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Abstract

A number oftrans-3-acetyl-4-alkylpyrrolidin-2-one8a—d and11ab were prepared and reduction of the keto
group, carried out with KBilin CH3OH, led mainly to 3-hydroxyethylpyrrolidin-2-ond8a-d and19ab with
high stereoselection. Configuration of the newly formed stereogenic centre on the hydroxyethyl chain was assigned
by 'H NMR data supported by molecular mechanic calculations and eventually confirmed by X-ray diffraction
analysis ofp-iodobenzoate derivativies. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

The continued interest for stereoselective synthesis offthectam ring stems from a variety of
antibiotics featuring $-lactam moiety, in particular carbapenérssich aspithienamycinl,? (+)-PS-5,
2,3 thienamycin3a* and its B-methyl derivative3b (Scheme 15.

NHAc
1 R =O0H, EpiThienamycin 3a R=H, (+)-Thienamycin
2 R=H, (+)-PS5 3b R = CHj, 1B-methyl Thienamycin
Scheme 1.

* Corresponding author. E-mail: orena@popcsi.unian.it
t Author to whom inquiries concerning the X-ray structure analysis should be addressed.
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In the past few years we have investigated new procedures aimed at synthdsisisg,4-
disubstituted pyrrolidin-2-on€<® and we report herein the stereoselective preparation of pyrrolidin-
2-ones6 bearing three contiguous stereogenic centres by reducing the carbonyl group at the 3-acetyl
chain, leading tdrans-3-hydroxyethyl-4-alkylpyrrolidin-2-one%,and the structural assignment of the
reduction products. These compounds could be precursors of substituted azetidifomssrmediates
to carbapenems, through ring contraction of derivalyewhich is currently being studied in our
laboratory (Scheme 2).

R HO

HO R HO R
/'. COOEt /’ """"" COOEt /' ..... COOEt
->
NH O ™N OCH — O™ ™N
4 H 3

R* = chiral phenylethyl group
R=H, CH;

Scheme 2.

2. Results and discussion

We recently discovered a stereoselective approactratts-3,4-disubstituted pyrrolidin-2-ones by
conjugate addition and this process was expected to be a highly attractive method for preparation of
substrates having the same configuratiod asboth C-3 and C-4 Thus, amideda,b were treated with
NaH in THF at —=78°C to give pyrrolidin-2-one&a,b and9a,b in high yield and good diastereoselection
but the major component of the reaction mixtures was proglutaving opposite configurations at both
C-3 and C-4 with respect # (Scheme 3} Moreover, botBb and9b resulted in 70:30 unseparability
(RS mixture at C-2 of the propanoate chamin addition, cyclisation ofLOa, carried out under the
same conditions, led to a diastereomeric mixturelbé and 12ain 70:30 d.r. andlla having the
same configuration akat both C-3 and C-4 (Scheme 8ans-3,4-Disubstituted pyrrolidin-2-one&a,b,
9a,b, 11aand12awere easily separated by silica gel chromatography and the absolute configuration of
stereocentres on the heterocyclic ring was determinétHByMR data supported by molecular mechanic
calculations8

o COOEt e} R 0 R
[ I :
) ...... Z~R ) """"" COOEt -""z\COOEt
J\ Method A .
——
0“ N7 7apb or Method B 0 N7 8ab 0“ N7 9ab

)\Ph a.R=H.b. R=CHa. )\ph )\ph

Method A: NaH, THF, -78 °C. a. 77%, d.r. 30:70. b. 76%, d.r. 30:70.
Method B: EtONa, EtOH, -78 °C. a. 80%, d.r. 85:15. b. 84%, d.r. 80:20.

[e) COOEt o) o)
[ I .
.., = NaH, THF . COOEt = ~N——*" > COOEt
1 Ta-c .
—_—>
O~ N 10 77% O~ ™N” 11a 07 N7 12a
|\ d.r. 72:28 L L
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On the contrary, higher diastereoselection was observed when arfgtleasnderwent cyclisation on
treatment with sodium ethoxide in ethanol at —78°C, to @iad and9a,b, and the major component of
the diastereomeric mixtures was prod8¢chaving the required configuration at both C-3 and C-4. This
result was ascribed to a thermodynamic vs. kinetic control occurring at the cyclisation stage, and studies
are currently underway in order to obtain a deeper insight about this stereodivergent cyclisation.

With pyrrolidin-2-ones8a,b in hand, we prepared 3-acetyl pyrrolidin-2-or&ssd and11b by cyclisa-
tion of chiral acyclic amides induced by Mn(lll) as previously report@lin order to check generality
of the reduction outcome on a range of substrates.

Compounds8a-d were then treated with KBHin CH3OH at -15°C (Scheme 4), and 3-hydroxyethyl
derivatives13a-d were obtained in good yield, together with minor amounts of their diastereomers
14a-d, which were separated easily by silica gel chromatography. On the contrary, when the reaction
was performed under the same conditions by using NaBhixtures of13 and 14 were recovered in
good yield but with 60:40 d¥314

[e) HC__) HO
)l ,,,,,, R A, R /' ...... R
KBH,4 l
_—
0" N CHZOH (6] N * O N

8 13 14
I P P
Ph Ph Ph

a. R = CH,COOEt, 90%, d.r. 95:5. b. R = CH(CH3)COOEY, 82%, d.r. 95:5.
¢. R = C(CHg)=CHy,, 85%, d.r. 96:4. d. R = CH=CH,, 86%, d.r. 93:7.

Scheme 4.

Configuration of the newly formed stereogenic centre of both diasteredi8ersl and 14a-d was
assigned by means dH NMR data supported by molecular mechanic calculations. In fact, in the
minimum energy conformers of compounti3aandl4a(A andB, respectively), a hydrogen bond links
the hydroxy and the amidic carbonyl groups (Fig1%3®

H H
CH O~H H
Et00C™ "™ O Eooc—
H CH
A N)/ H B
h

O~y
6
3
NO H
CHg-.» CH3~>/
P Ph

Figure 1. Minimum energy conformations of compoud@s (A) and14a(B)

Thus, in conformeA, H-3 and H-1" are antiperiplanar, in agreement with the large coupling constant
observed in théH NMR spectrum ofl3a(J=7.9 Hz). On the contrary, in conformBrthey lie gauche,
and accordingly the coupling constant observed #axhas a low value (3.5 Hz). In addition, the observed
deshielding effect of the BOH proton in14awith respect tdl3acan be ascribed to the presence of a
minor conformer ofL4a, in which H-1" lies in the carbonyl plan¥. The same trend was observed even
for coupling constants and chemical shift values of compoW3tisd and14b-d, respectively (Table 1).
Thus, on the basis dH NMR data, the configuration of the newly introduced stereogenic centre 4t C-1
for the major diastereomefi8a-d was assigned 81819

Eventually, in order to obtain crystalline compounds suitable for X-ray diffraction analysig-the
iodobenzoated5 and 16 were prepared, and configuration of the stereogenic centré i@-13awas
confirmed asSby X-ray diffraction analysis o5 (Scheme 5; Fig. 23921
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Selected coupling constants (J);it()jlec;emical shiftéar the GHOH proton
Product J 8 Product J 8
13a 7.9 3.89 14a 3.5 4.17
13b 7.0 3.87 14b 3.7 4.10
13¢ 7.1 3.83 14c 3.6 4.21
13d 8.7 3.87 14d 35 4.25
19a 8.1 3.94 20a 4.0 4.19
19b 8.0 3.90 20b 4.1 4.28
R' R? R' R?

/.""-. COOEt p-|-C6H4COC| /M""- COOEt
Et;N, DMAP
—_—_—
0PN ACOEt, 0 °C O0” N
)\ Ph )\ Ph

13a. R' = OH, R2 = H 15. R = p-I-CgH,COO0, R? = H, 78%
14a. R' = H, R = OH 16. R' = H, R? = p-I-C4¢H,COO0, 69%
Scheme 5.

Figure 2. The ORTEP drawing of compouh8
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The vicinal coupling constants were not diagnostic for structural assignment of comddieis1 6,
their value being 2.8 and 3.5 Hz, respectively. This is in agreement with molecular mechanic calculations
since, in the lowest energy conformation of both diastereomers, H-3 arifl ll¢-auche (Fig. 3). On
the other hand, the chemical shifts showed the same trend observed for comf8araigl 14a In
fact, by inspection of the most stable rotamArfsandB’ of 15 and 16, respectively, only iB" is H-1"
deshielded by the amidic carbonyl group (Fig1#3%22Thus, for bothl5 and 16 configuration at C-1
can be assigned by inspection of the H-dhemical shift value.

H CHs CH H
---------------- ®)
EtOOC EtOOC™
o LR 5 R
N ' N
CHg" H CHg" H
Ph Ph

Figure 3. Minimum energy conformations of compoud&gA’) and16 (B") (R=p-1-CsH4CO)

H
reATTACK | °H SFATTACK M
CHs CHs
o) o O o)
EtOOC/ " EtOOC/ 3
—> 13a 9H —» 14a

N H Concave N H
8a CHG}/ site CHS)/

PH 8a PH

Figure 4.re- andsi-Attack of the incoming hydride ion t8a

In order to extend the reliability of this assignment to other derivatives, TBDMS elfiensd18 were
prepared starting frori3d and14d, respectively, and the same trend asibrand16 was observed for
both coupling constants and chemical shifts (Scheme 6).

