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Abstract—The reaction of [(45)-2-0x0-4-phenyloxazolidin-3-yl]acetic acid chloride with N-methylidene-bis-[(trimethylsilyl)methyl]Jamine
and triethylamine in refluxing chloroform leads to a 4-unsubstituted (3-lactam able to undergo highly asymmetric alkylations at the a-position
of the B-lactam ring. The resulting adducts can be efficiently transformed into N-unsubstituted o-branched 3-amino (-lactams as the
cyclisized forms of a-branched B-aminoalanines or transformed into their imide N-Boc derivatives, which are suitable substrates for
non-proteinogenic peptide synthesis, by reaction with a-amino esters. © 2000 Elsevier Science Ltd. All rights reserved.

Introduction

The 4-unsubstituted azetidin-2-one ring is the key structural
element of several B-lactam antibiotics." Some of their
well-known representatives (Fig. 1) are nocardicins 1,
monobactams 2, and tabtoxin 3.

Although there are a certain number of methods for the
construction of the 4-unsubstituted 3-lactam ring, i.e. the
hydroxamate approach,” the ester enolate-imine condensa-
tion,3 the ketene-imine (:ycloaddition4 and the chromium
carbene complex-imine reaction,” a general method for
the synthesis of «a-branched 3-amino 4-unsubstituted
B-lactams is not available.® Owing to the presence of
an o,a-disubstitution pattern, these compounds should
be more resistant to both chemical and enzymatic
hydrolysis than the parent monosubstituted [-lactams
and, therefore, they should be suitable candidates for
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Figure 1. Structures of some representative 4-unsubstituted 3-lactams.
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the study and design of new enzyme inhibitors.” The
only work related to this idea has been reported by
Georg and Schloss, who recently revealed that the racemic
3-amino (-lactam 4, Fig. 2, is a time-independent inhibitor
of a-chymotrypsin, carboxypeptidase Y, and cathepsin
G.* More recently, we have reported the synthesis and
conformational behaviour of the -lactam peptide 5§ which
exhibits a type II B-turn motif both in the solid state and in
solution (CDCls).°

Herein we report a concise general approach to this family
of compounds which relies on our method for the synthesis
of 3-amino B-lactams via the [2+2] cycloaddition reaction
of aminoketene equivalents with N-[bis(trimethylsilyl)-
methyl]imines.’” In conjunction with this development,
experimental evidence on the relative resistance of
a-branched a-amino (3-lactams towards ring opening by
nitrogen nucleophiles is also documented.
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Figure 2. Some features of a-alkyl-a-amino-B-lactams. 4: enzymatic inhi-
bitor. 5 type-II B-turn nucleator.

Results and Discussion

The synthesis of «-branched 3-amino {-lactams is
essentially a question of how an asymmetric alkylation at
the a-position of a 3-amino 4-unsubstituted 3-lactam could
be performed efficiently. Literature precedents on the
asymmetric alkylation of 3-amino B-lactams include only
4-substituted azetidinones and indicate that the stereo-
chemical outcome of this reaction is governed by the
relative orientation of the substituent at the C, position of
the B-lactam ring."' For example, as shown in Eq. (1), alky-
lation of 6 takes place by the azetidinone face opposite to
the Ar group, resulting in the formation of 7 as the sole
reaction product.!> However, it has also been found that
the alkylation of 8 (Eq. (2)) proceeds by the same face as
the C, substituent, leading to 913
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On the basis of these precedents, it was not possible to
establish the stereodirecting effect exerted by the phenyl-
oxalidinone moiety and, therefore, to predict whether the
alkylation of a 4-unsubstituted B-lactam of type 10 (Fig. 3)
would give 11 and/or 12. Nonetheless, we anticipated that if
the corresponding enolate of 10 could prevail in a W-like
conformation, a-alkylated compound 12 should be obtained
preferentially.

To test this hypothesis, we have developed the new chiral
B-amino alaninate equivalent 16. The preparation of 16
involved 2 completely stereoselective reaction of the
imine 13" with the Evans-Sjogren acid chloride 14'° and
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Figure 3. The alkylation of 4-unsubstituted 3-amido-B-lactams.
O O O
o .
~« H o~ q o~ q
| KrN : b) kl/N . Q(N :
S'Me3 I T j/—_r‘q SiM ;TN siM j;‘\l s
° iMeg Ph iMeg Ph iMes
snvle3 cl o” Y o Y o Y
SiMe3 SiMes SiMej
13 14 RH 16 17 18
15 R: Me
a: R=Me d:R= CHZCH=CH2 g : R= CH,CgH4Br-p
b: R= Et e: R=CHyCH=CH,  h: R= CHyCgHsMe-p
¢: R= "Pr f:R=CH.,Ph i:R=CH 2CSH4Me-o

