5 13.1), 138.0 (d, J 5 21.8), 129.6, 129.2, 127.8
(d, J 5 13.5), 126.5, 43.8 (d, J 5 90.1), 34.7, 32.6 (d, J 5 91.6),
30.1 (d, J 5 2.9), 28.9 (d, J 5 7.3), 26.0. 31P NMR (CD3OD,
121.5 MHz): δ 5 70.45. IR (KBr): ν̃ 5 3416, 2926, 2854, 1737,
1638, 1620, 1446, 1096, 798, 697, 670 cm21. HRMS calcd. for
C15H19O4P 294.1021, found 294.1001.

Methyl 2-tert-Butoxycarbonylamino-3-phenylpropanoate (10): A so-
lution of ,-phenylalanine methyl ester hydrochloride (2.5 g,
11.6 mmol) in dry dichloromethane (25 mL) was treated with tert-
butyldicarbonate (2.5 g, 11.6 mmol) in the presence of Et3N
(3.2 mL, 23.2 mmol). The mixture was stirred at room temperature
for 4 h, then hydrolyzed with a saturated aqueous solution of
NH4Cl (50 mL). The aqueous phase was extracted with dichloro-
methane (2 3 50 mL). The combined organic layers were dried with
MgSO4, filtered, and concentrated under vacuum. After silica gel
chromatography (hexane/EtOAc, 9:1), product 10 (2.9 g, 90%) was
obtained as a white solid; Rf 5 0.27 (hexane/EtOAc, 9:1); m.p.102
°C (hexane/EtOAc). 1H NMR (CDCl3, 200 MHz): δ 5 7.3527.17
(m, 5 H), 4.95 (m, 1 H), 4.61 (m, 1 H), 3.72 (s, 3 H), 3.11 (m, 2
H), 1.42 (s, 9 H). 13C NMR (CDCl3, 75 MHz): δ 5 172.3, 155.1,
135.9, 129.3, 128.5, 127.0 79.9, 54.4, 52.2, 38.3, 28.3. IR (KBr): ν̃ 5

3360, 2972, 1741, 1706, 1513, 1367, 1223, 1162 cm21. MS (CI/
NH3): m/z (%) 5297 (89) [M 1 NH4]1, 280 (100) [M 1 H]1.

tert-Butyl N-(2-Phenylallyl)-N-(1-phenylbut-3-en-2-yl)carbamate
(9): NaH (60%, 100 mg, 2 mmol) was added at 0 °C to a solution of
compound 11 (325 mg, 1.3 mmol) and 3-bromo-2-phenylpropene
(390 mg, 2 mmol) in dry dimethylformamide (6 mL). After 2 h, the
ice bath was removed and the reaction mixture was stirred for 24 h
at room temperature. The mixture was then treated with a saturated
aqueous solution of NH4Cl (6 mL) and the aqueous layer was ex-
tracted with diethyl ether (2 3 10 mL). The combined organic
layers were washed with water (20 mL), and then dried with
MgSO4, filtered, and concentrated under vacuum. The residue was
purified by silica gel chromatography (hexane/EtOAc, 98:2) to af-
ford compound 9 (435 mg, 92%) as a colorless oil; Rf 5 0.46 (hex-
ane/EtOAc, 98:2). 1H NMR ([D6]DMSO, 300 MHz, 300 K, 2 rota-
mers δ 5 7.4227.19 (m, 10 H), 5.86 (m, 1 H), 5.37 (m, 1 H), 4.99
(m, 3 H), 4.4624.15 (m, 2 H), 3.87 (m, 1 H), 2.90 (m, 2 H), 1.31
(s, 9 H). 1H NMR ([D6]DMSO, 300 MHz, 450 K) coalescence δ 5