R1 R2 RI RZ

// TBDMSCI // "
imidazole
—_—
N CHyCly, 0°C N
}Ph o

13d. R'=OH, R2 = 17. R'=TBDMSO, R2 = H, 78%
14d.R'=H, R2= OH 18. R' = H, R? = TBDMSO, 79%
Scheme 6.

We then carried out the reduction reaction starting from pyrrolidin-2-ddedy, which only differs
from 8aand8d, respectively, by the configuration of the stereogenic centre at the phenethyl group. The
reaction proceeded with high diastereoselection, leading mairil@dd, together with minor amounts
of 20ab (Scheme 7).

Minimum energy conformations fdr9aand20aconfirmed the presence of an intramolecular hydro-
gen bond, as for both3aand14a'®>1% Moreover, the vicinal coupling constants and chemical shifts of
H-1"" of compoundsl9ab and20ab showed the same trend observed¥8gad and14ad, respectively
(Table 1). The corresponding derivative$ab and 22ab were prepared, but crystals suitable for X-
ray diffraction were not obtained, which could usefully result in unambiguous establishment of the
configuration at 7. On the other hand, the values of both coupling constants and chemical shifts for
21ab and22ab were in agreement with those observed for compourtld 7 and 16, 18, respectively,
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o HO HO
)| IIIIII R / R /' R
KBH, [
o l\ll\ 11 CHsOH 0o NL 19 : © "l‘\ 20
gy BT on o

a. R = CH,COOEt, 90%, d.r. 95:5. b. R = CH=CH,, 90%, d.r. 95:5.

Scheme 7.
and it seemed reasonable to assume that the configuration ‘ati€Slin the major productd9apb,
the stereoselection of the reduction not being affected by configuration dtdthe phenethyl group
(Scheme 8).

R1 Rz R1 R2
// X-Cl //
oy COOEt EtsN, DMAP 7", COOEt
AcOEt, 0 °C
—_—
(0] N X= p-|-CsH4CO (@) N
l\ orTs L
- Ph - Ph
19a. R'= OH, R2=H 21a. R' = p--CgH,COO, R? = H, 66%
19a. R'=OH, R?=H 21b.R'=Ts, R?=H, 81%
20a. R'=H, R2=OH 22a. R' = H, R? = p-I-C¢H,COO, 64%
20a. R'=H, R2 = OH 22b.R'=H,R2=Ts, 81%
Scheme 8.

The stereoselection of the reduction process could eventually be understood by conformational
analysis, since the carbonyl groups of compo@adie anti to each other, thanti conformer result
favoured by 2.89 kcal/mol over thgyn conformert®1® Thus, hydride ion approaches the keto group
from the less hinderede-face, to preferentially givd3a where the new stereogenic centre hasShe
configuration at the hydroxyethyl chain (Fig. 4). On the contrary, when hydride ion approaches from the
si-face of the keto group, leading fidla a severe steric interaction occurs, where the attack proceeds
from the concave site of a concave:convex shaped molégule.

Since in carbapenem (+)-PS-B,an ethyl chain is present, we first studied removal of the hydroxy
group starting froml3a The corresponding methanesulphonyl deriva@3was prepared and then
treated with LAH in THF to give 3-ethylpyrrolidin-2-on24, suitable for conversion intd after cleavage
of the phenethyl group and ring contraction (Schem&*9).

OMs

MsClI S, COOEt  LAH Pt
EtsN, DMAP THF
13 ———48M8MM8M8 »
AcOEt, O °C 0 N

79/0

85% /L 23
Ph Ph

Scheme 9.

Although in pyrrolidin-2-onel3a both the hydroxyethyl chain and the ring centres have the same
configuration as ir,?° the final task of this work was to invert the configuration at'Ciriorder to obtain
products having the same configuration at the hydroxyethyl chain as carbapBan€hus, starting from
13a, we first carried out an inversion reaction with DEAD—-triphenylphosphine to give in good6ek]
in which the stereogenic centre at the hydroxyethyl chain has the redRicefiguration. Otherwise, the



R. Galeazzi et al./ Tetrahedroksymmetry10 (1999) 587-605 593

inversion of the stereogenic centreliBawas performed by treatinglb with the p-iodobenzoate anion

on a polymeric support levél. In this case, howevef,6 was obtained in a lower yield, owing to the
formation of a minor amount of the side prod@& derived from16 by ananti-elimination process. The

geometry of the double bond @6, established a& by *H NMR data, further confirmed the structural
assignment o13a(Scheme 10).

(0]
13a

K

o)
b ) ------ COOEt B COOEt
|
3 — /jj/\
07y * 07N
)\ 16 )\
Ph ph 2B

a. DEAD, p-iodobenzoic acid, TPP, THF, 0 °C, 16 (71% yield).
b. Amberlyst A 26 in the p-iodobenzoate form, refluxing benzene, 16 (65% yield), 25 (21% yield).

Scheme 10.

3. Conclusion

With the method in hand for construction of pyrrolidin-2-ones having three stereogenic centres with
definite configuration, we are currently studying in our laboratory the contraction gfldam to the-
lactam ring proceeding via the functionalisation at €%jith the aim of obtaining intermediates suitable
for conversion into both carbapene®s and3b. In addition, further studies are currently underway in
order to modify the stereochemical outcome of the reduction re&ét to directly obtain compounds
in which the stereogenic centre at the hydroxyethyl chainfheanfiguration.

4. Experimental
4.1. General

Melting points were measured on an Electrothermal IA 9000 apparatus and are uncorrected. IR
spectra were recorded in CHCbn a Nicolet Fourier Transform Infrared 20-SX spectrophotometer.
Diastereomeric ratios were determined by GC analysis using a Chrompack 9001 instrument equipped
with a Chrompack 7720 capillary column (50x0.25 mm i.d.; stationary phase CP-Sil-5 CBM
and 13C NMR spectra were recorded at 200 MHz and 50 MHz, respectively, on a Varian Gemini
200 spectrometer, using CD{4s a solvent. Chemical shift®)(are reported in ppm relative to TMS
and coupling constants (J) in hertz. Assignments were aided by decoupling and homonuclear two-
dimensional experiments. Optical rotations were measured at 20°C on a Perkin—Elmer 241 polarimeter.
Mass spectra (GC-MS) were obtained by electron impact at 70 eV on a Hewlett—Packard spectrometer
5890, series Il, using an HP-5 capillary column (3825 mm i.d.; stationary phase 5% phenyl methyl
silicone). Flash chromatography was performed with silica gel 60 (230-400 mesh).
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4.2. Materials
Compoundssc, 8d and11bwere prepared following the reported procedtite.
4.3. (35,451 R)-3-Acetyl-1-(1-phenylethyl)-4-(propen-2-yl)pyrrolidin-2-or&e

[a]p 145.1 (c 1, CHQ). GC-MS:m/z271 (M), 256, 228, 187, 172, 160, 124, 105, 91, 77. Anal.
calcd for G7H21NO2: C, 75.25; H, 7.80; N, 5.16. Found: C, 75.20; H, 7.81; N, 5.12.

4.4. (B,4R,1' R)-3-Acetyl-4-ethenyl-1-(iphenylethyl)pyrrolidin-2-on&d

[a]p 163.3 (c 1, CHG). GC-MS:m/z257 (MY), 242, 214, 200, 186, 173, 160, 132, 120, 105, 91, 77.
Anal. calcd for GeH19NOy: C, 74.68; H, 7.44; N, 5.44. Found: C, 74.73; H, 7.4 1; N, 5.48.

4.5. Preparation of 3-oxobutanamidés,b and 10

A solution containing the appropriate amine (20 mmol) Biid-dimethylaminopyridine (0.3 g) in dry
THF (70 ml) at —-15°C was slowly added to a solution containing diketene (1.8 g; 22 mmol) in dry THF
(20 ml). After 1 h the solvent was removed under reduced pressure at 20°C and the residue purified by
silica gel chromatography (cyclohexane:ethyl acetate, 7:3) to give aadesr 10 (rotameric mixtures)
as colourless oils.