Scheme 1. (a) CHCI3, NEt;, 4 A mol. sieves, reflux, 16 h, (b) LDA (1.5 equiv.), RX (5 equiv.), THF, —78°C— rt, 16 h.
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Table 1. Asymmetric alkylation of 16 (3-Lactam (1 mmol), THF (2 mL),
LDA (1.5 equiv.), —78°C, 30 min; then R-X (3-5 equiv.), —78°C—rt,
overnight)

Entry R-X 1718"  Yield of 17 (%) Mp°C®  [a]}®
a CH;l 70/30 _ 0il -
b CH;CH,I 71729 41 95-96  —9.0
c CH,CH,CH,Br  80/20 40 oil +82.1
d (CH;),CHCH,Br ~ 91/9 62 99-100 —26.8
e CH,=CHCH,Br >98/2 70 111-112 -16.8
f C¢HsCH,Br >98/2 90 168-169 +21.5
g p-MeCgH,CH,Br  >98/2 75 143-145 +22.0
h 0-MeCgH,CH,Br  >98/2 80 152-153  +32.1
I p-BrCH,CH,Br ~ >98/2 75 157-158 +81.9

*Determined by integration of singlets between & 2.75-2.45 ppm
[HC(SiMejs),].

P Crystallized from hexane.

¢ Measured in CH,Cl, (c=1.0).

4 Not isolated; the yield of the mixture 17/18 was 65%.
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Scheme 2. (a) H, (1 atm.), Pd/C, EtOH, rt, 20 h.

Figure 4. OrTEP plot of 3-benzyl-B-lactam 17f.

triethylamine in refluxing chloroform for 16 h. Attempts to
use formaldimine trimers derived from either benzylamine
or trimethylsilylmethylamine instead of the imine 13 were
unfruitful and did not yield the corresponding 3-amino-
alaninate equivalents. To the best of our knowledge, this
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is the first example of a monomeric formaldimine which
can withstand high-temperature reaction conditions.'®

As Scheme 1 illustrates, the reaction of the lithium enolate
of 16, generated with LDA in THF as solvent, with a variety
of alkylating agents gave the corresponding alkylated
products 17/18 in good yields. Table 1 shows that the
following two features are noteworthy. Firstly, the alky-
lation step can be performed by using both reactive and
unreactive alkyl halides, although in the latter cases the
yields are only moderate. Secondly, and most remarkable,
the observed stereochemical outcome agrees with the
proposed model, vide supra. As can be seen in Table 1,
the ratio of isomers 17 and 18 seems to be dependent on
the electrophile employed. Whereas alkyl halides usually
gave mixtures of 17/18 in ratios ranging from 70:30 to
90:10, the use of allylic and benzylic halides led to the
formation of the alkylated product 17 as virtually the sole
diastereomer. Correlation of the stereochemical course of
the reaction was primarily established by conversion of
17e into 17¢, Scheme 2, and then by single-crystal X-ray
crystallographic analyses of both 17b and 17f (Fig. 4)."” The
utility of this approach to a-branched 3-amino B-lactams
can be further emphasized by the fact that the direct
cycloaddition reaction of the imine 13 with the acid chloride
15" and triethylamine in refluxing chloroform or benzene
did not afford the corresponding cycloadducts 17a/18a,
therefore proving that this direct route seems to be
impracticable.

Because N-unsubstituted [3-lactams are of major interest, the
cleavage of the N-bis(trimethylsilyl)methyl moiety was
carried out using cerium(IV) ammonium nitrate (CAN).19
For instance (Scheme 3), removal of the oxazolidinone
moiety in 17f and subsequent N-Boc protection of the result-
ing intermediate led to 19 in good yield over the two steps.
Further exposure of 19 to CAN in acetonitrile-water for
45 min provided an N-formyl (3-lactam in almost quantita-
tive yield which was directly subjected to N-deformylation*
to give the N-Boc 3-lactam 20 in 56% overall yield from
17f. Therefore, by this means, a variety of 3-amino 4-unsub-
stituted (3-lactams with a quaternary stereogenic center at C;
were obtained in a concise fashion and, most notably, from a
single synthetic building block.

