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Abstract - TiCl, mediated addition of silyl ketene acetals
derived from g-aethylephedrine esters to various aldehydes
and imines was used as the key-step in the enantio- and
diastereo-controlled synthesis of pg-lactams.

Thus 3,4-trang and ¢is substituted-2-azetidinones were
synthesized in good yield and high enantiomeric purity, and
transformed by using established methods to known
precursors of carbapener antibiotics.

Since the discovery of a new j-lactam antibiotic, thienamycin, by the Merck
rcsearch group in 1976, wmore than 40 carbapenem and carbapenam antibiotics have
been i{solated from microorganisus.l'z The unique broad spectrum activity of these
antibiotics and the low fermentation yields have stimulated a great deal of
interest for the total synthesis of this family of compounds. Moreover, as
naturally occurring carbapenems are extremely sensitive to renal dipeptidase-I, an
enzyme responsible for the metabolic {nactivation, only a few semi-synthetic
carbapenem drugs are available for clinical use at present. This unfortunate
circumstance has generated considerable activity directed toward the total
synthesis of carbapenem analogs possessing enhanced chemical and metabolic
sLabxlity.B-l4 In the synthesis of carbapenem antibiotics, the control ot the
relative and absolute stercochemistry of the contiguous chiral centers, and the
enantioselective construction of the J-lactam ring remain difticult synthetic
tasks.ls

Organosilicon cheaistry has been largely used as a tool for the solution ot these
problems. Fleming and Kilburnlb used a g-silylenolate in an aldol reaction to
assemble three contiguous stereocenters with high selectivity. After being used to
control stereochemistry the phenyldimethylsilyl group was converted to a hydroxy
group with retention of configuration. A known precursor of thienamycin was then
synthesized using conventional chemistry (Scheme 1).

Silyl ketene acetals and silyl enol ethers were uscd by several research groups

in the Lewis acid-catalyzed addition to 4—acetoxy-2—nzet1dinones.17_37 By the use
of this method, the proper side chains were added to various 4-acetoxy-2-
azetidinones with good 3,4-trang stereoselectivity. In Hart's synthesis of PS-S,35

starting from a 2:1 mixture of 4-acetoxy epimers (1) only the 3,4-trans 3-lactam
(2) was obtained {in 63% yield (Scheme 2).
Following the pioneering work of Ojima, silyl ketene acetals were also used
by several research groups in the Lewis acid-catalyzed addition to imine-type
4221
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40-46 Although the reaction was studied in some

compounds to synthesize #-lactams.
detail, only the trimethylsilyl trifluoromethansulphonate catalyzed condensation
44

promoted addition to H-trimethylsilylimines were

with imin9546 and the Zn12
reported to proceed with any stereoselectivity (Scheme 3)
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On Lhe other hand quite high asymmetric induction at carbon-4 was reported by Ofima
and Inaba in the construction of the f-lactam ring via addition to chiral optically

active iminas39b {Scheme 4).
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In this paper we report our studies in this field, regarding the enantio- and
diastereo-controlled synthesis of f-lactams using silyl ketene acetals derived from
N-methylephedrine eaters,‘7"8 We recently introduced an asymmetric variant of the
"Mukaiyama reaction” using TiCl‘ as a stereoch::!cal template and si{lyl ketene
acetals derived from N-methylephedrine esters: by this route anti{ a-methyl-g-
hydroxy esters.so 3-benzy]oxy-z-nethylpropjonaldehyde,51 and c-amino- and a-
hydrazinoaclds 2 were synthesized in high enantiomeric excess and good chemical
yield.

Our first approach to chiral g-lactams was dased on our enantioselective Lewis
acid-mediated aldol nethodoloqy‘g‘so in combination with the Miller hydroxamate
procedure for N-C cycllzat10053 (Scheme 5).
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(18,2R)-N-Methylephedrine butyrate was treated with LDA and the enclate trapped
with He351C1 to give the £ silyl ketene acetal (4) in quantitative yield. Addition
of 1 mol.equiv. of the silyl ketene acetal in methylene chloride to 1 mol.equiv. of
TiCl‘-cinnanaldehyde complex at -78 deg C in CH2C12 gave the aldol condensation
product (5) as a mixture of two epimers at the C-OH stereocenter (antji-syn 6:4) in
70% yield. As usual, while the silyl ketene acetal n-facial selectivity is very
high (250:1), the aldehyde a-facial selectivity i{s poor, and there is only a
moderate preference (6:4) for the apti{ vs. the syn 1soner.‘9‘5° However this

is not as unfortunate as it looks, because the epimeric stereocenter is to undergo
demolition and stereoselective reconstruction further in the synthetic segquence
(vide infra). Displacement of the chiral auxfliary from (5! to give the hydroxamate
(6) was achieved in good yield (80%) without detectable epimerization uszing the
aluminum amide reagent derived from benzyloxyamine {(or methoxyamine) hydrochloride
and triethylaluminue (3 equiv. of each, 0 deg C, THF).S‘ Cyclization with
triphenylphosphine and DEADS3 gave jJ-lactam (7) in good yield (80%) with inversion
of chirality at C-4. The cis and trans isomers could be separated at this stage by
simple flash-chromatography and their enantiomeric excesses were shown to be >96%
by 1H NMR spectroscopy in the presence of the chiral shift reagent Eu(h!c)s.
Oxidative cleavage of the double bond with catalytic osmium tetroxide and sodium
periodate 5 yielded an aldehyde, which was further oxidized without purification
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with potassium permanganate and KECOBbS to give an acid, which wmas isolated as its
sothylester {€H3§23 in 86% overall yield. Optical purity and absolute configuration
were confirmed at this stage by comparison with the known gis and trans
methylesters {(8) previously synthesized from malic acid by Miller and cﬁw@rkeE3,§§
#-0 Reduction was achieved by subseguent treatment with Hzipdwc and buffered
TiC1,>” to give, in good yield (73%), f-lactam (9), which had already been
converted into {(+)P8-5 (3} by Hart and cwwmrkersgs’ﬁl {see also schene 2}. As
already mentioned in the introductory section, the 3n€12 catalyzed addition to
gpimeric 4-acetoxy-azetidinones is trans sterecselective, therefore bhere is no
need Lo separate the cis and trans stersoisomers, and the reaction seguence
outlined above can be conveniently carvied through using the epimeric mixture.

