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A versatile one-pot oxidation-Baeyer-Villiger reaction sequence applied to R-hydroxy â-lactams
and promoted by 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO) leads to R-amino acid N-carboxy
anhydrides. The examples reported constitute the first application of TEMPO in a Baeyer-Villiger
reaction and provide a way for peptide coupling from non R-amino acid precursors.

Despite the importance of nonproteinogenic R-amino
acids for the design and preparation of bioactive pep-
tides,1 virtually all of the studies on this topic have dealt
with the synthesis of the amino acid as a free form rather
than with the generation of simultaneously N-protected
and CO2H-activated species.2 Recently, we undertook a
study on this subject and found, Scheme 1, that the
Baeyer-Villiger rearrangement of R-keto â-lactams led
to R-amino acid N-carboxy anhydrides (NCAs), allowing
for the first time a synthesis of dipeptide fragments
without prior construction of each individual nonprotei-
nogenic R-amino acid.3 This reaction has successfully
been applied to the construction of threonine-,4 R-branched
threonine-,5 and azathreonine6-derived NCAs, as well as
to the synthesis of arylalanine- and homoarylalanine-
NCAs.7 In an effort to further enhance the utility of our
procedure, we have investigated a more direct access to
this particular class of mixed anhydrides and found that
stable free nitroxide radicals, such as 2,2,6,6-tetrameth-
ylpiperidinyl-1-oxyl (TEMPO),8 in combination with a
solution of commercial bleach, is exceedingly effective in

promoting the oxidation of R-hydroxy â-lactams with
concomitant Baeyer-Villiger rearrangement of the re-
sulting intermediate R-keto â-lactams.
The approach to both threonine- and azathreonine-

NCAs from their corresponding R-hydroxy â-lactams
illustrates the above unprecedented use of TEMPO to
promote Baeyer-Villiger oxidations.9 The former ap-
proach employs chiral R-oxy aldehyde-derived imines
and, the latter, chiral R-amino imines as readily available
starting materials, both of which possess the required
structural subunits of the desired amino acids and, at
the same time, provide the corresponding NCA precur-
sors in high diastereoselectivities. For example, Scheme
2, using the standard [2 + 2] cycloaddition reaction of a
(benzyloxy)ketene,10 generated from (benzyloxy)acetyl
chloride and triethylamine, with imine 1a afforded a
mixture of 2a and its diastereomer in a ratio of 83:17,
from which 2awas separated by column chromatography
in 59% yield. The same reaction carried out on imine
1b gave, however, the â-lactam 2b10b in 85% yield as a
single diastereomer as established by NMR analysis of
the reaction crude. Both â-lactam products were then
submitted to hydrogenolysis to give R-hydroxy â-lactams
3a and 3b in 84% and 92% yield, respectively. Our
finding is that treatment of each R-hydroxy â-lactam with
a solution of commercial bleach and a catalytic amount
of TEMPO afforded NCAs 5a and 5b in almost theoretical
yields. In order to avoid a possible epimerization of the
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resulting NCA,11 the pH of fresh commercial bleach (12.7)
is adjusted to neutrality by first adding sodium hydrogen
carbonate and then a solution of phosphate buffer.
Reactions are performed at 0 °C using a twofold excess
of 1 M aqueous sodium hypochlorite and a catalytic
amount of TEMPO and are generally complete in a few
minutes. Without the catalyst, the oxidation process did
not take place and the starting R-hydroxy-â-lactams were
recovered unchanged after 24 h at room temperature. On
the other hand, by using equimolar amounts of aqueous
sodium hypochlorite in combination with TEMPO, the
reaction can be stopped at the first oxidation stage and
the corresponding R-keto â-lactam 4 can be isolated in
good yield albeit, in some instances, contaminated with
the respective NCA. To confirm the effectiveness of
TEMPO in the induction of the Baeyer-Villiger rear-
rangement, each R-keto â-lactam 4 was treated with a
twofold excess of 1 M aqueous sodium hypochlorite.
Under these conditions and without the catalyst, reac-
tions were sluggish and incomplete after 2-3 h of stirring
at room temperature. As expected, when the reactions
were carried out in the presence of a catalytic amount of
TEMPO, the corresponding NCAs 5 were produced
almost instantaneously.
With the above NCAs in hand, the facile synthesis of

dipeptides was anticipated.12 For instance, 5a coupled
efficiently with (S)-leucine methyl ester in methylene
chloride to give the dipeptide 6 in 95% yield. Further
hydrogenolysis of 6 with hydrogen over 10% Pd on