7.3727.19 (m, 10 H), 5.94 (m, 1 H), 5.32 (s, 1 H), 5.0724.97 (m,
3 H), 4.40 (m, 1 H), 4.17 (d, J 5 16.1, 1 H), 3.97 (d, J 5 16.1, 1
H), 2.98 (m, 2 H), 1.40 (s, 9 H). 13C NMR ([D6]DMSO, 75 MHz,
300 K): 2 rotamers, δ 5 154.2, 144.3, 144.0, 138.6, 137.2, 129.2,
128.3, 128.1, 127.8, 126.1, 126.0, 116.3, 116.25, 113.22112.5, 78.8,
60.3, 48.7 38.2237.8, 27.9. 13C NMR ([D6]DMSO, 75 MHz,
325 K) coalescence δ 5 154.1, 144.5, 138.4, 137.0, 129.0, 128.0,
127.9, 127.52125.9, 116.1, 112.8, 78.7, 60.3, 48.8, 37.9, 27.8. IR
(CsI): ν̃ 5 2977, 1695, 1169, 781, 700 cm21. HRMS calcd. for
C24H29NO (M1·) 263.2198, found 263.2190.

tert-Butyl 2-Benzyl-4-phenyl-2,5-dihydropyrrole-1-carboxylate (12):
A solution of compound 9 (440 mg, 1.1 mmol) in dry benzene
(60 mL) was heated at 60 °C in the presence of 4 (16 mg,
0.019 mmol) for 6 h. After evaporation of the solvent, silica gel
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chromatography (hexane/EtOAc, 97:03) provided compound 12
(310 mg, 83%) as a yellow oil; Rf 5 0.32 (hexane/EtOAc, 9:1).
1H NMR (CDCl3, 200 MHz): (2 rotamers ratio 3:2) rotamer 1: δ 5

7.3227.17 (m, 10 H), 6.00 (m, 1 H), 4.82 (m, 1 H), 4.58 (dt, J 5

14.7, J 5 1.7, 1 H), 4.23 (dt, J 5 14.7, J 5 1.7, 1 H), 3.29 (dd, J 5

12.6, J 5 3.3, 1 H), 2.80 (dd, J 5 12.6, J 5 8.8, 1 H), 1.60 (s, 9
H); rotamer 2: δ 5 7.3227.17 (m, 10 H), 6.05 (m, 1 H), 4.94 (m,
1 H), 4.43 (dt, J 5 14.4, J 5 1.6, 1 H), 4.23 (ddd, J 5 14.5, J 5

5.2, J 5 2.0, 1 H), 3.33 (dd, J 5 12.5, J 5 3.3, 1 H), 2.94 (dd, J 5

12.6, J 5 8.4, 1 H), 1.60 (s, 9 H). 13C NMR (CDCl3, 75 MHz): (2
rotamers ratio 3:2) rotamer 1: δ 5 154.2, 137.9, 133.2, 128.8, 128.1,
126.4, 125.4, 123.2, 79.5, 66.4, 53.6, 41.3, 28.7; rotamer 2: δ 5

154.1, 137.3, 133.3, 128.82128.1, 126.1, 125.5, 123.5, 79.9, 66.2,
53.9, 39.9, 27.9. IR (neat): ν̃ 5 2976, 1697, 1174, 752, 694 cm21.
MS (CI/NH3): m/z (%) 5 353 (15) [M 1 NH4]1, 336 (100) [M 1

H]1. C22H25NO2 (335.4): C 78.77, H 30.28, O 9.54; found C 78.55,
H 30.33, O 9.21.

2-Benzyl-4-phenyl-2,5-dihydro-1H-pyrrole (13): Compound 12
(235 mg, 0.69 mmol) was dissolved in a 20% solution of TFA in
dichloromethane (10 mL). After 30 min at room temperature, the
solvents were evaporated under reduced pressure and the residue
purified by silica gel chromatography (CH2Cl2/MeOH, 95:05) to
give compound 13 (185 mg, 98%) as a colorless oil; Rf 5 0.31
(CH2Cl2/MeOH, 9:1). 1H NMR (CDCl3, 200 MHz): δ 5

7.3727.20 (m, 10 H), 6.13 (m, 1 H), 4.51 (m, 1 H), 4.22 (ddd, J 5

13.9, J 5 4.0, J 5 1.7, 1 H), 4.11 (ddd, J 5 13.9, J 5 3.0, J 5 2.2,
1 H), 3.35 (dd, J 5 13.5, J 5 5.8, 1 H), 3.10 (dd, J 5 13.6, J 5

9.1, 1 H), 1.99 (br. s, 1 H). IR (neat): ν̃ 5 3364, 3060, 3027, 2917,
2844, 1694, 1682, 1600, 1495, 1454, 1404, 1337, 1200, 1130, 1076,
757, 692. cm21. MS (CI/NH3): m/z (%) 5 236 (100) [M 1 H]1.