Besides their significance as building blocks of a new class
of dipeptide mimics, vide supra, 3-amino (3-lactams can also
be viewed as the cyclisized forms of a,-diamino acids.!
Therefore, the next question we addressed was to establish
whether these a-branched [3-lactams might be coupled with
a-amino acid esters thereby incorporating a-branched
B-amino alanines as part of a peptide backbone.”> With
regard to this, we had previously observed that: a) the
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Scheme 3. (a) Li (6 equiv.), NH;(liq.), THF:/BuOH (10:1, v/v), —78°C, 5 min, then, NH,Cl, (b) (Boc),0 (2 equiv.), CH,Cl, 1t, 16 h (c) (NH),Ce(NO;)s

(3 equiv.), MeCN-H,0, 0°C, 45 min, (d) NaHCO3, Na,CO;, Me,CO, rt, 16

h.
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Scheme 4. (a) (S)—HZNCH(iPr)COZMe (1.2 equiv.), KCN (1.0 equiv.), rt,
19 h, (b) (*)-H,NCH('Pr)CO,Me (1.2 equiv.), DMF, KCN (1.0 equiv.), rt,
19 h.

presence of an electronwithdrawing substituent (Boc) at the
B-lactam nitrogen atom was necessary to activate the
nucleophilic ring opening with a-amino esters (neither 19
nor 20 were suitable substrates for such a reaction), and b)
the ring opening of both 3-oxy and 3-amino-N-Boc-f3-
lactams was strongly influenced by the substitution pattern
at C4 position. Thus, while 3-oxy and 3-amino 4-mono-
alkylated N-Boc-B-lactams were efficiently coupled with
a-amino acid esters in DMF without any additive or the
need to use sodium azide as the promoter, the corresponding
4-dialkylated counterparts were unreactive under these
conditions, and potassium cyanide was required to catalyze
the coupling reaction.”> Taking these observations into
account, it was not surprising to observe that 21
(Scheme 4), prepared in 70% yield by treatment of 20
with (Boc),O and a catalytic amount of N,N-dimethyl-
aminopyridine in acetonitrile, upon treatment with (L)-
LeuOMe either in the presence or the absence of sodium
azide, was also resistant to 3-lactam ring opening.

However, with the addition of potassium cyanide the
coupling reaction gave the dipeptide 22 in 75% yield. On
the other hand, the coupling reaction of 21 with racemic
LeuOMe provided the diastereomeric mixture of dipeptides
23. The HPLC chromatogram of the unpurified 22 was
compared with that of the crude 23, thus revealing that no
epimerization at the a-center of the a-amino acid ester had
occurred during the coupling reaction.

In summary, the synthesis of a-branched 3-amino 4-unsub-
stituted B-lactams can be performed efficiently via an asym-
metric alkylation of a single 3-oxazolidinyl azetidin-2-one
in which the configuration at the quaternary center is
controlled by the absolute configuration of the oxazoli-
dinone inducer. In addition, the resulting products could
be incorporated directly into peptide fragments with the
aid of potassium cyanide as promoter of the coupling.

Experimental

Melting points were determined with a capillary apparatus
and are uncorrected. Proton nuclear magnetic resonance
spectra (300 MHz) and Bc spectra (75 MHz) were recorded
at room temperature using CDCI; solutions, unless other-
wise stated. All chemical shifts are reported as & values

(ppm) relative to residual CDCl; 6y (7.26 ppm) and
CDCl; 6¢ (77.0 ppm) as internal standards, respectively.
Mass spectra were obtained on a mass spectrometer
(70 eV) using GC-MS coupling (column: fused silica gel,
15 m, 0.25 mm, 0.25 wm phase SPB-5). Optical rotations
were measured at 25+0.2°C in methylene chloride unless
otherwise stated. HPLC analyses were performed on a
preparative column (25 cm, 3.0 cm 7 wm phase Lichro-
sorb-Si60) with flow rates of 10 mL/min and using a UV
detector (254 nm). Flash chromatography was executed
with Merck Kiesegel 60 (230—400 mesh) using mixtures
of ethyl acetate and hexane as eluants. Acetonitrile and
hexane were dried and purified by distillation. Tetrahydro-
furan was distilled over sodium and benzophenone (indica-
tor) and diisopropylamine was distilled over KOH pellets
prior to use. Methylene chloride and chloroform were
shaken with concentrated sulfuric acid, dried over
potassium carbonate and distilled. Commercially available
compounds were used without further purification, but allyl
iodide and benzyl bromides were distilled just before using.
(39)-1-bis(trimethylsilyl)methyl-3-[(4S5)-2-0x0-4-phenyl-
azolidin-3-yl]azetidin-2-one 16 was prepared according to
literature procedure.'®

General procedure for the alkylation of B-lactam 16

LDA was formed by slow addition of 1.4 M n-butyllithium
(3.12 mL, 6 mmol) to a cooled (—78°C) solution of diiso-
propylamine (0.84 mL, 6 mmol) in THF (10 mL) under a
nitrogen atmosphere and stirring at the same temperature for
30 min. A solution of the (3-lactam 16 (1.56 g, 4 mmol) in
THF (8 mL) was added dropwise and the mixture was stir-
red for 1 h at —78°C. Finally, the corresponding alkyl halide
(20 mmol, freshly distilled) was added dropwise and the
dry-ice/acetone bath was allowed to reach room temperature
overnight. Taking up over methylene chloride (30 mL),
washing with sat. NH4Cl (15 mL) and water (15 mL),
drying (MgSO,4) and evaporation afforded the crude
3-alkyl B-lactam, which was purified by flash chromato-
graphy (silica gel, eluant: hexane/EtOAc 15/1).