4.6. E,R)-N-(3-Ethoxycarbonyl-2-propenyN-(1-phenylethyl)-3-oxobutanamida

The title compound was obtained in 77% vyield as a colourless oil starting fER)-N-(3-
ethoxycarbonyl-2-propenyl)-(1-phenylethyl)aminé.IR: 1725, 1665 cit. 'H NMR: 1.24 (t, 3H, 40%,
J=7.1), 1.27 (t, 3H, 60%, J=7.1), 1.50 (d, 3H, 60%, J=6.9), 1.60 (d, 3H, 40%, J=6.9), 2.28 (s, 3H, 60%),
2.31 (s, 3H, 40%), 3.48-3.94 (m, 2H), 3.50 (s, 2H, 60%), 3.71 (s, 2H, 40%), 4.14 (q, 2H, 40%, J=7.1),
4.16 (g, 2H, 60%, J=7.1), 5.05 (q, 1H, 40%, J=6.9), 5.77 (ddd, 1H, J=15.8, J=1.7, J=1.6), 6.08 (q, 1H,
60%, J=6.9), 6.65 (dt, 1H, 60%, J=15.8, J=4.8), 6.73 (dt, 1H, 40%, J=15.8, J=4.8), 7.18-7.42 (m, 5 ArH).
13C NMR: 14.7, 16.7 (40%), 17.1 (60%) 30.3 (40%), 30.9 (60%), 44.1 (40%), 45.2 (60%), 50.7 (60%),
51.9 (40%), 56.8 (60%), 60.8 (40%), 61.2 (60%), 61.9 (40%), 122.7 (40%), 123.1 (60%), 127.1 (60%),
127.3 (40%), 128.0 (60%), 128.3 (40%), 128.5 (40%), 129.2 (60%), 140.0 (40%), 140.3 (60%), 144.2
(40%), 144.6 (60%), 166.1 (60%), 166.5 (40%), 167.1 (40%), 167.8 (60%), 172.1 (40%), 172.7 (60%).
[a]p 112.3 (c 1, CHGJ). GC-MS:m/z317 (M), 302, 274, 260, 246, 230, 188, 166, 155, 132, 105, 91,
77. Anal. calcd for GgH23NOg4: C, 68.12; H, 7.30; N, 4.41. Found: C, 68.06; H, 7.22; N, 4.37.

4.7. E,R)-N-[3-Ethoxycarbonyl-2-butenylN-(1-phenylethyl)-3-oxobutanamidd

Starting from E,R)-N-[3-ethoxycarbonyl-2-buten-1-yl§-(1-phenylethyl)aminé,the title compound
was obtained in 77% yield. IR: 1715, 1701, 1663, 1630%ciH NMR: 1.22 (t, 3H, J=7.2, 30%), 1.23
(t, 3H, J=7.2, 70%), 1.49 (d, 3H, J=7.0, 70%), 1.57 (d, 3H, J=7.0, 30%), 1.66 (s, 3H, 70%), 1.92 (s, 3H,
30%), 2.25 (s, 3H, 70%), 2.28 (s, 3H, 30%), 3.46 (s, 2H, 70%), 3.55-3.84 (m, 2H), 3.68 (s, 2H, 30%),
4.10 (q, 2H, J=7.2, 30%), 4.12 (q, 2H, J=7.2, 70%), 5.05 (q, 1H, J=7.2, 30%), 6.05 (q, 1H, J=7.2, 70%),
6.29 (t, 1H, J=6.0, 70%), 6.43 (t, 1H, J=6.0, 30%), 7.15-7.41 (m, 5 A¥@).NMR: 12.8 (30%), 12.9
(70%), 14.7 (70%), 16.8 (30%), 18.8 (30%), 22.6 (70%), 30.9, 41.6 (30%), 42.7 (70%), 50.7 (70%), 51.7



R. Galeazzi et al./ Tetrahedroksymmetry10 (1999) 587-605 595

(30%), 56.6 (70%), 61.0 (30%), 61.2 (70%), 61.3 (30%), 127.2, 127.3, 127.5, 127.8, 128.0, 128.2, 128.4,
128.7, 129.0, 129.1, 129.3 (70%), 129.8 (30%), 138.6 (70%), 139.0 (30%), 140.0 (30%), 140.3 (70%),
167.1 (30%), 167.4 (70%), 176.3x]p 93.6 (c 1, CHG). GC-MS:m/z331 (M"), 316, 288, 230, 202,

180, 152, 126, 105, 77. Anal. calcd foidE1,5NO4: C, 68.86; H, 7.60; N, 4.23. Found: C, 68.81; H, 7.55;

N, 4.18. Anal. calcd for gsHo5NO4: C, 68.86; H, 7.60; N, 4.23. Found: C, 68.83; H, 7.56; N, 4.33.

4.8. E,9)-N-(3-Ethoxycarbonyl-2-propenyN-(1-phenylethyl)-3-oxobutanamid®

The title compound was obtained in 77% yield starting frd&5|-N-(3-ethoxycarbonyl-2-propenyl)-
N-(1-phenylethyl)aminé.[«]p -111.9 (c 1, CHGJ). Anal. calcd for GgH23NO4: C, 68.12; H, 7.30; N,
4.41. Found: C, 68.08; H, 7.18; N, 4.38.

4.9. Cyclisation of the 3-oxobutanamidésb and 10 with NaH in THF (Method A

4.9.1. General procedure

A solution containing amidesa,b, or 10 (10 mmol) in dry THF (30 ml) was slowly added at -78°C
to a suspension of NaH (0.48 g; 10 mmol; 50% dispersion in mineral oil) in dry THF (20 ml). After
1 h solid NH,CI (5 g) was added and the temperature raised to 20°C. The mixture was poured into
water (50 ml) and after extraction with ethyl acetate {90 ml) and drying (NgSQy), the organic layer
was evaporated under reduced pressure. The residue was chromatographed by silica gel chromatography
(cyclohexane:ethyl acetate, 7:3) to gB& 8b, 9a, 9b, 11aandl12aas colourless ails.

4.10. Ethyl (8,4R,1'R)-[3-acetyl-2-0x0-1-(1-phenylethyl)pyrrolidin-4-yl]acetateBa and its isomer
(3R,4S,1'R) 9a

Following cyclisation Method A, and starting froifa, compounds3a and 9a were obtained in 77%
overall yield as colourless oils. D.r. $3IR,1'R)-8a:(3R,4S 1’ R)-9a, 30:70. Isomer (34R,1'R)-8a IR:
1735, 1668 cmt. *H NMR: 1.19 (t, 3H, J=6.5), 1.52 (d, 3H, J=7.1), 2.23 (dd, 1H, J=16.2, J=8.4), 2.35
(dd, 1H, J=16.2, J=7.2), 2.44 (s, 3H), 2.58 (dd, 1H, B\g=9.7, Ax=6.1), 3.14 (m, 1H, ), 3.39 (d,
1H, Hy, J=7.2), 3.58 (dd, 1H, kl JAz=9.7, $x=8.1), 4.06 (q, 2H, J=6.5), 5.45 (q, 1H, J=7.1), 7.21-7.42
(m, 5 ArH). 13C NMR: 14.6, 16.6, 30.2, 30.8, 38.0, 46.5, 50.1, 61.2, 62.1, 127.6, 128.2, 129.1, 140.0,
168.9, 171.7.&]p 107.2 (c 1, CHGJ). GC-MS:m/z317 (M%), 302, 274, 272, 230, 214, 188, 166, 132,
105, 91, 77. Anal. calcd for fgH23NO4: C, 68.12; H, 7.30; N, 4.41. Found: C, 68.07; H, 7.27; N, 4.37.
Isomer (R,4S1'R)-9a: IR: 1735, 1670 cmt. 'NMR: 1.23 (t, 3H, J=6.5), 1.54 (d, 3H, J=7.2), 2.38 (dd,
1H, J=8.5, J=2.8), 2.45 (s, 3H), 2.47 (dd, 1H, J=8.5, J=2.2), 2.95 (dd, AHJg=8.8, 3x=6.3), 3.07
(m, 1H, Hx), 3.25 (dd, 1H, H, Js=8.8, &x=7.5), 3.46 (d, 1H, N, Xy=7.4), 5.42 (q, 1H, J=7.2),
7.22-7.41 (m, 5 ArH)13C NMR: 14.6, 16.7, 30.3, 30.8, 38.1, 46.5, 50.0, 61.2, 61.9, 127.3, 128.1, 129.1,
139.9, 169.0, 171.70{]p 130.6 (c 1, CHGJ). GC-MS:m/z317 (M"), 302, 274, 272, 230, 214, 188, 166,
132, 105, 91, 77. Anal. calcd for1gH>3NO4: C, 68.12; H, 7.30; N, 4.41. Found: C, 68.16; H, 7.27; N,
4.45,

4.11. Ethyl (RS 3 S4'R,1"R)-2-[3"-acetyl-2-oxo-1-(1"-phenylethyl)pyrrolidin-4-yl]propanoate 8b
and its isomer (RS3'R,4'S,1'R) 9b

Following cyclisation Method A, and starting froith, diastereomer8b and 9b were obtained in
76% overall yield as colourless oils. D.rR33' S4'R,1"R)-8b:(2RS3'S4'R, 1" 9-9b, 30:70. (RS ratio
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(unassigned): 70:30. IR: 1725, 1710, 1668 &msomer (RS3' S4'R 1’R)-8b: 1H NMR: 1.09 (d, 3H,

70%, J=7.1), 1.10 (d, 3H, 30%, J=7.0), 1.22 (t, 3H, 70%, J=7.1), 1.23 (t, 3H, 30%, J=7.1), 1.51 (d,
3H, 70%, J=7.1), 1.52 (d, 3H, 30%, J=7.1), 2.38-2.52 (m, 1H), 2.42 (s, 3H, 30%), 2.44 (s, 3H; 70%),
2.90-3.19 (m, 3H, W+Hg+Hyx), 3.56 (d, 1H, K, 30%, J=7.2), 3.61 (d, 1H,H 70%, J=7.2), 4.06 (q,