A much shorter route that avoids the tedious oxidative demolition of the double
bund was then developed using ethyl glvoxylate (Scheme &), Addition of 2 mol.equiv,
of TiC§§ to a mixture of 1 mol.equiv. of freshly distilled ethyl glvoxyvlate and 1

mol.equiv. of silyl ketene acetal (4} in methylene chloride at ~78 deg C gave the
condensation product (10) in 80% yield as a 6:4 anbi-svyn mixture of epimers at the
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-0 stereocenter. Hydrogenolysis (HCOOM, MeOH, Pd-O) 8 followed by filtration
through Dowex S0W-X8 {S$333 with water gave a 70% yvield of the epimeric mixture of
acids (11}, Treatment with benzyloxvamine hydrochloride and the water-spluble
carhcdimmida§6 provided the desired hydroxamate cleanly (70%), which was cyclized
to azetidinone (12) with DEAD and PPh356 in 80% yield. Final treatment with Hzfpdwc
amd buffered TiC1353 gave the epimeric fB-lactams (13 {gisz-trans 1.5:1) in 70%
¥ield. These were separated by flash-chromatography and their enantiomeric excesses
were shown to be 91% (gis) and 70% {trans) by the in&ﬁQwﬁhiraz shift reagent
technigue.

Qur second approach to chirval f-lactams was based on our enantioselective Lewis
acvid-mediated methodology using Imines as slectrophiles.

Reaction of the silyl ketene acetal (14) with benzylidensaniline in the presence
of 2 mol.eguiv. of Ti(‘;lé gave one of the four possible stersocisomers. anti-(18).
as the maior product in 67% yvield (Scheme 7).
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The minor isomer detectable by 200 MHz—lH-NHR spectroscopy in the crude reaction
mixture was syn-(17) Canti-(15)/3yn-(17) ratio210:1), while ant{-(18) was present
only {n traces fanti-(15)/antji-(18)238:1) and syn-(19) could not be delected. An
authentic mixture of the four stereoisomers was synthesized by LDA enolization of
(1S,2R)-N-methylephedrine propionate (THF-HMPA, -78 deg C) and subsequent addition
to benzylldeneanlline.s9 The enolate addition in THF (without HMPA)} gave low yields
of the cis 8-lactam (e.e. 30\),59'60 together with a mixture of the syn adducts
(17) and (19) (ratio 5.25:1), and the bis-adduct (20) as a single diastereoisomer
(XH. 13C NMR). The absolute configuration was proved by hydrogenolysis (Hz, PdClZ.
AcOH) of the product mixture derived from the T1C14-nedlated reaction to give the
known acid (21).61 The same mixture was cyclized with LLN(THS)2 in THF to give,
after flash-chromatography, trans pg-lactam (16) in 79% yield and 95% c.e. [ 238:1
by 1H-NHR—Eu(h{c)3], which could be obtained optically pure by single
recrystallizataion.

The same TiClq-meanted condensation was attempted with several different imines
and imine-derivatives with either no results (22-30) or low yields (31) (Scheme B).

" a
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R

(22) R,R'= alkyl ""%)‘N
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Eventually we turned our attention to more reactive imines, namely the
ethoxycarbonyl substituted ilmines (32) and 1133)555'6;3 {Scheme 9)., Addition of 1
mol.equiv, of a 1:1 mixture of silyl ketene acetal {4} and iminoester {32} to 2
mol.equiv. of TiC14 in CHZCiz at ~78 deg C gave the condensation product (34},
which was hydrogenolized without purification {(HCOOH, HeOH, PdwC?ss to yield the
framincacid (386). Filtration through Dowex S0KW-X8 {3333} with 5% MHQOH gave pure
(36 as a ca. 8:1 gypn-anti epimeric mixture in 53% overall vield. Ring closure
using the Mukaiyama procedure {(2~chloro-l-methylpyridinium iodide, Et. N, CH3C§3

3
gave the ¢ig fg-lactam {13} in good yvield (87%) and 50% enantiomeric excess.
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The stereochemical outcome of this reaction [gyn-antl 8:1; e.e.{syn) 50%3 is quite

different from that of the previous reaction with benzylideneaniline Tanti-syn
92:8; e.e.{antil) 9%%1. This is probably the result of a different reaction
nechanism due to the formation of a S-membered ring chelate complex {37! In the
case of the imincesters.

Iminoester (33) gave a higher yield of condensation product under the same
reaction conditions (70%). Adduct (35) was then hydrogenolized (HCOOH, MeOH,
PA-C(95%) and the resulting f-amincacid treated with ceric ammonium nitrate (CAN)
(CH3CN, HEO,-25 deg C}é’§ to give, after filtration through the Dowex 50H-¥8,
compound (38} in B2% yield as a 7:]1 syn-anti epimeric mixture. Ring closure under
the previously described canditisns&3 gave cigs f-lactawm (13) in good yield {(8I%)
and 75% cnantiomeric excess.

Our new procedure can therefore be useful for the synthesis of ¢is carbapenen
successfully complementing other available methods. 2,65 Efforts to

&

antibiotics,
expand the scopce and utility of this method further are presently being made In our
laboratory.
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EXPER IMENTAL SECTION

(1S.2R)-(+)-N-methylephedrine butyrate. fal, +42.2 (CHCl,, c 1.2); *H NMR (CDC1 )8
0.93 (t,3H,J=27.7 Hz), 1.06 (d4,3H,J=6.6 Hz), 1.4-1.9 (m,2"H}, 2.2-2.5 {(m,2H}, 2.§
1!.6&), 2.87 (dq,1H,J=5.4,6.6 Hz), 5.95 (d,1H,J=5.4 Hz), 7.30 (s,SH).

C NMR (CDC1,209.47, 13.67, 18.37, 36.56, 41.30, 63.67, 75.17, 126.31, 127.38,
128.18, 140.34, 172.50. IR (liquid film} 1740, 1495, 1455, 1175, 740, 695 cm
tselected values). Anal.Calcd. for Ck5H23302 : C,72.28; H,9.23; N,5.62. Found:
€,72.20; H,9.30; N,5.58%.