(BR) and (3S)-1-[Bis(trimethylsilyl)methyl]-3-methyl-3-
[(4S)-2-0x0-4-phenyloxazolidin-3-yl]azeti din-2-ones (17a)
and (18a). The general procedure was followed, using
methyl iodide (1.36 mL, 20 mmol) as the alkyl halide, to
give a 70/30 mixture of (17a) and (18a) that could not be
separated by column chromatography. Yield 65%. Prepara-
tive HPLC allowed the separation of an analytical sample of
(17a): IR (KBr) v 1740 cm ™' (C=0), 842 (C-Si). MS (m/z,
rel. int.) 68(40), 73(55), 104(38), 118(100), 138(13),
202(26), 203(40), 276(14), 389 (M"—15). 'H NMR
(CDCl3, 6 ppm) 7.47-7.33 (m, 5H); 5.01-4.98 (m, 3H,
J=2.2 Hz, J=8.7 Hz); 4.62 (t, 1H, J=8.7 Hz); 4.30 (dd, 1H,
J=2.2 Hz, J=8.7 Hz); 3.73 (d, 1H, J=6.1 Hz); 3.27 (d, 1H,
J=6.6 Hz); 2.73 (s, 1H); 1.18 (s, 3H); 0.15 (s, 9H); 0.12 (s,
9H). '*C NMR (CDCls, 6 ppm) 165.8, 158.0, 140.2, 129.0,
128.8, 127.0, 71.0, 66.9, 59.6, 57.1, 36.7, 19.2, —0.3.

(3R)-1-[Bis(trimethylsilyl)methyl]-3-ethyl-3-[(4S)-2-0x0-
4-phenyloxazolidin-3-yl]azetidin-2-one (17b). The general
procedure was followed using ethyl iodide (1.60 mL,
20 mmol) as the alkyl halide. Yield 41%. Mp: 95-96°C
(hexane). [@]5=-9.0 (c=1.0, CH,CL). IR (KBr) v
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1740 cm™! (C=0), 843 (C-Si). MS (m/z, rel. int.) 55(19),
73(75), 82(20), 91(9), 104(100), 217(11). 'H NMR (CDCl,,
6 ppm) 7.50-7.34 (m, 5H); 5.07 (dd, 1H, J=2.0 Hz,
J=82Hz); 460 (t, 1H, J=8.4Hz); 434 (dd, 1H,
J=2.0Hz, J=8.6 Hz); 3.66 (d, 1H, J=6.6 Hz); 3.46 (d,
1H, J=6.6 Hz); 2.74 (s, 1H); 1.60-1.49 (m, 1H); 1.27-
1.12 (m, 1H); 0.78 (t, 3H, J=7.3 Hz); 0.15 (s, 9H); 0.13
(s, 9H). °C NMR (CDCl;, & ppm) 165.0, 156.8, 140.4,
128.8, 128.7, 127.2, 72.0, 71.1, 59.5, 58.1, 37.0, 25.2, 8.8,
—0.3, —0.4. Anal. calcd for C,;H35N,05Si, (419.56): C,
60.11; H, 8.42; N, 6.67. Found: C, 60.32; H, 8.50; N, 6.51.

(3R)-1-[Bis(trimethylsilyl)methyl]-3-(3-methylpropyl)-
[(4S)-2-0x0-4-phenyloxazolidin-3-yl]azetidin-2-one (17d).
The general procedure was followed using isobutyl bromide
(2.17 mL, 20 mmol) as the alkyl halide. Yield 62%. Mp:
99-100°C (hexane). [a]¥=—26.8 (¢=0.59, CH,Cl,). IR
(KBr) v 1738 cm™! (C=0), 848 (C-Si). MS (m/z, rel.
int.) 68(96), 73(100), 104(99), 118(39), 204(98), 205(41),
246(37). "H NMR (CDCls, 8 ppm) 7.47-7.33 (m, 5H); 5.19
(dd, 1H, J=2.3 Hz, /=8.4 Hz); 4.61 (t, 1H, J=8.6 Hz); 4.41
(dd, 1H, J=2.3 Hz, /=8.4 Hz); 3.89 (d, 1H, J=6.8 Hz); 3.50
(d, 1H, J=6.8 Hz); 2.70 (s, 1H); 1.63—1.30 (m, 3H); 0.89 (d,
3H, J=6.3 Hz); 0.49 (d, 3H, J=6.3 Hz); 0.15 (s, 9H); 0.12
(s, 9H). *C NMR (CDCls, & ppm) 165.9, 140.4, 128.8,
127.7, 71.0, 70.7, 59.5, 54.5, 41.9, 37.0, 24.1, 22.9, —0.2,
—0.3. Anal. calcd for C,3H33N,03S1,(446.74): C, 61.84; H,
8.57; N, 6.27. Found: C, 61.51; H, 8.25; N, 6.40.