2H, 30%, J=7.1), 4.07 (g, 2H, 70%, J=7.2), 5.40 (g, 1H, 30%, J=7.1), 5.41 (q, 1H, 70%, J=7.1), 7.15-7.38
(m, 5 ArH). 13C NMR: 14.6 (70%), 14.7 (30%), 14.9 (70%), 15.2 (30%), 16.6, 30.9 (30%), 31.0 (70%),
35.6 (30%), 36.1 (70%), 42.4 (30%), 43.0 (70%), 44.5 (30%), 44.8 (70%), 49.9 (70%), 50.0 (30%),
60.2 (30%), 60.5 (70%), 61.2 (30%), 61.3 (70%), 127.3, 128.1, 129.1, 139.9, 169.2 (30%), 169.3 (70%),
174.7, 203.7 (30%), 203.8 (70%). Anal. calcd fofeB,5NO4: C, 68.86; H, 7.60; N, 4.23. Found: C,
68.81; H, 7.57; N, 4.20. IsomerR53 R 4'S,1R)-9b: 'H NMR: 0.97 (d, 3H, J=7.0), 1.13 (t, 3H, 70%,
J=7.1), 1.15 (t, 3H, 30%, J=7.1), 1.48 (d, 3H, 70%, J=7.2), 1.49 (d, 3H, 30%, J=7.2), 2.34 (dq, 1H, J=7.1,
J=7.5), 2.42 (s, 3H, 30%), 2.45 (s, 3H, 70%), 2.63 (dd, 1k, FD%, Ax=6.3, h=9.9), 2.64 (dd, 1H,

Ha, 30%, Ax=6.8, hs=9.8), 2.87-3.20 (m, 1H, %), 3.43 (dd, 1H, K, 30%, J=8.6, J=9.8), 4.34 (dd,

1H, Hg, 30%, $x=8.6, h=9.7), 3.47 (dd, 1H, B, 70%, $x=8.8, As=9.8), 3.51 (d, 1H, K, 70%,
J=7.2), 3.55 (d, 1H, K, 30%, J=7.2), 3.98 (g, 2H, 30%, J=7.1), 4.00 (q, 2H, 70%, J=7.1), 5.41 (q, 1H,
70%, J=7.2), 5.42 (q, 1H, J=7.2), 7.19-7.38 (m, 5 AT NMR: 14.6, 14.8 (30%), 14.9 (70%), 16.6,
31.0, 35.4 (70%), 36.0 (30%), 42.5 (70%), 42.8 (30%), 44.5 (30%), 44.9 (70%), 50.1 (30%), 50.2 (70%),
60.0 (70%), 60.7 (30%), 61.1 (30%), 61.2 (70%), 127.6, 128.2, 129.1, 139.9, 168.9 (70%), 169.2 (30%),
174.7, 203.7. GC-MSn/z331 (M"), 318, 302, 274, 230, 202, 133, 126, 120, 105, 91, 77. Anal. calcd
for C1gH2sNO4: C, 68.86; H, 7.60; N, 4.23. Found: C, 68.79; H, 7.55; N, 4.19.

4.12. Ethyl (3,4R,1'S)-[3-acetyl-2-0x0-1-(phenylethyl)pyrrolidin-4-ylJacetatel 1a and its isomer
(BR,4S,1'S) 12a

Following cyclisation Method A, and starting frod0, compoundslla and 12a were obtained as
colourless oils, in 77% overall yield. D.r. §3IR,1'9-10a(3R,4S1'S)-114 72:28. Isomer (84R,1'S)-
1lla [a]p —129.2 (c 1, CHQ)). Isomer (R4S1'S-12a [x]p —106.5 (c 1, CHG). GC-MS:m/z317
(M*), 302, 274, 272, 230, 214, 188, 166, 132, 105, 91, 77. Anal. calcd;ftGNO,: C, 68.12; H, 7.30;
N, 4.41. Found: C, 68.06; H, 7.26; N, 4.37.

4.13. Cyclisation of amidega,b with sodium ethoxide in ethanol (Method B)

4.13.1. General procedure

To a solution containing amide&,b (20 mmol) in dry ethanol (30 ml) was slowly added at -78° a
solution containing sodium ethoxide [20 mmol; prepared by dissolving Na (480 mg; 20 mmol) in dry
ethanol (20 ml)]. After 1 h, solid NECI (5.0 g) was added and the temperature raised to 20°C. After
addition of water (50 ml), the mixture was extracted with ethyl acetatd(® ml) and dried (Ng50Oy).
The solvent was evaporated under reduced pressure and the residue purified by silica gel chromatography,
to give pyrrolidin-2-onesa,b and9a,b as colourless ails.

4.14. Ethyl (3,4R,1'R)-[3-acetyl-2-oxo-1-(1-phenylethyl)pyrrolidin-4-yljacetateBa and its isomer
(BR,4S,1I'R) 9a

Following cyclisation Method B, and starting frof®a, compounds3a and9a were obtained in 80%
overall yield as colourless oils. D.r. §3IR,1'R)-8a:(3R,4S1'R)-9a, 85:15. Isomer (84R,1'R)-8a: [«]p
107.2 (c 1, CHQ). GC-MS:m/z317 (M), 302, 274, 272, 230, 214, 188, 166, 132, 105, 91, 77. Anal.
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calcd for GgH23NO4: C, 68.12; H, 7.30; N, 4.41. Found: C, 68.12; H, 7.30; N, 4.39. IsonRASL R)-
9a [a]p 130.6 (c 1, CHG). GC-MS:m/z317 (M"), 302, 274, 272, 230, 214, 188, 166, 132, 105, 91,
77. Anal. calcd for @gHo3NO4: C, 68.12; H, 7.30; N, 4.41. Found: C, 68.15; H, 7.25; N, 4.38.

4.15. Ethyl (RS3' S, 4'R,1"R)-2-[3"-acetyl-Z-o0x0-1-(1"-phenylethyl)pyrrolidin-4-yl]propanoate 8b
and its isomer (RS3'R,4'S,1'R) 9b

Following cyclisation Method B, and starting froib, diastereomer8b and 9b were obtained in
84% overall yield as colourless oils. D.rR33' S4'R,1"R)-8b:(2RS3'S4'R,1"'9-9b, 80:20. (RS ratio
(unassigned): 70:30. IsomeR33 S4'R,1'R)-8b: GC-MS:m/z331 (M*), 318, 302, 274, 230, 202, 133,
126, 120, 105, 91, 77. Anal. calcd fordH25NO4: C, 68.86; H, 7.60; N, 4.23. Found: C, 68.80; H, 7.58;
N, 4.24. Isomer (RS3'S4'R,1"”9-9b: GC-MS:m/z331 (M), 318, 302, 274, 230, 202, 133, 126, 120,
105, 91, 77. Anal. calcd for {gH2sNO4: C, 68.86; H, 7.60; N, 4.23. Found: C, 68.82; H, 7.56; N, 4.20.

4.16. Reduction of pyrrolidin-2-one3a-d and 14ab

4.16.1. General procedure
To a solution containing pyrrolidin-2-onds—d or 11ab (10 mmol) in dry methanol (50 ml) at -15°C,
KBH4 (0.7 g; 10 mmol) was added and the mixture stirred for 1 h. Then soligQk2.0 g) and HO
(40 ml) were added and the mixture extracted with ethyl acetatd @ ml). After drying (NaSQy)
and removal of the solvent under reduced pressure, the residue was chromatographed on silica gel (ethyl
acetate) to give diastereomeric alcohb&and14 or 19 and20 as colourless ails.

4.17. Ethyl (,4R,1'R,1"S)-[3-(1""-hydroxyethyl)-2-oxo-1-(phenylethyl)pyrrolidin-4-yljacetatd 3a
and its (B,4R,1”"R,1"R) isomerl4a

By reduction of8a, a 95:5 diastereomeric mixture ®8aandl4awas obtained in 90% overall yield.
GC-MS:m/z319 (M%), 304, 274, 260, 188, 132, 105, 91, 77. Isome34B,1'R,1'9-13a IR: 3415,
1725, 1673 cm'. *H NMR: 1.20 (d, 3H, J=6.2), 1.21 (t, 3H, J=7.0), 1.50 (d, 3H, J=7.0), 2.08-2.22 (m,
1H), 2.25-2.45 (m, 2H), 2.55-2.73 (m, 1H), 2.97 (dd, 1H, Bhx=6.2, Az=10.0), 3.24 (dd, 1H, Hl,
Jsx=7.9, As=10.0), 3.89 (dq, 1H, J=6.2, J=7.9), 4.70 (br s, 1H, OH), 5.45 (q,1H, J=7.0), 7.15-7.39 (m,
5 ArH). 3C NMR: 14.6, 16.7, 21.2, 31.0, 39.3, 47.4, 49.5, 53.6, 61.3, 69.6, 127.4, 128.1, 129.1, 129.2,
140.1, 172.1, 175.40{]p 108.8 (c 1, CHGJ). Isomer (54R,1'R,1’R)-14a IR: 3425, 1735, 1670 cm.
1H NMR: 1.23 (t, 3H, J=7.2), 1.24 (d, 3H, J=6.4), 1.51 (d, 3H, J=7.0), 2.25-2.66 (m, 3H), 2.98 (dd, 1H,
Ha, Jax=5.8, As=10.3), 3.26 (dd, 1H, B, Jsx=7.5, As=10.3), 3.75 (br s, 1H, OH), 4.11 (q, 2H, J=7.2),
4.17 (dq, 1H, J=6.4, J=3.5), 5.49 (q, 1H, J=7.0), 7.19-7.41 (m, 5 ABG)NMR: 14.8, 16.5, 20.8, 31.2,
39.6,47.5,50.0,53.4,61.2,69.5,127.4,128.3,129.1, 129.4, 140.2, 172.0, &]5.98[6 (c 1, CHG)).