E Silv] ketene acetal(4) fyom (1S,2R)-N-methylephedrine butyrate. A solution of
difsopropylamine (1.45 wl, 10.2 amol) in THF (20.5 ml}) was treated with n-BuLi (1.5
N in n-hexane, 6.8 nl,10.2 amol), at 0 deg C under nitrogen, with stirring. After
30 min at 0 dec C, the solution was cooled to -78 deg C, and a solution of
{¢1-N-methylephedrine butyrate (8.5 mpol) in THF (17.0 ml) was slowly added. After
1 h at -78 deg C, ™SC1 (1.29 ml, 10.2 mmol) was slowly added. After ] h at -78 deg
C the mixture was slowly warmed-up to room temperature (during 1 h). The mixture
was then evaporated and pumped. The residue (THE free_ !) was taken-up in methylene
chloride (8.5 ml), and the 0.8 M solution so egtained could be stored at -20 deg C
for several weeks and used as stock solution. "H NMR (CDCl,) 0.00 (s,9H), 0.90
(t,3H,J=6.9 Hzy, 1.09 (d,3H,J=6.7 Hz), 2.05 (m,.2H), 2.30 {a.éhk. 2.80 (n.iH), 3.48
(t,1H,J=6.9 Hz), ,5.25 (d,1H,J-4.0 Hz), 7.25 (s,5H). Spectroscopic yield {"H NMR) :>
95%; E-Z ratio {'H NMR)Z295:5, based on an authentic E-2Z mixture obtained using
LiN(SiHe3)2 as base instead of LDA.

N

Aldol condensation product (5). A solution of cinnamaldehyde (9 mmol) in methylene
chloride (27 ml) was treated with a 1.0 M solution of TiCl, in methylene chloride
(9 ml), at -78 deg C, under nitrogen, with stirring. iuted?&tely after, a 0.8 M
solution of silyl ketene acetal (4) in methylene chloride (11.25 ml) was slowly
added at -78 deg C. After 2 h at -78 deg C, the mixture was gquenched with 5% NaHCO
and 1.% N NaOH aqueous solution and filtered through Celite. The aqueous phase was
extracted with methylene chloride and the combined organfic extracts were dried and
evaporated. The crude product was then filtered through sflica gel (CH,Cl.,-MeOH
97:3) to iive the aldol condensation product in 70% yield as a 6:4 antz-sgn
nixture. H NMR (CDC1,192 0.9-1.13 (m,6H,anti+syn), 1.5-1.9 (m,2H,anti+syn), 2.32
(s,6H,syn), 2.38 (s.ea.antil, 2.60 (m,lH,anti+syn), 2.90 (m,lH,anti+syn), 4.43
{ddd,lH,anti1,J-8.3,6.7,0.7 Hz), 4.58 (ddd.1H,syn,J=3.85,5.20,1.3 Hz), 6.0-6.3
{d,lH.,anti+3yn}, 6.20 (dd,1lH,anti,J=16.0,6.7 Hz}, 6.25 (dd,1H,8yn,J=16.0,%.20 Hz:,
6.67 (dd,lH.ant{,J=16.0,0.7 Hz!, 6.67 (dd,lH,syn,J-16.0,1.3 Hz), 7.27
(3,l10H.,antissyn}.

Hydroxamate (6). A suspension of benzyloxyamine {(or methoxyamine} hydrochloride
(3.45 mpol) in dry THF (7 w»l) was treated at 0 dec C under nitrogen , with
stirring, with a 1.9 M solution of Et_ Al in toluene (1.83 ml, 3.4% mmol). After 30
min a solution of ester (S) (0.44 g, ?.15 mmol) in THF (1.15 ml) was slowly added
at 0 deg C. After 1 h at 0 deg C the mixture was acidified with diluted HCl to pH
4.5, extracted with EtOAc, and worked-up as usual. Flash-chromatography
{(n-hexane;EtOAc 55:45) gave the hydroxamate (6) in B0O% yield as a 6:4 anti-syn
mixture., "H NMR (6,R=CH,PR)I(CDC1,1¢ 0.92 (t,3H,J=6.6 Hz,anti+syn), 1.5-2.2
(m,2H,antissyn), 2.6-3.7 (m,1H,aRtissyn), 4.4 (m,1H,antissyn), 4.87 (s.2H,syn),
4.89 (s,2H,anti), 6.12 (dd.1H.J=6.5,15.8 Hz,anti}), 6.15 (dd,1H,J:6.36,15.8 Hz,syn},
6.62 (d,1H,J=15.8 Hz, ant{), 6.63 (d,1H,J=15.8 Hz,syn), 7.3 (m,10H,anti+syn), 8.3
(b.s,lH,anti+syn). H NMR (6,R=Me){(CDC1_)s 0.96 (t,3H,J=6.7 Hz,anti+syn), 1.%-2.3
{m,2H,anti+syn), 2.4-3.0 (m,lH,anti+syn), 3,75 (s,3H.anti+syn), 4.35-4.5%
im,1H,anti+syn), 6.14 (dd,1H,J=6.40,16.25 Hz,anti), 6.18 (dd,1H,J+6.49,16.25
Hz,synj), 6.64 (d,1H,J=16.2% Hz,antis+syn), 7.3 (®,SH,anti+syn}, 8.6
{(b.s,lH,anti+syn).

i-Lactam (7). A solution of hydroxamate (6) (0.465 g, 1.44 amol) in dry THF (10 ml)
was treated with PPh, {(0.378 g, 1.44 smol), and then with DEAD (0.226 ml, 1.44
erol).After 1.5 h at"room temperature the solvent was evaporated and the crude
nixture was flash-chromatographed (n-hexane-EtOAc 75:25) to give (7} in B0% yield
as a 6:4 cis-trans mixture. The cis and trans isomers were separated by flash-
ihrouatoqraphy {n-hexane-EtOAc 85:15) and analized separately.

H NMR (7,R=CH,Ph,cis)(CDC1,)9 0.9% (t,3H,J=7.5 Hz}, 1.55 (m,2H), 2.9 (m,lH), 4.2
(dd.lH.J‘B.S.?.S}. 4.92 (s.iﬂ). 5.85 (dd,1H,J=16.0,8.8 Hz), 6.5 (d,1H.J+16.0 Hz),
7.35(m,10H). "H NMR (CDC1, + Eu(hfc)33 racemic :4 6.6 (50% cnzo, AB system); 6.4
i?Ot CHZO.s); optically agtive : 6.67(100% CH,0, AB system).