Methyl 5-(2-Benzyl-4-phenyl-2,5-dihydropyrrol-1-yl)pentanoate (14):
Methyl 5-bromovaleroate (230 mL, 1.6 mmol) and K2CO3 (1.4 g,
2 mmol) were added to a solution of compound 13 (300 mg,
1.3 mmol) in acetonitrile (10 mL). After 3 h under reflux, the mix-
ture was filtered and the filtrate was concentrated under reduced
pressure. Silica gel chromatography (CH2Cl2/MeOH, 95:5) pro-
vided compound 14 (380 mg, 85%) as a yellow oil; Rf 5 0.29
(CH2Cl2/MeOH, 95:5). 1H NMR (CDCl3, 300 MHz): δ 5

7.3627.23 (m, 10 H), 6.02 (m, 1 H), 4.26 (ddd, J 5 12.8, J 5 4.5,
J 5 1.1, 1 H), 3.78 (m, 1), 3.57 (ddd, J 5 12.9, J 5 4.9, J 5 2.2,
1 H), 3.00 (dd, J 5 13.2, J 5 5.3, 1 H), 2.81 (dt, J 5 12.0, J 5

7.9, 1 H), 2.72 (dd, J 5 13.2, J 5 9.1, 1 H), 2.55 (d, J 5 12.1, J 5

6.4, 1 H), 2.37 (t, J 5 7.4, 2 H), 1.8121.55 (m, 4 H). 13C NMR
(CDCl3, 75 MHz): δ 5 174.1, 139.4, 138.6, 134.3, 129.4, 128.4,
128.45, 127.6, 126.1, 125.5, 125.1, 73.8, 60.6, 54.6, 51.5, 42.5, 33.9,
28.6, 22.8. IR (neat): ν̃ 5 3056, 3023, 2933, 2866, 2777, 1733, 1594,
1488, 1444, 1338, 1244, 1194, 1166, 1122, 1077, 749, 694 cm21. MS
(CI/NH3): m/z (%) 5 350 (100) [M 1 H]1. HRMS calcd. for
C23H28NO2 (M1·) 350.2120, found 350.2123

2-Benzyl-1-(4-carboxybutyl)-1-methyl-4-phenyl-2,5-dihydro-1H-pyr-
rolium Iodide (3): Compound 14 (100 mg, 0.29 mmol) in dioxane
(1 mL) was treated with LiOH (1 , 1.4 mL, 1.4 mmol). After hav-
ing been stirred overnight at room temperature, the mixture was
acidified with dilute hydrochloric acid (2 mL). The aqueous layer
was extracted with chloroform (3 3 10 mL) and the resulting or-
ganic layers were dried with MgSO4, filtered, and concentrated un-
der vacuum. The acid (50 mg) was obtained and, without further
purification, treated with MeI in acetone (30 µL, 0.48 mmol). After
the mixture had been stirred overnight at room temperature, diethyl
ether was added and the precipitated compound 3 was isolated as
a yellow gum (130 mg, quantitative yield). 1H NMR (CDCl3,
300 MHz): 2 diastereomers, 1:1, δ 5 7.4127.23 (m, 10 H), 6.90
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(br. s, 1 H), 5.8725.81 (m, 1 H), 5.1724.68 (m, 3 H), 4.2222.89
(m, 4 H), 3.48 and 3.39 (s and s, 3 H), 2.5422.37 (m, 2 H),
1.8521.66 (m, 4 H). 13C NMR (CDCl3, 75 MHz): 2 diastereomers,
1:1, δ 5 177.1 and 176.9, 136.8 and 136.2, 134.6 and 134.4,
130.72126.3, 121.4 and 119.8; 82.3 and 81.1, 69.9 and 68.6, 64.5
and 59.4, 51.7 and 46.3, 36.4 and 35.0, 30.9, 23.9, 23.7, 22.3 and
22.0. IR (neat): ν̃ 5 2938, 1723, 1455, 1189, 755 cm21. HRMS
calcd. for C23H28NO2 (M1·) 350.2120, found 350.2115.
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