Anal. calcd for GgH2sNO4: C, 67.69; H, 7.89; N, 4.39. Found: C, 67.66; H, 7.83, N, 4.41.

4.18. Ethyl (RS3'S,4'S,1"R,1"""S)-2-[3"-(1"""-hydroxyethyl)-1-(1" -phenylethyl)-2-oxopyrrolidin-
4’ -yllpropanoatel3band its (RS3'S,4'S,1"R,1""’R) isomerl4b

By reduction of8b, compoundsl3b and 14b were obtained in 82% overall yield and d.r. 95:5. The
stereocentre at C-2 was present as unassigned configurational niR&W€e30. GC-MSm/z333 (M"),
318, 288, 274, 214, 188, 172, 132, 120, 110, 105, 91. IsonR§ES4'S1'R,1"'9-13h: IR: 3418,
1722, 1670 cmt. 'H NMR: 1.14 (d, 3H, 70%, J=7.1), 1.15 (d, 3H, 30%, J=7.1), 1.21 (d, 3H, J=6.3),
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1.25 (t, 3H, J=7.1), 1.51 (d, 3H, 70%, J=7.1), 1.52 (d, 3H, 30%, J=7.1), 2.15-2.45 (m, 2H;)H+H
2.51-2.73 (m, 1H, K), 2.98 (dd, 1H, 70%, H, Jsx=8.9, As=10.1), 2.99 (dd, 1H, 70%, ¢} Jsx=8.9,
Jag=10.2), 3.11 (dd, 1H, 30%, A Jax=5.5, hAg=10.2), 3.18 (dd, 1H, 70%, H Jax=5.5, As=10.2),

3.87 (dq, 1H, J=6.3, J=7.0), 4.09 (q, 2H, 30%, J=7.1), 4.13 (q, 2H, 70%, J=7.1), 4.27 (br s, 1H, OH), 5.48
(q, 1H, J=7.1), 7.21-7.41 (m, 5 ArH®C NMR: 12.7 (30%), 14.6 (30%), 14.7 (70%), 15.4 (70%), 16.3,
16.4, 21.1, 35.5 (30%), 36.7 (70%), 42.2 (70%), 42.5 (70%), 43.3 (30%), 44.3 (70%), 49.4, 52.2, 61.2,
69.4,127.4,128.1, 129.1, 140.0, 174.8, 175.1 (70%), 175.2 (30%). IsoRE8(84' S1’'R,1""'R)-14b:

IR: 3418, 1722, 1670 cm. 'H NMR: 0.91 (d, 3H, 30%, J=7.0), 1.02 (d, 3H, 70%, J=7.0), 1.09 (t,
3H, 70%, J=7.1), 1.18 (t, 3H, 30%, J=7.1), 1.25 (d, 3H, J=6.3), 1.49 (d, 3H, 70%, J=7.2), 1.50 (d, 3H,
30%, J=7.2), 2.21-2.54 (m, 3H, H&HHy), 2.71 (dd, 1H, H, Jax=4.7, hAg=10.1), 3.39 (dd, 1H, H,
Jex=8.6, hg=10.1), 3.87—4.06 (m, 3H), 4.10 (br s, 1H, OH), 5.44 (q, 1H, J=7.2), 7.18-7.39 (M, 5 ArH).
13C NMR: 13.1 (30%), 14.5, 14.8 (70%), 16.4, 21.0, 35.4 (30%), 36.5 (70%), 42.2 (30%), 42.7 (70%),
42.9 (30%), 45.1 (70%), 49.7, 52.2 (70%), 52.4 (30%), 61.0, 69.2, 127.5, 128.1, 129.0, 139.9, 174.9,
175.0. Anal. calcd for ggH27NO4: C, 68.44; H, 8.16; N, 4.20. Found: C, 68.39; H, 8.14; N, 4.16.

4.19. (B/4S,1I'R,1"9)-3-(1"-Hydroxyethyl)-1-(1-phenylethyl)-4-(propen-2-yl)pyrrolidin-2-or8c
and its (B,4S,1'R,1”R) isomerl4c

By reduction of8c, diastereomerd3c and 14c were obtained in 85% overall yield and d.r. 96:4.
GC-MS:m/z273 (M"), 258, 240, 189, 174, 162, 124, 105, 91, 77. Isom&481'R,1"'9-13c IR:
3425, 1670, 900 cm. 'H NMR: 1.17 (d, 3H, J=6.2), 1.52 (d, 3H, J=7.2), 1.72 (s, 3H), 2.40-2.65 (m,
2H, Hx+Hy), 2.95-3.11 (m, 2H, W+Hg), 3.83 (dq, 1H, J=6.2, J=7.1), 4.84 (m, 2H), 5.16 (br s, 1H,
OH), 5.48 (q, 1H, J=7.2), 7.21-7.41 (m, 5 ArHJC NMR: 16.6, 19.7, 21.0, 43.6, 46.2, 49.4, 51.0, 70.3,
114.3,127.3,128.1, 129.1, 140.2, 143.7, 176x0p[89.7 (c 0.5, CHGJ). Anal. calcd for G7H2oNO3: C,
74.97; H, 8.14; N, 5.14. Found: C, 74.93; H, 8.11; N, 5.10. Isom8A&1'R,1"R)-14c IR: 3425, 1670,
915 cm?. 1H NMR: 1.15 (d, 3H, J=6.2), 1.50 (d, 3H, J=7.2), 1.72 (s, 3H), 2.40-2.65 (M, 2HHY),
2.95-3.11 (m, 2H, W+Hg), 4,21 (dq, 1H, J=6.2, J=3.6), 4.84 (m, 2H), 5.20 (br s, 1H, OH), 5.48 (q,
1H, J=7.2), 7.21-7.41 (m, 5 ArH}*C NMR: 16.7, 19.7, 21.2, 43.6, 46.4, 49.6, 51.2, 70.3, 114.5, 127.4,
128.3, 129.2, 140.4, 143.3, 176.&]p 92.1 (c 0.5, CHGJ). Anal. calcd for G7H22NO,: C, 74.97; H,
8.14; N, 5.14. Found: C, 74.91; H, 8.09; N, 5.08.

4.20. (B,4R,1'R,1"9)-4-Ethenyl-3-(1 -hydroxyethyl)-1-(1-phenylethyl)pyrrolidin-2-onel3d and its
(3S4R,1'R,1"R) isomeril4d

By reduction of8d, diastereomerd.3d and 14d were obtained in 86% overall yield and d.r. 93:7.
GC-MS:m/z259 (M"), 244, 226, 214, 200, 172, 132, 105, 91, 77. Isom&4R1'R,1"'S-13d: IR:
3352, 1665, 905 cim. 'H NMR: 1.20 (d, 3H, J=6.2), 1.53 (d, 3H, J=7.1), 2.28 (dd, 1H, J=8.8, J=8.7),
2.44-2.64 (m, 1H), 3.03 (dd, 1H,H ax=9.9, Ag=12.3), 3.07 (dd, 1H. B, Jx=9.7, As=12.3), 3.87
(dqg, 1H, J=6.2, J=8.7), 4.55 (br s, 1H, OH), 5.04-5.16 (m, 2H), 5.46 (q, 1H, J=7.1), 5.75 (ddd, 1H, J=8.3,
J=9.9, J=17.3), 7.22-7.43 (m, 5 ArHFC NMR: 16.6, 21.7, 40.9, 46.9, 49.5, 53.6, 70.2, 118.0, 127.4,
128.2, 129.2, 138.8, 140.2, 176.1x]p 153.1 (c 1, CHGJ). Anal. calcd for GgH21NO»: C, 74.10; H,
8.16; N, 5.40. Found: C, 74.04, H, 8.12; N, 5.34. Isom&4R,1'R,1'R)-14d: IR: 3350, 1668, 901
cm L. 'H NMR: 1.24 (d, 3H, J=6.7), 1.53 (d, 3H, J=7.1), 2.59 (dd, 1H, J=3.5, J=9.5), 2.71-2.94 (m,
1H), 2.97-3.06 (m, 2H, KtHg), 3.10 (br s, 1H, OH), 4.25 (dq, 1H, J=6.7, J=3.5), 5.15-5.03 (m, 2H),
5.49 (g, 1H, J=7.1), 5.77 (ddd, 1H, J=8.0, J=10.0, J=17.1), 7.21-7.42 (m, 5 REINMR: 16.7, 20.1,
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38.6, 46.8, 49.4, 54.0, 66.8,117.4, 127.3, 127.4, 127.6, 128.0, 129.1,138.9, 140.4, &Ji413Q.3 (c
1, CHCB). Anal. calcd for GeH21NO>: C, 74.10; H, 8.16; N, 5.40. Found: C, 74.06; H, 8.20; N, 5.36.