C NMR®(7,R=CH Ph.cis){?DClj)o 12.3.19.0,51.;,63.5.78.0.167.0 selected values.
{R(CHCL ) ~aax.31??0 cm ©, Cal,= +76.7 (¢ 1.6,CHC1,).

H NMR 7,R=CH_Ph,trans)(CDC1,% ¢ 0.97 (t,3H,J=7.2 Rz), 1.7 (m,2H), 2.63
(ddd,lH.an.l,g.O,e.l Hz), 3.3 (dd,1H,J+8.6,2.1 Hz), 4.93 (s,2H), 5.91
{dd,1H,J=16.0,8.6 Hz), 6.49 (d,1H,J=16.0 Hz), 7.30 (s,SH), 7.32 (s,SH).

H NMR (CDCl, + Euihfc).,] racemic : 0 6.60 (50% Cﬁzﬂ.:i. 6.64 (50% CHZO.SI;

G,s).

ggtically acfive : 6.643(100% CH

C NMR (7,R:=CH Ph,transgl(CDC13;d 12.0,21.2,54.4,66.2,78.0,166.4 selected values.
IR (CHC1,) vmaxT=1770 cm ~. Cal = -34.3 (¢ I.Z.CHCI3)*

H NMR (9,R:Me,c13)(CDCl )2 1.0% (t,3H.J=7.5 Hz), 1370 (m,2H), 3.0 (m,1H), 3.8
(s,3H), 4.56 (dd,1H,J=8.0,5.33 Hz), 6.19 (dd,1H,J=16.0.8.0 Hz), 6.76 (d,1H,J-16.0),
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7.35 (m,.5H). iﬁ NMR LCDCL, ¢ Euihfc),d racemic 14 4.64 (50% MeD,s), 4.77 (50%
Hel.s); optically active T 4.77 (100% MeQ,s).

U HMR (7.R=Me.cis §§$€333é 12.3,19,1,.51.9,62.5,63.9,166.6 selected values. IR
iCHEl Yy max.s1770 om T, LR3I +54.2 {o 1.0.0HCI,).

# NMR (F . R=Me,btrang M {CDC1., 178 1. 02 (£,3H,0=7.5 ﬁ§§¢ 1.78 {(m,2W), 2.70

fddd, W, J=2.1,5.3,8.0., 3*§ {5,3H), 4.03 {(dd,1H,J=8.0,2.1 Hz), &.20
(dd,1M,0=16.0,8,0), 6.75% (d,1H.J=16.0}, 7.3% {(m,.SH!. "H HMR {ODCI, + &uéhfclsj
racemic :fbéwﬁa {50% MeQ,s), 6.56 (50% MeU,s); cptically active :76.56 (100%
Mel,s). U0 NMR (7,ReMe,trans} §§DC1 Y 11.4,21.2,54.1,63.9,865.2,185.1 selechbed
values. IR {CHC§3§ v max,=1770 tm 7, §§3ﬁm-3.@ fe 1,.0,CHCL, ).

Hethylester (8). & solution of compound {(7,R=CH.Ph}{0.5686 g, 1.8% smoliin THF-uster
{74 mi, 1.8:1) was treated with a $.039% ¥ ﬁ@lut%an of 0s0, in &~BulH {4.74 ul,
0.18% mmel! and then with sodium periodate {1.%8 g.7.4 mmgii@ The mixture was
stirred under nitrogen for 8 h at room tesmperature. The precipitate was then
filtered off and washed twice with ether. The organic laver was separated, washed
twice with 5% sodium bicarbonate sclution, dried over sodium sulfate, and
evaporated to glve the crude aldehyde. The crude aldehyde was digsolved in

THF vwater (33 ml, 1.8:1) and then ireated with potassium permanganate (7.2 =mol,
1.16 g and potassium carbonate (11.6 amol.1.63 g) at room temperature, under
nitrogen. The mixbure was stirred for 8 h., then the brown precipitate was filtered
off, and the tetrahydrofuran was svaporated under reduced pressure. The agusous
layer was washed twice with ether and then acidified with & N HCI to pH 4.
Extraction of the agueous layer with ether, drying of the combined organic extracts
over sodium sulfate and svaporation of the ether yielded the crude acid. The crude
acid was dissolved in ether and treated with diazomethane. The crude compound was
then purified by fka§h~¢hrem&tegra¥hg {n-hexane-EtOAc 7:3} to give the methyl ester
(8,R=CH,Fh) in B&% overall yield. "H RAMR (8,R=CH,Ph,trans){CDCl,} ¢ 1.0 (%,3H,J=7.0
Hzd, i*g (m,2H), 2.88 {(4dd.1H,0=2.4,6.35,7.8% HzY, 3.74 (5,3H},73.79 (4,1H,0=2.4
Hzd, 5.0% (AR system,2Hy, 7.4 {(s,5). IR €3361\§v§max.w 1780,1780 on 7, Cal,s +5.6
(o 4.4, MeOH); lit. {(ref.56)= »5.86 (¢ 4.4, ﬁeﬁﬁ§¢ H NMR {&,ﬁaﬁﬁgﬁhgmﬁgifﬁﬂcy ¥
0.87 (0,38, J=7.0 Hed), 1.8 (m,2H}, 3.07 (4L,1H.J=6.0,7.5 Hz), 3.7% (8,3M), 4.2 -
{31, 0=6,0 Hz),5.1 (AB syvstem,2H),. 7.37 {(s,5H). IR (CHOL,) v max.= 1V50,1780 cm ~.,
Ea]mv “2.8 (¢ 3.5, MaOHY; 140, {(ref.B561= +2.8 (¢ 3.5, MeOH).

Methylester (8:. & solution of compound (83{0.4 g, 1.5 swoll in methanol {10 al}
was treated with 5% Pd-C (20 mg! and stirred for 2 h under hydrogen atmosphere. The
catalyst was removed by filtratlion,and the filtrate evaporated to give the
N-hydreoxy compound (260 mg,100%). "H KMR {(N-hydroxy compound,transi{CDC1,}é 1.9
(L, 3H,d= 6.7 ey, 1.78 (m,2H), 2.92 {(4dd,1H,J=2.2,6.4,8.0), 3.8 (s,3H), §:§4

{d 3, 0= 2.2 Hzd, 7.65 (b.s,1H). IR (CHCL ) v max,= 3100-3500,1780.175Q ¢ ",

M NMR (N -hydroxy compound,cis){CDC1,) ¢ 0798 {t,3H,J= 6.7 Hz), 1.59 (m,2H), 3.18
{di, 1H,J= 7.75,5.64 Hz), 3.8 (=,3H), ﬁlgﬁ {d,1H,J= 5.84 Hz), 5.8% (b.s,1H}. IR
(CHC1.) v max., = 3100-3500,1780,.1750 cm 7.