charcoal led to 7 in 85% yield. However, in contrast with
the easy reaction of NCAs with R-amino esters to form
dipeptides, the additional elongation to tripeptides met
with difficulties. For example, the NCA 5b was surpris-
ingly resistant to ring opening by dipeptide 7 under the
former conditions. Fortunately, we found that changing
the solvent to DMF combined with the addition of NaN3,
effectively enhanced peptidic coupling. This was il-
lustrated, Scheme 3, by the synthesis of the tripeptide
product 8, which was then converted into 9 under
standard conditions. The synthesis of compound 9, a
fragment of the macrocyclic peptide lactone antibiotic
lysobactin,13 by using simultaneously N-protected and
CO2H-activated species of threonines 5 obtained from non
R-amino acid precursors, is only an example of the utility
of this methodology.
The effectiveness of TEMPO in promoting the direct

cycloexpansion of R-hydroxy â-lactams to R-amino acid
N-carboxy anhydrides is further exemplified by the
synthesis of NCAs formally derived from the nonprotei-
nogenic R-aminopyrrolidine- and R-aminopiperidine-2-
acetic acids. The latter is an amino acid related to the
antitumor agent 593A.14 Accordingly, the reaction of
(benzyloxy)ketene, generated as above, with both prolinal
imine 10a and 2-piperidinecarbaldehyde imine 10b fur-
nished the corresponding â-lactams 11a and 11b as oils
after purification by column chromatography (Scheme 4).
In both cases, single diastereomers were detected by
NMR analysis, and they were isolated in 75% and 70%
yields, respectively. The sense of the asymmetric induc-
tion for these cycloadditions was in good agreement with
the stereochemistry observed for a closely related reac-
tion15 and was confirmed by the single crystal X-ray
analysis of 12a.16 Finally, removal of the benzyloxy
protecting group in both 11a and 11b gave R-hydroxy
â-lactams 12a and 12b in almost quantitative yields.
Subsequent exposure of each R-hydroxy â-lactam to a
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phosphate buffer solution of commercial bleach and a
catalytic amount of TEMPO, as above, provided NCAs
13a and 13b in yields of up to 95%.
This one-pot oxidation-Baeyer-Villiger sequence could

also be extended to 3-hydroxy â-lactams 15a, 15b, and
15c, which are readily available from 14,15 to give NCAs
16a, 16b, and 16c in 96%, 92%, and 97% yields, respec-
tively, and without affecting the NH group (Scheme 5).
In every case, no epimerization occurred at the R-position
of the corresponding amino acid-derived NCA, as judged
by both NMR and HPLC analysis of the crude reaction
products. Once again, this oxidation process met with
failure when carried out in the absence of TEMPO.
Coupling reactions of these azathreonine NCAs with
R-amino acid esters is expected to give dipeptide seg-
ments incorporating differently N-protected R,â-diamino
acid residues which would be suitable for the design of
new peptidomimetic drugs.1 Additional attractive at-
tributes of this approach include an easy availability of
the starting R-hydroxy â-lactams,10,15 and an expanded
scope of the â-lactam chemistry.17
In summary, the results presented here set the basis

for further studies on Baeyer-Villiger rearrangements
promoted by oxammonium salts and open the way for a
concise large scale production of R-amino acid N-carboxy
anhydrides from non R-amino acid precursors.

Experimental Section

General. Commercially available compounds were used in
this work without further purification or were prepared
following literature procedures. N,N-dimethylformamide was
purified by distillation on calcium hydride. Dichloromethane
was shaken with concentrated sulfuric acid, dried over potas-
sium carbonate, and distilled.
General Procedure for the Synthesis of 3-Benzyloxy

â-Lactams 2 and 11. A solution of (benzyloxy)acetyl chloride
(2.21 mL, 14 mmol) in dry methylene chloride (10 mL) was
added dropwise to a stirred solution containing the corre-
sponding imine (7.0 mmol) and triethylamine (3.27 mL, 23.6
mmol) in dry methylene chloride (25 mL) under a nitrogen
atmosphere at -78 °C. The resulting mixture was stirred
overnight under nitrogen, and the temperature of the bath was
allowed to rise from -78 °C to room temperature. The mixture
was washed with water (25 mL), 0.1 N HCl (25 mL), and a
saturated solution of NaHCO3 (25 mL). The organic layer was
dried over MgSO4 and filtered, and the solvent was evaporated
under reduced pressure to give the corresponding crude
â-lactam, which was further purified by column chromatog-
raphy.
General Procedure for the Synthesis of 3-Hydroxy-â-