4.21. Ethyl (3,4S,1'S,1"S)-[3-(1" -hydroxyethyl)-2-ox0-1-(tphenylethyl)pyrrolidin-4-ylJacetatd 9a
and its (B,4S,1'S,1'R) isomer20a

By reduction oflla diastereomerd9a and20awere obtained in 90% overall yield and d.r. 95:5.
GC-MS:m/z319 (M"), 304, 286, 274, 260, 188, 170,132, 105, 91, 77. IsomBARRL'S1”9-19a IR:
3425, 1728, 1668 cm. 'H NMR: 1.20 (t, 3H, J=7.1), 1.25 (d, 3H, J=6.3), 1.53 (d, 3H, J=7.1), 2.01-2.31
(m, 2H), 2.34-2.48 (m, 1H, &), 2.51-2.68 (M, 2H, W+Hy), 3.59 (dd, 1H, K, Jsx=8.0, Az=9.9), 3.94
(dg, 1H, J=6.3, J=8.1), 4.07 (q, 2H, J=7.1), 4.71 (br s, 1H, OH), 5.47 (q, 1H, J=7.1), 7.19-7.38 (m, 5
ArH). 13C NMR: 14.6, 16.7, 21.2, 31.1, 39.2, 47.4, 49.7, 53.7, 61.2, 69.5, 127.6, 128.2, 129.1, 139.9,
172.1, 175.3.¢]p -137.6 (c 1, CHQ). Isomer ($4S1'S1"R)-20a IR: 3433, 1725, 1665 cm. 1H
NMR: 1.20 (t, 3H, J=7.1), 1.27 (d, 3H, J=6.5), 1.53 (d, 3H, J=7.1), 2.06 (br s, 1 H, OH), 2.25 (dd, 1H,
J=8.8, J=16.3), 2.35-2.71 (m, 4H, HxtlHx+Hy), 3.57 (m, 1H, K), 4.07 (q, 2H, J=7.1), 4.19 (dq, 1H,
J=4.0, J=6.5), 5.49 (q, 1H, J=7.1), 7.20-7.41 (m, 5 AL NMR: 14.6, 16.6, 20.4, 30.0, 39.3, 47.5,
49.7,54.5, 61.2, 67.4, 127.6, 128.1, 128.8, 129.1, 140.0, 172.1, 1@4:6-148.3 (c 1, CHG). Anal.
calcd for GgH2sNO4: C, 67.69; H, 7.89; N, 4.39. Found: C, 67.64; H, 7.81; N, 4.44.

4.22. (B/4R,1'S,1"9)-4-Ethenyl-3-(1 -hydroxyethyl)-1-(1-phenylethyl)pyrrolidin-2-onel9b and its
(3S4R,1'S,1"R) isomer20b

By reduction ofllb, diastereomerd9b and 20b were obtained in 90% overall yield and d.r. 95:5.
GC-MS:m/z259 (M"), 244, 226, 214, 200, 172, 132, 105, 91, 77. Isom&431'S1’'9-19b: IR:
3435, 1670, 903 cit. 1H NMR: 1.21 (d, 3H, J=6.5), 1.42 (br s, 1H, OH), 1.55 (d, 3H, J=7.0), 2.20 (dd,
1H, Hy, J=8.1 J=9.2), 2.56-2.75 (m, 2HxHHA), 3.28-3.44 (m, 1H, H), 3.90 (dg, 1H, J=6.5, J=8.0),
5.02-5.18 (m, 2H), 5.48 (q, 1H, J=7.0), 5.66 (ddd, 1H, J=17.1, J=10.1, J=8.0), 7.21-7.42 (m, 5 ArH).
13C NMR: 16.8. 21.6, 40.7, 46.8, 49.7, 53.7, 69.9, 117.7, 127.6, 128.2, 129.1, 138.8, 139.8, &Jf5.9. [
-103.6 (c 1, CHQG). Anal. calcd for GeH21NO»: C, 74.10; H, 8.16; N, 5.40. Found: C, 74.03; H. 8.11;
N, 5.35. Isomer (S4R,1'S1’R)-20b: IR: 3430, 1675, 905 cmt. IH NMR: 1. 25 (d, 3H, J=6.5), 1.54
(d, 3H, J=7.0), 2.48 (dd, 1H,¥{ J=9.1, J=3.4), 2.64 (dd, 1H,A5Jax=8.0, Ag=9.5), 2.81-3.01 (m, 1H,
Hx), 3.14 (br s, 1H, OH), 3.37 (dd, 1H,d{Jkx=8.4, Az=9.5), 4.28 (dq, 1H, J=6.5, J=9.1), 4.98-5.16
(m, 2H), 5.50 (g, 1H, J=7.0), 5.67 (ddd, 1H, J=17.1, J=10.1, J=8.2), 7.21-7.42 (m, 5AEH\MR:
16.8, 20.6, 37.8, 46.9, 49.7, 54.7, 66.6, 116.8, 127.6, 128.1, 129.1, 139.5, 140.1, &J47114.3 (c
0.3, CHC}). Anal. calcd for GgH21NO»: C, 74.10; H, 8.16; N, 5.40. Found: C, 74.05; H. 8.13; N, 5.33.

4.23. Synthesis gf-iodobenzoated5, 16, 21aand22a

4.23.1. General procedure

To a solution containing compound8a, 14a 19aor 20a(5 mmol), triethylamine (0.7 ml) and DMAP
(100 mg) in ethyl acetate (50 ml) at rt, was added a solutigniddobenzoyl chloride (1.4 g; 5 mmol)
in ethyl acetate (20 ml). After 12 h the mixture was poured int®H50 ml) and extracted with ethyl
acetate (100 ml). After drying (NaSQ,) and removal of the solvent at reduced pressure, the residue
was purified by silica gel chromatography (cyclohexane:ethyl acetate, 50:50) to giveléste®s21a
or 22aas white solids.
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4.24. Ethyl (3,4R,1'R,1"S)-[3-(1" -p-iodobenzoyloxyethyl)-2-oxo-1*¢phenylethyl)pyrrolidin-4-yl]-
acetatel5

The title compound was obtained in 78% yield starting frb®a. M.p. 78-80°C. IR: 1718, 1663, 1654
cm L. 1H NMR: 1.24 (t, 3H, J=7.2), 1.50 (d, 3H, J=6.5), 1.52 (d, 3H, J=7.2), 2.36—2.68 (m, 4H), 2.99
(dd, 1H, Hs, Jx=5.4, he=9.9), 3.24 (dd, 1H, W, Jax=7.6, he=9.9), 4.00 (q, 2H, J=7.2), 5.52 (dq, 1H,
J=2.8, J=6.5), 5.54 (q, 1H, J=7.2), 7.32 (m, 5 ArH), 7.57 (d, 2ArH, J=8.5), 7.73 (d, 2 ArH, J*&5).
NMR: 14.6, 16.6, 17.4, 31.1, 39.0, 46.8, 49.4, 52.1, 61.3, 71.9, 101.3, 127.5, 128.1, 129.1, 130.1, 131.5,
138.2, 140.4, 165.8, 171.7, 171.8]p 126.3 (c 1, CHG). GC-MS:m/z549 (M*), 504, 318, 286, 274,
231, 132, 105, 77. Anal. calcd forgH2gNOsl: C, 54.65; H, 5.14; N, 2.55. Found: C, 54.61; H, 5.12; N,
2.53.

4.25. X-Ray crystal structure analysis fbb

Crystal data: GsH2gINOs, MW=549.91. Monoclinic. Space group B22:(#19), a=7.973(1) A,
b=13.504(2) A,c=23.192(2) A,B=98.53(1)°,V=744.5(3) B, Z=4, D(calc)=1.46 g/crh. Reflections
(3439) were collected on a CAD4 Enraf—Nonius single crystal diffractometer at room temperature by
w scan technique using graphite-monochromated Mokdiation {=0.71073 A). The structure was
solved using direct methods and refined through a full-matrix least-squares method with unit weights
for 2382 observed reflections wilk=3a(l). Non-hydrogen atoms were treated anisotropicllifhe
hydrogen atoms were calculated from the carbon positions and added as fixed contributions with isotropic
thermal parameters of 1.3 times the valueBgf of the atoms to which they are attach&0.047 and
Rw=0.040%! The ORTEP drawing is shown in Fig. 2 together with the atom numbering syStem.