& amiétimﬁ of the H-hydroxy compound (260 mg, 1.5 msol! in methanol {40 nl) was
added to a solulion of TiC1, 115% agueous, 8.0 al, 7,89 amol) and sodium
bicarbonate (2,21 g, 26.8B4 iﬁai? in 7% ml of water adjusted to pH 6.5 with 10%
agueous sodium carbonate. The mixture was stirred for 1.85 h under avgon, then
filtered through Celite. Methanol was then evaporated under reduced pressure, and
the resulting aguesous layer was extracted several times with EtOAc and methylene
chloride. The combined organic extracits were dried over sodium sulfate and
evaporated to give a crude product which wag flash-chromatographed (n-bexane-Etlic
131} to give wethylester (%) in 73% vield. "H NMR f?,t?&ﬂﬁ?i@ﬁ€}3§é 1.0 {%,3H,d=
7.2 Hziy, 1.8 (m,2H), 3.19 (w,H), 3.73 (g§,3H3, 3.85 (4,1H.J= 2.4"Hz), 6.5 (b.s, M),
IR {CHCL,) wmax. = 3415,1765.1740 cm 7, "H NMR {3,083 {CDCL,r 8 1,02 (L. 3H,J= 7.0
Hz), z,ﬁ§ (m,2Hy, 3.43 (m, 1My, 3.78 (g,3H), 4.26 {d,1H,J= 8760 Hz}, 6.2 (b.s,1H).
IR (ﬁHQlBEv pax. = 3415,1765,1740 om °.

Aldol condensation product (18). A solution of freshly distilled ethyl glysxylat@§&

{9 mmol) in sethylens chlorvide {27 ml) was treated with a .8 M solution of siiyl
ketene acetal (41 in sethylene chloride (11,25 sl1, at -78 deg O, under nitrogen,
with stirring. Immediately after a 1.0 M solution of titanium tetrachlovide in
methylene chloride {18 ml) was slowly added at ~78 deg €. After 2 h at -78 deg C
the wmixture was quenched and worked-up as described for the preparation of {5: to
give the condensation product (107 in B80S vield as a 6:4 anti-syn sixture, "H BMR
(CDC1,) 8 0.8-1,1 (m,6H.anbivsyny, 1.22:;1.23 (£,3H,J= 7.23 Hz,anti;syn), 1.5-2.0¢
(m,2H antissyn), 2.30;2.32 (s,.6H.anti;synl, 2.55:2.70 (s, iH,anti;avny, 2.8-2.9
{m,IM,anti+aynd, $.317:4.18 (g,.2H,J= 7.23 Ha, anti;syn), 4.33 {d,.1H,.J= 5.% Hz,anti),
4,51 {d,1H,d= 3.5 Hz, syn}, 6.15:6.20 {(d,1H.J= 8.0 Hz; &,1H,d= 3.0 Hz; anti;sval,
7.2-7.35% {m,5H,antirsyn.

Aodd (113, A solution of the aldol condensation product (103{(3.4 g, 9.6 mmol) in
10:1 methancl-formic acid (106 ml) was treated with 10% Pd-C (2.035 g undevw
nitrogen, with stirving. After 3 h the catalyst wsss filtered off, washed with warms
methanol,. and the mixture was evaporated in vacuo. The resuliing crude product was
passed through a colusn of Dowex S0W~-X8 by elution with watar. The resulting
aguecus solution wag then evaporated to dryness under resduced pressure to give acid
{11) in 70% yield. "H NMR {(11,syn){CDUC1.} 8 0.97 {(¢,.3H. 3= 7.3 Hz), 1.28 {L.3H,Jd= 7.0
Hel, 1.7% (m,2H:, 2.70 (m,1H), 4.25 (q,%ﬁ,sz_goﬁ Hz), 4.48 (4.1, J= 5.0 Hzy, 5.0
{b.s,2H). IR {(neat} v max. 3100-38500, 1740 om .
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1H NMR (1l,anti)(CDCl.,)s 1.02 (t,3H,J=» 7.3 Hz), 1.28 (t,3H,J=7.0 Hz), 1.75 (m,2H),
2.80 (m,1H), 4.25 (q, ﬂ,{v 7.0 Hz), 4.30 (d,1H,J= 3.85 Hz), 5.0 (b.s,2H). IR (neat)r
max. 3100-3500, 1740 cm

-lactam t12). A solution of acid (11) (1.3 g, 6.28 mmol) in 5,2:1 THF-water (62
ml) was treated with 0-benzylhydroxylamine hydrochloride (1.5 g, 9.42 mmol) at pH
4.5. A solution of water-soluble carbodiimide (N-ethyl-N'-U3-(dimethylaminolipropyl
Jcarbodiimide) (2.4 g, 12.6 mmol)! in water (41.9 ml) was then added and the pH
maintained at 4.5. After 3 h stirring, the mixture was extracted with ethyl
acetate. The combined organic extracts were washed with water, dried (sodium
sulfate), and evaporated. The crude product was flaah-chrohatoqraph!d (methylene
chloride-MeOH 97:3) to give the hydroxamate in 70% yield (1.37 g). "H NMR
(CDC1,)(syn)¢ 0.90 (t,3H,J= 7.5 Hz), 1.30 (t,3H,J-7.0 Hz), 1.65 (m,2H), 2.45
(:.lﬂ}, 4.20 (q,2H,J= 7.0 Hz), 4.30 (b.s, &Hgl 4.?0 (s,2H), 7.40 (s,5H), 8.5
(b.s,1H). IR (CHCl,) v max. 3090,1730,1685 cm ~. H NMR iCDCIB)(anti)b 0.9%
(t.3H,J= 7.5 Hz2), }.28 (t,3H,J= 7.0 Hz), 1.70 (m,2H), 2.45 (m 1H), 4.20 (q,2H,J»
7.0 Hz), 4.25 1d.;§). 4.87 (s,2H), 7.40 (s,5H), 8.5 (b.s,1H). IR (CHC13> v max.
3400,1740,1680 c» .
The hydroxamate {1.37 g) was cyclized with triphenylphosphine and DEAD in THF using
a modi{fication of the procedure described for the preparation of (7) : the mixture
was stirred at roos temperature for 7 h. Flash-chromatography (n-hexane-EtOAc
15:25) gave J-lactam (12) in 80% yield.