(3R)-3-Allyl-1-[bis(trimethylsilyl)methyl]-3-[ (45)-2-0x0-
4-phenyloxazolidin-3-yl]azetidin-2-one (17e). The general
procedure was followed using allyl bromide (1.73 mL,
20 mmol) as the alkyl halide. Yield 70%. Mp: 111-112°C
(hexane). [a]5=—16.8 (c=1.0, CH,CL,). IR (KBr) v 1753,
1734 cm ™' (C=0), 842 (C-Si). MS (m/z, rel. int.) 73(75),
92(29), 144(86), 170(67), 184(61), 193(35), 229(100),
302(48), 416(60), 429(16). '"H NMR (CDCl;, 8 ppm)
7.53-7.26 (m, 5H); 5.65-5.49 (m, 1H); 5.10-4.98 (m,
3H); 4.59 (t, 1H, J=8.6 Hz); 4.35 (dd, 1H, J=2.0 Hz,
J=8.6Hz); 359 (d, 1H, J=6.4Hz); 349 (d, IH,
J=6.5Hz); 2.70 (s, 1H); 2.31 (dd, 1H, J=8.5Hz,
J=14.2 Hz); 1.83 (dd, 1H, J=6.1 Hz, J=14.1 Hz); 0.13 (s,
9H); 0.11 (s, 9H). °C NMR (CDCl;, 6 ppm) 164.4,
156.7, 140.1, 131.7, 129.0, 127.4, 119.9, 71.2, 70.3,
59.6, 52.9, 37.1, 36.4, —0.2, —0.3. Anal. caled for
CxH3N,05Si, (430.56): C, 61.37, H, 7.97; N, 6.50.
Found: C, 61.55; H, 8.15; N, 6.23.

(3R)-3-Benzyl-1-bis(trimethylsilyl)methyl-3-[(45)-2-0x0-
4-phenyloxazolidin-3-yl]azetidin-2-one (17f). The general
procedure was followed using benzyl bromide (2.38 mL,
20 mmol) as the alkyl halide. Yield 90%. Mp: 168—-169°C
(hexane). [a]¥=+21.5 (¢=1.0, CH,CL,). IR (KBr) v 1737,
1730 cm ™' (C=0), 846 (C=Si). MS (m/z, rel. int.) 73(15),
93(11), 104(16), 144(22), 221(19), 235(24), 280(100),
466(15), 481(1.2). '"H NMR (CDCls, & ppm) 7.70-7.17
(m, 10H); 5.18 (dd, 1H, J=8.1 Hz, J/=1.8 Hz); 4.64 (t, 1H,
J=8.5 Hz); 4.43 (dd, 1H, J=8.7 Hz, J=1.9 Hz); 3.52 (d, 1H,
J=6.6 Hz); 344 (d, 1H, J=6.4Hz); 2.85 (d, 1H,
J=13.7 Hz); 2.52 (s, 1H); 2.24 (d, 1H, J=13.7 Hz); 0.00
(s, 9H); —0.12 (s, 9H). *C NMR (CDCls, 8 ppm) 164.0,
156.7, 140.1, 134.8, 130.5, 134.8, 130.5, 129.0, 128.5,
127.7, 126.9, 72.0, 71.1, 59.7, 52.1, 37.4, 37.2, —0.6.

Anal. caled for C,ycH36N,05Si, (480.62): C, 64.97; H,
7.56; N, 5.83. Found: C, 64.89; H, 7.60; N, 5.92.

(3R)-1-[Bis(trimethylsilyl)methyl]-3-[(4-methylphenyl)-
methyl]-3-[(45)-2-0x0-4-phenyloxazolidin-3-yl] azetidin-
2-one (17g). The general procedure was followed using
p-methylbenzyl bromide (3.70 g, 20 mmol) as the alkyl
halide. Yield 75%. Mp: 143-145°C (hexane). [al]y=
+22.0 (¢=1.0, CH,CL). IR (KBr) v 1731 cm™ ' (C=0),
840 (C-Si). MS (m/z, rel. int.) 73(100), 91(14), 104(32),
105(21), 131(17), 158(12), 293(53), 294(11). '"H NMR
(CDCl;, 6 ppm) 7.63-7.59 (m, 2H); 7.42—-6.90 (m, 7H);
5.13 (dd, 1H, J=1.1Hz, J=6.5Hz); 4.60 (t, 1H,
J=8.5Hz); 4.42 (dd, 1H, J=1.7 Hz, J=8.6 Hz); 3.46 (d,
1H, J=6.5Hz); 3.40 (d, 1H, J=6.4Hz); 2.77 (d, 1H,
J=13.5Hz); 248 (s, 1H); 2.21 (s, 3H); 2.16 (d, 1H,
J=13.9 Hz); —0.03 (s, 9H); —0.20 (s, 9H). *C NMR
(CDCl;, 6 ppm) 164.1, 156.7, 140.1, 136.5, 131.6, 130.4,
129.2, 129.0, 127.7, 72.0, 71.2, 59.8, 52.1, 37.3, 36.8, 20.8,
—0.6, —0.8. Anal. calcd for C,7H;33N,05Si1,(494.92): C,
65.52; H, 7.75; N, 5.66. Found: C, 65.01; H, 7.94; N, 5.83.