4.26. Ethyl (3,4R,1'R,1"R)-[3-(1"-p-iodobenzoyloxyethyl)-2-oxo-1¢phenylethyl)pyrrolidin-4-yl]-
acetatel6

The title compound was obtained in 69% yield starting frbfa. M.p. 88-90°C. IR: 1718, 1661, 1657
cm L. IH NMR: 1.24 (t, 3H, J=7.2), 1.45 (d, 3H, J=6.5), 1.48 (d, 3H, J=7.2), 2.46 (dd, 3+ JH3.5,
J=5.6), 2.47 (dd, 1H, J=8.3, J=16.1), 2.71-2.88 (m, 1K)),13.02 (dd, 1H, H, Jax=4.6, hz=10.1),
3.30 (dd, 1H, H, J}x=8.2, Ag=10.1), 5.46 (q, 1H, J=7.2), 5.61 (dq, 1H, J=6.5, J=3.5), 6.98-7.24 (m, 5
ArH), 7.49 (d, 2H, J=8.5), 7.68 (d, 2H, J=8.3§C NMR: 14.7, 16.4, 18.6, 29.5, 40.4, 47.4, 49.4, 53.5,
61.3,71.5,101.1, 127.4, 128.0, 128.9, 130.1, 131.4, 138.2, 139.9, 165.3, 172.0, &} 133.2 (c 1,
CHCl3). GC-MS:m/z549 (M*), 504, 318, 286, 274, 231, 132, 105, 77. Anal. calcd fesHzgNOsl: C,
54.65; H, 5.14; N, 2.55. Found: C, 54.59; H, 5.10; N, 2.56.

4.27. Ethyl (3,4R,1'S,1"'S)-[3-(1"" -p-iodobenzoyloxyethyl)-2-oxo-1-¢phenylethyl)pyrrolidin-4-yl]-
acetate?1a

The title compound was obtained in 66% yield starting frt®a. M.p. 78-80°C. IR: 1715, 1660, 1655
cm L. 1H NMR: 1.18 (t, 3H, J=7.1), 1.53 (d, 3H, J=6.6), 1.54 (d, 3H, J=7.1), 2.28 (dd, 1H, J=8.5, J=16.1),
2.44-2.73 (m, 4H, H+RW+Hx+Hy), 3.52 (dd, 1H, K, J=7.2, J=9.3), 4.06 (q, 2H, J=6.6), 5.53 (dq, 1H,
J=6.6, J=2.8), 5.55 (q, 1H, J=7.1), 7.22-7.41 (m, 5 ArH), 7.71 (d, 2H, J=8.5), 7.80 (d, 2H, J28.5).
NMR: 14.6, 16.7,17.4, 31.2, 39.0, 46.9,52.4, 61.2, 72.0, 101.4, 127.6, 128.2, 129.1, 131.5, 138.2, 140.5,
165.7,171.6, 171.80{]p —32.6 (c 1, CHGJ). GC-MS:m/z549 (M*), 504, 318, 286, 274, 231, 132, 105,
77. Anal. calcd for GsHogNOsl: C, 61.86; H, 5.81; N, 2.89. Found: C, 61.81; H, 5.77; N, 2.85.
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4.28. Ethyl (3,4R,1'S,1'R)-[3-(1" -p-iodobenzoyloxyethyl)-2-oxo-1*¢phenylethyl)pyrrolidin-4-yl]-
acetate2?a

The title compound was obtained in 64% yield starting fi2®a M.p. 87-89°C. IR: 1712, 1664, 1658
cm™. 'HNMR: 1.18 (t, 3H, J=7.1), 1.48 (d, 3H, J=6.5), 1.51 (d, 3H, J=7.1), 2.24 (dd, 1H, J=8.5, J=16.3),
2.42-2.71 (m, 4H, H+l+Hx+Hy), 3.57 (dd, 1H, K, J=7.2, J=9.2), 4.06 (q, 2H, J=6.6), 5.24 (q, 1H,
J=7.1), 5.63 (dq, 1H, J=6.5, J=3.3), 7.21-7.42 (m, 5 ArH), 7.73 (d, 2H, J=8.6), 7.81 (d, 2H, 338.6).
NMR: 14.6, 16.5, 17.6, 30.5, 40.2, 47.3, 52.6, 62.3, 72.4, 101.6, 128.2, 128.4, 129.4, 130.9, 138.4, 141.2,
166.3, 171.4, 172.10{lp -117.8 (c 1, CHG). GC-MS:m/z549 (M), 504, 318, 286, 274, 231, 132,
105, 77. Anal. calcd for &H2gNOsl: C, 61.86; H, 5.81; N, 2.89. Found: C, 61.90; H, 5.75; N, 2.93.

4.29. Preparation oft-butyldimethylsilyl etherd7and 18

4.29.1. General procedure

To a solution containing either compourida or 14a (1.3 g; 5 mmol), triethylamine (0.5 g; 5
mmol) and imidazole (0.35 g; 5 mmol) in dichloromethane (20 ml) at 0°C, was added a solution of
t-butyldimethylsilyl chloride (0.75 g; 5 mmol) in dichloromethane (10 ml). After 12 h the mixture was
poured into HO (20 ml) and extracted with ethyl acetatex@O0 ml). The organic layer was dried
(NaeSOy) and after removal of the solvent under reduced pressure, the residue was purified by silica gel
chromatography (cyclohexane:ethyl acetate, 70:30) to give eiffeand 18, respectively, as colourless
oils.

4.30. (B4R,1I'R,1"9)-3-(1"-t-Butyldimethylsilyloxyethyl)-4-ethenyl-1:¢(phenylethyl)pyrrolidin-
2-onel7?

The title compound was obtained in 78% vyield starting frb8a IR (CHCL): 1668, 904 crit. 1H
NMR: 0.04 (s, 3H), 0.06 (s, 3H), 0.88 (s, 9H), 1.22 (d, 3H, J=6.4), 1.51 (d, 3H, J=7.0), 2.47 (dd, 1H, J=3.5,
J=7.4), 2.81-3.01 (m, 1H), 3.02-3.06 (m, 2H), 4.27 (dq, 1H, J=3.5, J=6.4), 4.95-5.10 (m, 2H), 5.49 (q,
1H, J=7.0), 5.81 (ddd, 1H, J=6.7, J=9.5, J=17.1), 7.22-7.37 (m, 5 APB)NMR: 16.4, 18.5, 20.5,
26.3,37.7,46.4,49.1, 55.6, 68.2, 115.7, 127.5, 127.7, 127.9, 128.9, 140.1, 140.6, &[388B.4 (c 1,
CHCl3). GC-MS:m/z374 (MH"). 358, 316, 259, 212, 168, 105, 91,77. Anal. calcd fesHzsNO,Si:
C, 70.73; H, 9.44; N, 3.75. Found: C, 70.68; H, 9.41; N, 3.80.

4.31. (R,4S,1'S,1"9)-3-(1" -t-Butyldimethylsilyloxyethyl)-4-ethenyl-1*¢phenylethyl)pyrrolidin-
2-onel3

The title compound was obtained in 79% yield starting frbfia. IR: 1668, 904 crit. 'H NMR: 0.00
(s, 3H), 0.06 (s, 3H), 0.82 (s, 3H), 1.17 (d, 3H, J=6.6), 1.50 (d, 3H, J=7.1), 2.27 (dd, 1H, J=1.8, J=8.3),
2.97 (dd, 1H, J=8.8, J=8.7), 3.07 (dd, 1H, J=9,3, J=8.7), 3.09-3.28 (m, 1H), 4.54 (dq, 1H, J=1.8, J=6.6),
4.99-5.15 (m, 2H), 5.44 (g, 1H, J=7.1), 5.82 (ddd, 1H, J=8.1, J=10.1, J=17.2), 7.22-7.38 (m, 5 ArH).
13C NMR: -4.3, -4.0, 16.8, 23.1, 26.3, 35.9, 47.0, 49.8, 55.8, 67.0, 116.3, 127.7, 127.8, 128.9, 140.5,
141.0, 173.9. &]p 58.6 (c 1, CHGY). GC-MS:m/z374 (MH"), 358, 316, 259, 212, 168, 105, 91,77.
Anal. calcd for GoH3zsNO,Si: C, 70.73; H, 9.44; N, 3.75. Found: C, 70.76; H, 9.39; N, 3.71.
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4.32. Preparation ofp-toluenesulphonateglband22b

4.32.1. General procedure

To a solution containing either compouid®a or 20a (1.6 g; 5 mmol) in pyridine (10 ml) at 0°C,
was added a solution @kFtoluenesulphonyl chloride (0.96 g; 5 mmol) in pyridine (5 ml). After 12 h the
mixture was poured into O (10 ml) and extracted with ethyl acetate<@0 ml). The organic layer was
subsequently washed with 2 M HCI and then dried4{8l&;). After removal of the solvent under reduced
pressure, the residue was purified by silica gel chromatography (cyclohexane:ethyl acetate, 50:50) to give
p-toluenesulphonatezlb and22b, respectively, as colourless oils.