H NMR (CDC13>(12 trans)é 0.98 (t,3H,J- 7.5 Hz), 1.29 (t,3H,J= 7.3 Hz), 1.65
(m,2H), 2.887(ddd,1H,J=2.4,6.3,8.0), 3.78 (d,1H,J=2.4 Hz), 4.19 (q,2H,J= 7.3 Hz),

.0% (s,2H), 7.35 (s,5H). IR (CHClB)v max.x 1740,1780 cm .

H NMR (CDC1,)(12 c1i1s)¢é 0.98 (t,3H;J= 7.5 Hz), 1.30 (t,3K,J=7.3 Hz), 1.65 (m,2H),
3.06 (dt.lﬁ.&x 5.9,7.5 Hz), 4.20 (d,1H,J= 5.9 Hz), 4.21 {q,2H,J= 7.3 Hz}, S.1
(s,2H), 7.3%5 (s,5H). IR (CHC13>v max.- 1740,1780.

3-Lactam (]13). Compound (12) was reduced with hydrogen and Pd-C as described for
ihe preparation of (9) to give the N-hydroxy compound in quantitative yield.

H NMR (CDCIB)(N-hydroxy compound,trans) 1.0 (t,3H,J= 6.7 Hz), 1.30 (t,3H,J=7.0
Hz), 1.75 (m72H), 2.88 (ddd,1H,J- 2.2,6.0,8.0), 4.02 (d,1H,J= 2.2 Hz), 4.2
iq,2H.J= 7.0 Hz), 5.7 (b.s,1H). IR (CHC1,) v max.r 3100-3500, 1780,1750 cm ~,

H NMR (CDCl,){(N-hydroxy compound,cis} 63.98 {t,3H,J= 6.7 Hz}, 1.30 (t,3H,J=x 7.0
Hz), 1.60 (m72H), 3.12 (dt,1H,J- 7.80,5.60), 4.22 (q,2H,J= 7.0 Hzl‘l(.45 (d,1H,J=
5.60 Hz}, 5.7 (b.s,.1H). IR (CHCl,) vmax.=* 3100-3500, 1780, 1750 cm ".
The N-hydroxy compound was reducgd with titanium trichloride as described for the
preparation of (9) to give 3-lactam (13) in 70% yield as a 6:4 cis-trans mixture.
¥he two {somers were separated by flash-chromatography (n-hexane-Et0OAc 1:1).

H NMR (13,cis)¢ 1.05 (t,3H,J= 6.7 Hz), 1.29 (t,3H,J= 7.2 Hz), 1.60 (a,2H), 3.40
tddt,1H,J= 5.78,0.95,7.90 Hz ), 4.2] (q.2H.J" 242 Hz), 4.22 (d4,1H.J: 5.78 Hz).16.33
t(b.s,lH). IR (CHCl,) »max. = 3415,1765,1740 cm °. (o]}, = +31.6 (¢ 1, CHCl, ). "M
NMR CCDC1, + Eu(hf€),] racemic :0 6.70 (50% CH,d,J-5.78 Hz), 6.90 (50% CH,d,J=5.78
¥z optiéa]ly activg : 6.70 (95.5% CH,d,J=5.78 Hz), 6.90 (4.5% CH,d,J=5.78 Hz).

H NMR (13,trans) 6 1.05 (t,3H,J* 6.9 Hz), 1.30 (t,3H,J= 7.2 Hz), 1.80 (m,2H), 3.20
tm,1H), 3.83 (d,1H,J= 2.5,Hz), 4.22 (q,2H,J= 7.2 Hz), §.2 (b.s,1H). IR (CHC13>V
max. = 3415,1765,1740 cm . teJDr +8.8 (¢ 1, CHCl.). "H NMR {CDCl, + Eulhfc)31
racemic : 0 5.50 (50% CH,d), 5.850(50% CH,d}; opticBlly active : 5.50 (15% CH,d),
5.85 (85% CH,d).

(1S,2R)~(+)-N-methylephedrine propjonate, Cal, +46.3 (CHCl,, ¢ 1.2); lﬂ NMR (CDC13H
1.05 (d,3H,J= 6.7 Hz), 1.15 (t,3H,J=7.7 Hz2), 9.25 {s,6H), 3.381§q,2H.J= 7.7 Hz),
2.88 (dq,1H,J=5.4,6.7 Hz), 5.94 (d,1H,J=5.4 Hz), 7.25 (s,5H). C NMR (CDC)B)O

9,02, 9.36, 27.95, 41.11, 63.73, 75.00, 126.13, 127:??. 128.07, 140.12, 172781, IR
(CHC1,) 2980, 2940, 1735, 1460, 1450, 1375, 1185 cm (selected values). Anal.

Calcd! for C16H21N02: C, 71.45; H,9.00; N,5.95. Found: C,71.30; H,9.11; N,5.87.

1 k e 3ceta } 1-N- o . The reaction
was ryn under the same experimental conditions described for the preparation of
(4). "H NMR (CDCl1,)® 0.00 (8,9H), 1.10 (d,3H,J= 6.7 Hz), 1.55 (d,3H,J=6.7 Hz), 2.30
(s,6H), 2.80 (dq,%H.J=4.0,6.71Hz). 3.48 (q,1H,J=6.7 Hz), $.29 (d4,1H,J=4.0 Hz), 7.27
ts,SH). Spectroscopic yield ("H NMR) : 2 95%; E-Z ratio ( H NMR) >95:5, based on an
authentic E-Z mixture obtained using Liﬁ{815e3)2 as base instead of LDA.