(3R)-1-[Bis(trimethylsilyl)methyl]-3-[(2-methylphenyl)-
methyl]-3-[(45)-2-0x0-4-phenyloxazolidin-3-yl]azetidin-
2-one (17h). The general procedure was followed using
o-methylbenzyl bromide (3.70 g, 20 mmol) as the alkyl
halide. Yield 80%. Mp: 152-153°C (hexane). [a]p=
+32.1 (¢=1.0, CH,CL,). IR (KBr) v 1728 cm ' (C=0),
840 (C-Si). MS (m/z, rel. int.) 73(100), 91(13), 103(15),
104(25), 130(82), 158(7), 293(34), 294(8). 'H NMR
(CDCl3, 6 ppm) 7.66—7.62 (m, 3H); 7.41-7.35 (m, 2H);
7.05-7.00 (m, 2H); 5.15 (dd, 1H, J=1.5 Hz, J=8.1 Hz);
464 (t, 1H, J=83Hz); 445 (dd, 1H, J=1.5Hz,
J=8.8Hz); 348 (d, 1H, J=6.6Hz); 3.34 (d, 1H,
J=6.6 Hz); 2.88(d,1H, J=14.1 Hz); 2.51 (s, 1H); 2.20 (d,
1H, J=13.4 Hz); 2.18 (s, 3H); —0.02 (s, 9H); —0.19 (s, 9H).
C NMR (CDCls, 6 ppm) 164.2, 156.8, 140.3, 137.5, 133.4,
131.4, 130.5, 129.0, 127.8, 127.2, 126.1, 71.9, 71.2, 59.9,
52.2, 37.5, 343, 19.5, —0.6, —0.7. Anal. calcd for
CyH33N,05Si, (494.92): C, 65.52; H, 7.75; N, 5.66.
Found: C, 65.05; H, 7.94; N, 5.80.

(3R)-1-[Bis(trimethylsilyl)methyl]-3-[(4-bromophenyl)-
methyl]-3-[(45)-2-0x0-4-phenyloxazolidin-3-yl]azetidin-
2-one (17i). The general procedure was followed using
p-methylbenzyl bromide (5.00 g, 20 mmol) as the alkyl
halide. Yield 75%. Mp: 157-158°C (hexane).
[@]F=+18.9 (c=1.0, CH,Cl,). IR (KBr) » 1733 cm'
(C=0), 841 (C-Si). MS (m/z, rel. int.) 73(100), 91(7),
103(14), 104(26), 116(15), 357(18), 359(18). 'H NMR
(CDCl;, 6 ppm) 7.65-7.28 (m, 5H); 6.93 (d, 2H,
J=83 Hz); 5.14 (dd, 1H, J=1.7 Hz, J=8.2 Hz); 4.63 (t,
1H, J=8.2 Hz); 4.46 (dd, 1H, J=1.4 Hz, J/=8.8 Hz); 3.50
(d, 1H, J=6.7 Hz); 3.37 (d, 1H, J=6.6 Hz); 2.80 (d, 1H,
J=13.5 Hz); 2.49 (s, 1H); 2.32 (d, 1H, J=13.5 Hz); 0.00
(s, 9H); —0.16 (s, 9H). °C NMR (CDCls, & ppm) 164.2,
156.7, 140.0, 133.8, 132.3, 131.7, 129.1, 127.7, 121.2, 71.7,
59.8, 52.3, 37.6, 36.7, —0.7, —0.6. Anal. calcd for
Cy6H35N,0351,Br (559.61): C, 55.80; H, 6.32; N, 5.00.
Found: C, 56.01; H, 6.25; N, 5.12.