4.33. Ethyl (3,4R,1'S,1"" S)-[2-0x0-1-(1-phenylethyl)-3-(1 -p-toluenesulphonyloxyethyl)pyrrolidin-4-
yllacetate21b

Starting from19a, the title product was obtained in 81% vyield. IR: 1725, 1671%trH NMR: 1.21 (t,
3H, J=7.2), 1.26 (d, 3H, J=6.5), 1.47 (d, 3H, J=7.1), 2.22 (dd, 1H, J=8.7, J=16.5), 2.44 (s, 3H), 2.46-2.81
(M, 4H, H+Ha+Hy+Hy), 3.55 (dd, 1H, i, Jx=7.9, hs=9.8), 4.08 (q, 2H, J=7.2), 5.05 (dg, 1H, J=3.5,
J=6.5), 5.44 (g, 1H, J=7.1), 7.18-7.38 (m, 5 ArH), 7.31 (d, 2H, J=8.5), 7.81 (d, 2H, JRCSNMR:
14.6, 16.6, 17.1, 22.2, 38.9, 46.9, 49.6, 52.8, 61.2, 79.8, 96.6, 127.6, 128.1, 128.3, 129.1, 130.4, 134.2,
139.9, 145.3, 171.1,172.0x]p —-62.3 (c 1, CHCJ). GC-MS:m/z302 (M*-TsO), 234, 226, 198, 170,
133, 105, 91. Anal. calcd for£&H31NOgS: C, 63.40; H, 6.60; N, 2.96. Found: C, 63.34; H, 6.55; N, 2.92.

4.34. Ethyl (3,4R,1'S,1”R)-[2-0x0-1-(1-phenylethyl)-3-(1 -p-toluenesulphonyloxyethyl)pyrrolidin-
4-yllacetate22b

Starting from20a, the title product was obtained in 80% vyield. IR: 1728, 1670%criH NMR: 1.18 (t,
3H, J=7.1), 1.24 (d, 3H, J=6.4), 1.42 (d, 3H, J=7.0), 2.18-2.33 (m, 2H), 2.40-2.65 (m, 2H), 2.45 (s, 3H),
2.75 (m, 1H), 3.54 (dd, 1H, & Jx=7.9, Ag=10.0), 4.05 (q, 2H, J=7.1), 5.08 (dq, 1H, J=4.3, J=6.4),
5.36 (g, 1H, J=7.0), 7.21-7.43 (m, 7 ArH), 7.83 (d, 2H, J=8'3} NMR: 14.6, 16.6, 17.1, 22.2, 38.9,
46.9, 49.6, 52.8, 61.2, 79.8, 96.6, 127.6, 128.1, 128.3, 129.1, 130.4, 134.2, 139.9, 145.3, 171.1, 172.0.
Jalp -69.2 (¢ 1, CHG). GC-MS:m/z302 (M*-TsO), 234, 226, 198, 170, 133, 105, 91. Anal. calcd
for CosH31NOeS: C, 63.40; H, 6.60; N, 2.96. Found: C, 63.33; H, 6.54; N, 2.91.

4.35. Ethyl (3,4R,1'R,1"9)-[3-(1""-methanesulphonyloxyethyl)-2-oxo-1-{henylethyl)pyrrolidin-4-
yl] acetate23

To a solution containing pyrrolidin-2-onE3a (1.6 g; 5 mmol), triethylamine (1 ml) and DMAP (100
mg) dry ethyl acetate (30 ml) at 0°C, was added a solution of methanesulphonyl chloride (0.6 g; 5
mmol) in ethyl acetate (5 ml). After 3 h the mixture was poured inf®H30 ml) and extracted with
ethyl acetate (8100 ml). After drying (NaSOy) and removal of the solvent in vacuo, the residue was
chromatographed on silica gel (cyclohexane:ethyl acetate, 50:50) t@3jine85% yield, as a colourless
oil. IR: 1722, 1667 crt. 'H NMR: 1.99 (t, 3H, J=7.1), 1.39 (d, 3H, J=6.5), 1.47 (d, 3H, J=7.2), 2.25-2.51
(m, H), 2.54-2.75 (m, 2H), 2.91 (s, 3H), 2.89-3.04 (dd, 1H), 3.21 (dd, B1.}¥%=7.3, Az=10.3), 4.08
(9, 2H, J=7.1), 5.19 (dq, 1H, J=6.5, J=3.0), 5.43 (q, 1H, J=7.2), 7.18-7.38 (m, 5 REINMR: 14.6,
16.5, 17.9, 20.4, 30.3, 39.3, 46.8, 49.4, 52.8, 61.3, 79.3, 127.3, 127.5, 128.0, 129.1, 140.1, 171.0, 171.9.
[a]p 76.5 (c 1, CHCGY). GC-MS:m/z302 (M"—MsQO"), 234, 226, 198, 170, 133, 105, 91. Anal. calcd for
C19H27NGOgS: C, 57.41; H, 6.85; N, 3.53. Found: C, 57.35; H, 6.81; N, 3.50.
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4.36. (R,4R,1'R)-3-Ethyl-4-(2’-hydroxyethyl)-1-(1-phenylethyl)pyrrolidin-2-on24

To a solution of compoun@3 (1.3 g; 3.0 mmol) in dry THF (30 ml) under argon, LIAiHO.2 g; 5
mmol) was added and the reaction stirred for 1 h at rt. Then methanol (1 ml) 20d 30 ml) were
added and the mixture extracted with ethyl acetatel@ ml). After drying (NaSO4s) and removal
of the solvent under reduced pressure, the residue was purified by silica gel chromatography (ethyl
acetate:cyclohexane, 80:20) to gi2éin 79% yield as colourless oil. IR: 3350, 1675 tm'H NMR:
0.94 (t, 3H, J=7.4), 1.48 (d, 3H, J=7.2), 1.58-1.84 (m, 3H), 1.95-2.17 (m, ki, 2423 (br s, 1H,
OH), 2.90 (dd, 1H, K, Jax=6.9, 4g=9.8), 3.07 (dd, 1H, B, Jkx=7.9, As=9.8), 5.46 (q, 1H, J=7.2),
7.18-7.38 (m, 5 ArH)!3C NMR: 11.4, 16.5, 23.2, 34.0, 37.6, 47.1, 49.2, 50.0, 61.1, 127.4, 127.8, 129.0,
140.8, 176.2.&]p 126.3 (c 1, CHGJ). GC-MS:m/z261 (M"), 246, 188, 170, 105, 91, 77. Anal. calcd
for C16H23NO2: C, 73.53; H, 8.87; N, 5.36. Found: C, 73.49: H, 8.84; N, 5.33.

4.37. Ethyl (3,4R,1'R,1"'R)-[3-(1" -p-iodobenzoyloxyethyl)-2-oxo-1*¢phenylethyl)pyrrolidin-4-yl]-
acetatel6

4.37.1. Method A

To a solution containing3a(1.3 g; 5 mmol), triphenylphosphine (2.6 g; 10 mmol), and 4-iodobenzoic
acid (2.5 g; 10 mmol) in dry THF (50 ml), diethyl azodicarboxylate (0.17 g; 10 mmol) dissolved in dry
THF (15 ml) was added at 20°C. After 1 h the solvent was removed under reduced pressure, the residue
dissolved in ethyl acetate (100 ml) and the organic layer washed first with a saturated Blabl@@n
(100 ml), then with water (100 ml) and eventually dried §88&4). The solvent was then evaporated
and the residue purified by silica gel chromatography (cyclohexane:ethyl acetate, 70:30) @ give
iodobenzoatd 6in 71% yield as a white solid.

4.37.2. Method B

To a solution containing3 (1.3 g; 3.0 mmol) in benzene (40 ml) ion exchange resin Amberlyst
A 26 in the p-iodobenzoate form (5 g) was added and the mixture refluxed for 5 h. After filtra-
tion and removal of the solvent under reduced pressure, the residue was chromatographed on si-
lica gel (cyclohexane:ethyl acetate, 70:30) to give at first etBdR,1'R)-[3-ethyliden-2-oxo-1-(1-
phenylethyl)pyrrolidin-4-yl]lacetat5 in 21% yield as a colourless oil: IR: 1724, 1664 dmH NMR:
1.21 (t, 3H, J=7.2), 1.53 (d, 3H, J=7.2), 2.18 (dd, 3H, J=7.3, J=1.8), 2.34 (dd, 1H, J=8.9, J=16.2), 2.53
(dd, 1H, J=4.8, J=16.2), 2.95 (dd, 1HAHAx=3.9, As=8.7), 2.90-3.15 (m, 1H, %j, 3.17 (dd, 1H, H,
Jsx=7.5, h8=8.7), 4.08 (q, 2H, J=7.2), 5.53 (q, 1H, J=7.2), 5.89 (dq, 1H, J=7.3, J=1.9), 7.17-7.35 (M, 5
ArH). 13C NMR: 13.7, 14.7, 16.5, 33.8, 40.2, 46.0, 49.1, 61.1, 127.7, 127.9, 129.0, 132.7, 134.1, 140.5,
168.0, 172.1.¢]p 113.6 (c 1, CHGJ). GC-MS:m/z301 (M"), 286, 258, 214, 197, 152, 110, 105, 91,
77. Anal. calcd for @gH23NO3: C, 71.73; H, 7.69; N, 4.65. Found: C, 71.68; H, 7.71; N, 4.61. By further
elution, p-iodobenzoatd 6 was obtained in 65% yield as a white solid.
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