Condensation via sijvl ketene aceta] (]4). A solution of benzylideneaniline (15.6
mmol) and of silyl ketene acetal (14) (15.6 mmol} in methylene chloride (62.8 ml)
was slowly added (during 1 h) to a 1 M solution of titanius tetrachloride in
methylene chloride (31.2 ml) at -78 deg C, under nitrogen, with stirring. After 1 h
at -78 deg C, the mixture was slowly warmed up to -40 deg C (during 2 h}, then
quenched and worked-up as described for the preparation of (5). Filtration through
silica gel (methylene chloride, then 97:3 methylene chloride-MeOH} gave the
?ondensation product (15,17,18) 4n 75% yield.

H NMR (CDC13 + Dzo)o 0.96 (d,3H,J=6.7 Hz), 1.22 (4,3H,J=6.9 Hz}, 2.21 (s,6H),
2.15-2.40 (m1H),"2.8B {dq,1H,J»6.7,5.2 Hz), 4.47 (d4,1H,J=7.00 Hz, isomer anti-15,
89.2%), 4.83 (d,1H,J=4.66 Hz, {somer syn-17, B.5%), 4.51 (d,1H,J=7.56 Hz, iscmer
anti-18, 2.3%), 5.88 (d,1H,J+5.2 Hz), 6.3-6.7 (m,2H), 6.9-7.4 (m,13H).

Condensation via LDA-THF-HMPA. A sclution of difsopropylamine (0.45 ml,3.2 mmol),
in dry THF (6.4 ml) was treated at 0 deg C, under nitrogen, with stirring with a
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1.5 M solution of n-Buli €(2.14 ml, 3.2 mmol). After 30 min the mixture was cooled
Lo ~78 deg C and 3.0 ml of HMPA and then a solution of (18,2R)-N-methylephedrine
propionate (0.863 g,2.7 mmol} in THF (5.4 ml) were added. After 1 h at -78 deg C, a
solution of benzylideneaniline (0.58 ¢.3.2 smol) in THF (6.4 ml} was added. The
mixture was stirred at -78 deg C for 1 h, then warmed up to ~30 deg C {during 1 h),
then diluted with ether {100 ml} and guenched with saturated brine. Usual work-up
and flash-chromatography (methylene chloride~MeOH 96:4) gave the condensation
grgduct (1%,17,.18,1%8) in 25% yield.

H NMR (CDCl, + D,01¢ 0.8~1.4 (6H), 2.1-2.3 (&6H), 2.1-3.2 (2H), 4.47 (d,1H,J=7.00
Hz, isomer afiti-18, 33%), 4.51 (d,1H,J=7.56 Hz, isomer anti-18, 33%), 4.83
{d,1H,J=4.66 Hz, isomer syn-17,17%), 4.7% {d4,1H,J=5.12 Hz, isomer syn-19.17%),
S5.8-5.9% (1HY, €.3-6.7 {(m,2H), 6.9-7.4 (m,13M}).

Condensation via LDA-THF. The reaction was run under the same experimental
conditions described above yitheuk adding HMPA. The condensation product (17,19
was obtained in 20% yield. "H MR (CIX1, + ﬁzo}é 1,01 (4,3H,.J=6.7 Hz), 1.15
{(d,3H,J=6.5 Hzy, 2.1-2.3 {(m,1H), 2.26 (gg&ﬁ), 2.6-3.2 (@, 1H), 4.75 (4,1H.J= 5,12
Hz, isomer syn-19, 16%), 4.83 (d,1H,J=4.66 Hz, isomer syn~17, 84%), 5,88
{d,1H,J=4.0 Hz), 6.3-6.8 (m.2H), 6.9-7.4 (m,13 H).

The cis g-lactam was obtained In 20% yield. "H NMR (CDC1.3 ¢ 0.8% {4,3H,J=8.0 Hz),
$-68 {dq,1H,J=8.0,5.60 Hz), 5.18 (d,1H,J=5.60 Hzy, 6.9-704 (m,10H).

H NMR €CDCl, + Eulhfc).] racemic :42.25 (50% CH,.d), 2.50 (50% CHB,G}; optically
active : 2D2§ {65% CH .&), 2.50 (35% CH3;d)Q 1

The bis-adduct (20) wég obtained in 20%7yleld. "H NMR (CDC1 )619089 {s,3H), 4.78
{2H,s,one exchanges with QZQ). 5.30 {(s,1H}, 6.5-7.7 {(m,20 H?. C HMR (CEC13}¢
13.15, 62.21, 62.7%, 63.777 114.5%7, 117.41, 118.40, 124.10, 126.76, 128.05,7128.63,
129.02, 134,4§i 137,23, 139.06, 147.43, 168.56. IR (CﬁﬂlBE 3890, 3100-38600, 1735,
1600, 1500 cwm {selected values).

Acid (21). A solution of adduct (15,17,18) obtained from the titanium
tetrachloride wmediated condensation (2.9 g, 6.%9 mmol) in AcOH { 70 ml) was treated
with PACL, (0.372 g, 2.1 mmol) and stirred for § days under hydrogen atmosphere.
The catal?st was vemoved by filtration , washed with AcOH and methylene chloride,
and the {iltrate evaporated to give a crude compound which was
flash-chromatographed {(n-hexane-EBtOAc 9:1) to give acld {21} in 52% yield. e}, =
§23.0 {neall, abscolute coni. H; Ref.bla: -25.4 (neat), R; Ref.6lb: -24.6 Emeat?, R.
14 BMR (CDC1.) 61.15 (d,3H,J=6.4 Hz), 2.4-3.2 (wm.3H), 7.21 (s,5H}, 8.2 (b.s,1H}.

C NMR (CDC§3} 3 16.43, 39.37, 41.33, 126.44, 128.44, 129.04, 139.10, 182.58.

Trans f-iactam {16). A solution of adduct (15,17.18) obtained from the titanium
tetrachloride mediated condensation (11.7 mmol) was dissolved in dry THF (19.5 ml)
and then slowly added to a sclution of LIN{TMS), (1Z.8 mwmol) in THF (32 ml) at -10
deg O under nitrogen, with stirring. After 4% mfﬂ at -10 deg € the mixture was
guenched with N¥H.Cl sat. scolution and worked-up as ususl. Flash-~chromatography
{n-hexane-EtOAc 9:1) gave pure trang f-lactam (16} in 79% yield and 95%
enantiomeric excess. Recrystallization {n-hexane-EtOAc) gave opbtically pure (16) as
Yhite crystals, m.p. = 136 deqg O, E“}L = - 64.8 (¢ 1.0, CHCIB)»

HONMR (CDCL.,J81.47 (4,30,J3= 7.6 Hz), 3,12 (dg,1H,J= 7.6,2.5"Hz), 4.58 (4,1H,J=2.58
Hz), 6‘95~?.30 {m,10H)., "H BMR LCDCL, + Bu(hfci,3 racemic :& 2.7% (50% CH3,&3, 2.90
{50%, CH3,d}; optically active : 2.9s (2.5%, C@B,d3, 2.90 {97.5% CHB,di.