Hydrogenation reaction of 17e: synthesis of (3R)-1-
bis(trimethylsilyl)methyl-3-[(4S)-2-0x0-4-phenyloxa-
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zolidin-3-yl]-3-propylazetidin-2-one (17c¢). A suspension
of B-lactam 17e (0.86g, 2mmol) and Pd (10%)/C
(0.086 g) in anhydrous methanol (8 mL) was saturated
with hydrogen (1 atm.) at room temperature for 20 h.
Then, the solution was filtered over celite, the solvents
were evaporated and the resulting crude was purified by
preparative HPLC (eluant: hexane/EtOAc, 1/8). Yield
48%. Colorless oil. [a]Z=+82.1 (¢=0.61, CH,Cl,). IR
(KBr) v 1739 cm™' (C=0), 844 (C-Si). MS (m/z, rel.
int.) 74(39), 105(41), 119(48), 170(11), 203(100), 231(32),
418 (M"-15). "H NMR (CDCls, 6 ppm) 7.55—7.30 (m, SH);
5.10 (dd, 1H, J=2.1 Hz, J=8.3 Hz); 4.61 (t, 1H, J=8.4 Hz);
4.37(dd, 1H, J=2.2 Hz, J=8.6 Hz); 3.27 (d, 1H, J=6.6 Hz);
3.43 (d, 1H, J=6.6 Hz); 2.73 (s, 1H); 1.41-0.84 (m, 4H);
0.63 (t, 3H, J=6.7 Hz); 0.13 (s, 9H); 0.01 (s, 9H). °C NMR
(CDCl3, 6 ppm) 165.3, 156.9, 140.3, 128.9, 128.8, 127.3,
71.0, 59.5, 53.7, 36.9, 34.8, 17.6, 13.8, —0.3, —0.4.

(3R)-3-Benzyl-1-bis(trimethylsilyl) methyl-3-(fert-butoxy-
carbonylamino)azetidin-2-one (19). Compound 17f
(0.53 g, 1.1 mmol) was submitted to deprotection of the
oxazolidinone moiety" to yield (3R)-3-amino-3-benzyl-1-
bis(trimethylsilyl)methylazetidin-2-one  (0.33 g, 98%,
I mmol). This compound was dissolved in anhydrous
CH,Cl, (5 mL), (Boc),0O (0.44 g, 2 mmol) was added and
the mixture was stirred at room temperature for 20 h. Then,
the mixture was washed successively with NaHSO; (20%)
(3mL) and NaHCOj; (sat. sol. 3 mL) and the resulting
organic layer was dried over MgSO,. The solvents were
evaporated and the resulting crude was purified by column
chromatography (eluant: hexane/EtOAc 8/1). An analytical
sample was obtained by preparative HPLC (eluant: hexane/
EtOAc 6/1, r.t.=9.12 min). Oil. Yield 74%. [a]5=—13.1
(c=1.0, CH,CL,). IR (KBr) v 3298, 2949 cm ™' (NH),1730,
1699 cm™' (C=0), 842 (C-Si). MS (m/z, rel. int.) 73(20),
92(27), 134(14), 177(100), 207(21), 233(18), 282(210,
346(150), 364 (M*-56,21) 'H NMR (CDCl;, & ppm)
7.28-7.22 (m, 5H); 5.21 (s, 1H); 3.54 (d, 1H, J=5.7 Hz);
3.40 (d, 1H, J=5.7 Hz); 3.20 (s, 2H); 2.60 (s, 1H); 1.42 (s,
9H); 0.04 (s, 9H); —0.09 (s, 9H). *C NMR (CDCl;, 8 ppm)
166.7, 154.8, 135.5, 130.3, 128.4, 126.8, 79.9, 68.0, 54.0,
38.8, 37.0, 28.2, —0.4, —0.5.

(3R)-3-Benzyl-3-(tert-butoxycarbonylamino)azetidin-2-
one (20). A solution of cerium(IV) ammonium nitrate
(CAN, 1.64 g, 3 mmol) in H,O (2.5 mL) was added drop-
wise to a stirred solution of the 1-bis(trimethylsilyl)methyl-
B-lactam 22 (0.42 g, 1 mmol) in CH3CN (6 mL) cooled at
0°C. The mixture was stirred for 45 min at the same
temperature, poured into EtOAc (10 mL) and washed
successively with water (10 mL) and NaHCO; (sat. sol.
10 mL). The resulting organic phase was dried over
MgSO,, the solvents were evaporated and the resulting
crude was purified by column chromatography (eluant
hexane/EtOAc 4/1) to afford the intermediate N-formyl
derivative (yield: 80%). This compound was disolved in
acetone (6.0 mL) containing NaHCO; (sat. soln. 3.32 mL)
and Na,CO; (0.056 g, 0.2 mmol) and the mixture was stirred
for 24 h. at room temperature. On completion, the mixture
was filtered through a pad of silica gel which was addition-
ally washed with EtOAc (15 mL). The organic solution was
dried over MgSQO, and evaporated to afford a crude which
was purified by column chromatography (eluant: EtOAc).

Yield: 70%. Mp: 108-110. [a]5=+30.7 (c=1.0, CH,Cl,).
IR (KBr) v 3273, 2961 cm™ ' (NH), 1759, 1701 cm ™' (CO).
MS (m/z, rel. int.) 57(9), 91(24), 92(29), 116(10), 133(12),
177 (M"-Boc), 233(4), 265(1). '"H NMR (DMSOy, 90°C, &
ppm) 7.43 (s, 1H); 7.29 (s, SH); 6.61 (s, 1H); 3.38 (d, 1H,
J=5.3 Hz); 3.12 (d, 1H, J=5.3 Hz); 3.06 (s, 2H); 1.41 (s,
9H). '*C NMR (CDCls, 6 ppm) 169.6, 154.3, 134.7, 130.0,
128.6, 127.2, 80.4, 69.2, 47.7, 39.5, 28.2. Anal. calcd for
C15H20N,05 (276.35): C, 65.19; H, 7.13; N, 10.13. Found:
C, 65.13; H,7.44; N, 9.80.

(3R)-3-Benzyl-1-tert-butoxycarbonyl-3-(tert-butoxycar-
bonylamino)azetidin-2-one (21). (Boc),O (0.26g, 1.2
mmol) and DMAP (0.012 g, 0.1 mmol) were added to a
solution of the NH-B-lactam 20 (0.28 g, 1 mmol) in
anhydrous acetonitrile (5 mL) and the mixture was stirred
for 20 h at room temperature. The reaction mixture was
poured into CH,Cl, (10 mL) and washed successively
with NaHSO; (20% soln. 8 mL) and NaHCO; (sat. soln.
8 mL). The resulting organic layer was dried over MgSQOy,,
the solvents were evaporated and the resulting crude was
purified by column chromatography (eluant: hexane/EtOAc
5/1). Yield: 70%. Mp: 170—172°C (hexane/EtOAc). [a]p=
+25.8 (c=1.0, CH,Cl,). IR (KBr) v 3334, 2965 cm ™' (NH),
1800, 1715, 1699 cm™' (C=0). MS (m/z, rel. int.) 57(17),
91(29), 92(34), 116(14), 133(15), 177(100), 219(11),
247(7), 352(7), 254(6). '"H NMR (DMSOg6, 90°C, & ppm)
7.28 (s, 8H); 6.99 (s, SH); 3.68 (d, 1H, J=6.6 Hz); 3.48 (d,
1H, J=6.6 Hz); 3.09 (s, 2H); 1.41 (s, 9H); 1.36 (s, 9H). "°C
NMR (CDCls, 6 ppm) 166.3, 153.9, 148.1, 133.8, 129.8,
128.9, 127.7, 83.3, 66.7, 50.3, 39.6, 28.1, 28.0. Anal.
calcd for C,yH,3N,05 (376.48): C, 63.80; H, 7.51; N, 7.44.
Found: C, 63.91; H, 7.59; N, 7.47.

(2R)-2-Benzyl-2,3-di-tert-butoxycarbonylamino-N-[L-Val-
(OMe)]-propanamide (22). KCN (0.065 g, 1 mmol) and
(S)-valine methyl ester (0.17 g, 1.2 mmol) were added to a
solution of 21 (1 mmol, 0.38 g) in DMF (3 mL). The
mixture was stirred at room temperature for 19 h and the
solution was poured into Et,O (10 mL). Successive washing
with NaCl (sat. soln. 2X15 mL), 0.1 M HCIl (8 mL) and
NaHCO; (sat. soln. 8 mL), drying (MgSQO,) of the organic
phase and solvent evaporation resulted in a crude product
which was purified by crystallization. Mp: 102-104°C
(hexane). Yield 75%. [a]5=—16.5 (¢=0.17, CH,Cl,). IR
(KBr) v 3290, 2945 cm~ ' (NH), 1710, 1658 cm ™' (CO). 'H
NMR (CD;0D, 50°C, 8§ ppm) 7.27-7.18 (m, 5H); 4.50 (t,
1H, J=7.0 Hz); 3.74 (s, 3H); 3.49 (d, 1H, J=11.5 Hz); 3.44
(d, 1H, J=10.1 Hz); 3.42 (d, 1H, J=11.4 Hz); 3.15 (d, 1H,
J=11.4 Hz); 1.80-1.62 (m, 3H); 1.48 (s, 9H); 1.42 (s, 9H);
0.93 (d, 6H, J=6.0 Hz). >C NMR (CD;0D, & ppm) 175.0,
174.5, 158.4, 156.3, 137.4, 131.9, 129.1, 127.8, 80.7, 64.3,
52.9, 52.5, 46.3, 41.0, 37.3, 28.7, 28.6, 25.6, 23.4, 21.7.
Anal. caled for C»;H43N304(521.70): C, 62.15; H, 8.32; N,
8.05. Found: C, 62.23; H, 8.30; N, 7.97.
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