Condensation product (34). A solution of iminoester (32)55"62 (1.486 g, 7.8 mmol)
and of silyl ketene acetal (4) {7.8 mmol)! in methylene chloride (33.5 wl) was
slowly added to a 1 M solution of titanium tetrachloride in methylene chloride
(15.6 ml) at -78 deg C, under nitrogen, with stirring. After 1 h at -78 deg C and 1
h at -40 deg C the mixture was guesnched and worked-up as described for the
preparation of (5} to give the crude condensation product (34}.

f-Aminocacid (363. A solution of the crude condensation product (34} {7.8 mmol! in
10:1 methanol-{formic acld (86 ml)! was treated with 10% Pd-C (1.652 g) under
nitrogen, with stirring. After 3 h the catalyazt was filtersd off, washed with warm
methanol, and mizxture was svaporated in vacuo. The resulting crude product was
passed through a colusmn of Dowex SO0H-XB by elution with water and then with 5%
agueous NH, OH. The resulting 5% NH¢GH eluate was then evaporated to dryness under
g&duc&d ?egﬁﬁura to give acid (36) in 53% overall yield as a 8:1 syn-anti mixture.
H ONMR (CDC1,)(36,8yn) #0.92 (t,3H,J= 6.7 Hzy, 1.25 (t,3H,d= 7.20 Hz), 1.60 (m,2H},
2.65 (m,1H), 4.18 {(d,1H,.J0= 4.8 Hz), 4.25 (q,2H,J= 7.20 He}, 7.3% {(b.s,1H).

Condensation product (35). A solution of iminoester 133}55’82 {(0.994 g, 4.8 mmol}
and of silyl ketene acetal (4) (4.8 mmol! in methylens chloride (20.5 ml) was added
to a 1 M solution of titanium tetrachloride in methylene chloride (9.6 ml) as
previously described for the preparation of (34). The condensation product was
isolated by fl&sh»shimmatoqraphy {methylene chloride-MeOH 9%:1) in 70% yield as a
mixture of epimers. "H HMR (Cntla + &23)0 1.0 (%,3H,0=7.0 Hz), 1.05 (d4,3H,J=7.4
Hzd, 1,10 (¢,3H,J=7.4 Hz}, 1.5-271 {(w72H), 2.22 {(s,6H), 2.70-3.0 (m,2H), 3.70
{s,3H), 4.0 {(q,2H,J=7.4 Hz), 4.20 {d,1H,.J=4.45, minor isomer), 4.25 (d,&ﬁ,&%%EGS
Hz, mafor isomer), 5.90 {4,1H,J=5.80 Hz), 6.4-6.8 (AA BB’ 4H), 7.25 {s,8H}. c
HMMR (CDCL,389%9.41, 12.26, 14.08, 21.00, 41.2%, 50.06, 55.63, 59.27, 61.21, 63.125,
76.71, xii,?z, 115.65, 126.77, 127.5%, 128.16, 139.71. 140.65, 152.96, 171.84,
172.17 (madfor isowmer).
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-Aminoacid (36). A solution of the condensation product (35) (1.5 g,3,.275 mmol) in
10:1 methanol-formic acid (35.75 ml) was treated with 10% P4d-C (0. 695 g under
nitrogen, with stirring. After S h the catalyst was filtered off, washed with ware
nethanol, and the mixture was evaporated in vacuco. The resulting crude product was
flash-chromatographed (methylene,chloride-MeOH 97:3) to give the p-methoxy amino
acid as a 7:1 syn-anti mixture. "H NMR (CDC1.}9% 0.99 (t,3H,J=7.3 Hz, anti), 1.0l
{t,3H,J=7.3 Hz, syn), 1.19 (t,34,J= 7.5 Hz, &nti), 1.20 (t,3H,J=7.5 Hz, syn),
1.6-1.9 (m,2H), 2.80 (m,1H), 3.73 (3,.3H), 4.15 (q,2H,Jc 7.5 Hz), 4.25 (d,1H,J=5.65
Hz), 6.3 (b.s,1H), 6.65-6.80 (AA"BB’,4H)., A solution of p-methoxy amino acid (0.917
g, 3.11 mmol) in CH,CN (77.8 ml) was treated with a solution of CAN (5.1 g, 9.3}
spol) in water (11l. § ml) at -25 deg C, under nitrogen, with stirring. After 10 win
the two phases were separated, and the organic phase was washed with water. The
combined aqueous extracts were passed through a columan of Dowex 50W-X8. The column
was eluted with water and then with 5% aquecus NH,OH. The resulting S% NH,0H eluate
was then evaporated in,vacuo to give JS-aminocacid (36) in B2% overall y:e?d as a
7:1 syn-anti mixture. "H NMR {D,01(36,syn} 6 0.73 (t,3H,J=7.0 Hz}, 1.05 (t,3H,J= 7.0
Hz), 1.37 (m,2H), 2.43 (m,1H), 3 94 (m,1H), 4.05 (qg,2H,J= 7.0 H2).

s-Lactam (13). A solution of j-amincacid (36){(0,596 g, 3.155 mmol} in dry CH3
{315.5 ml) was treated with 2-chloro- l*l&th?lpltidlhiﬂl iodide (0.887 g, 3.47 mmol)

and then with a 1 M solution of triethylamine in CH3 {6.94 ml) at reflux
temperature, under nitrogen, with stirring. After h at reflux, the solvent was
evaporated in vacuo and the crude mixture was flash -chromatographed (n-hexane-EtOAc
1:1) to give fA-lactam (13) as a 8:1 cis-trans amixture (from adduct 34) or 7:1
cis-trans mixture (from adduct 35) in 85-87% yfeld. Cis J-lactam (13) was isolated
by flash-chromatography (n-hexane-EtOAc 1:1) and the enantiomeric excess (50% from
adduct 34 and 75% from adduct 35 respectively) was determined as described
previousily.
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