Lactams 3 and 12. To a solution of 3-(benzyloxy)azetidin-
2-one (7 mmol) in ethanol (40 mL) was added 10% palladium
on charcoal (1.5 g), and the mixture was kept under hydrogen
(1 atm). The reaction mixture was stirred at room tempera-
ture for 15 h. Then, the suspension was filtered through a
pad of Celite and evaporated to yield the corresponding
3-hydroxyazetidin-2-one, which was purified by column chro-
matography and further crystallization.
(3R,4R)-1-Benzyl-4-[(1R)-1-[(tert-butyldiphenylsilyl)-

oxy]-2-methylpropyl]-3-hydroxyazetidin-2-one (3a). The
general procedure was followed starting from 2a. Yield 84%.
Mp: 80-82 °C (hexane). [R]25D ) -15.9° (c ) 1.1, CH2Cl2). IR
(KBr) υ 3303 cm-1 (OH); 1730 cm-1 (CO). 1H NMR (CDCl3, δ)
7.80-7.66 (m, 3H); 7.09-7.49 (m, 12H); 4.93 (d, 1H, J ) -15.0
Hz); 4.68-4.65 (m, 1H); 4.25 (t, 1H, J ) 4.2 Hz); 4.14 (d, 2H,
J ) -15.0 Hz); 3.60 (t, 1H, J ) 4.8 Hz); 1.78-1.67 (m, 1H);
1.18 (s, 9H); 0.83 (d, 3H, J ) 6.8 Hz); 0.58 (d, 3H, J ) 6.8 Hz).
13C NMR (CDCl3, δ) 171.9, 136.6, 135.0, 134.4, 130.4, 129.4,
129.0, 128.3, 76.2, 74.2, 56.7, 46.6, 33.2, 28.2, 20.2, 18.4, 16.6.
Anal. Calcd for C30H37NO3Si (487.69): C, 73.87; H, 7.64; N,
2.87. Found: C, 74.02; H, 7.66; N, 2.89
(3R,4R)-1-Benzyl-4-[[(1R)-1-[(tert-butyldimethylsilyl)-

oxy]benzyl]-3-hydroxyazetidin-2-one (3b). The general
procedure was followed starting from 2b. Yield 92%. Mp: 90
°C (hexane). [R]25D ) -54.4° (c ) 1, CH2Cl2). IR (KBr) υ 3314
cm-1 (OH); 1729 cm-1 (CdO). 1H NMR (CDCl3, δ) 7.40-7.12
(m, 10H); 5.10 (d, 1H, J ) 7.3 Hz); 4.85 (d, 1H, J ) -14.5 Hz);
4.58 (d, 1H, J ) 4.9 Hz); 4.22 (d, 1H, J ) -14.5 Hz); 3.71 (dd,
1H, J ) 7.3 Hz, J ) 4.9 Hz); 0.91 (s, 9H); 0.08 (s, 3H); -0.20
(s, 3H). 13C NMR (CDCl3, δ) 170.4, 141.4, 135.6, 128.7, 128.4,
128.1, 128.0, 127.7, 127.4, 75.7, 75.3, 62.9, 45.5, 25.9, 18.1,
-4.3, -4.6. Anal. Calcd for C23H31NO3 (397.57): C, 69.41;
H, 7.86; N, 3.52. Found: C, 70.25; H, 7.89; N, 3.55.
(3S,4R)-1-Benzyl-4-[[(1S)-N-(tert-butoxycarbonyl)pyr-

rolidin-2-yl]-3-hydroxyazetidin-2-one (12a). The general
procedure was followed starting from 11a (8.72 g, 20 mmol).
Yield 4.84 g (70%). Mp: 223-224 °C (MeOH). [R]25D ) -1.7°
(c ) 1, CH2Cl2). IR (KBr) υ 3238 cm-1 (OH); 1710 cm-1 (CdO),
1674 cm-1 (CdO). 1H NMR (DMSO-d6, 90 °C, δ) 7.43-7.19
(m, 5H); 5.96 (d, 1H, J ) 7.3 Hz); 4.76 (dd, 1H, J ) 4.9 Hz, J′
) 7.3 Hz); 4.70 (d, 1H, J ) 15.0 Hz); 4.27 (m, 1H); 3.96 (d, 1H,
J ) 15.0 Hz); 3.48 (m, 1H); 3.42 (dd, 1H, J ) 4.9 Hz, J′ ) 9.0
Hz); 3.07 (m, 1H); 1.86-1.68 (m, 4H); 1.51 (s, 9H). 13C NMR
(DMSO-d6, 90 °C, δ) 169.3, 154.7, 136.7, 128.9, 128.4, 127.7,
79.2, 75.9, 59.2, 57.4, 46.3, 44.5, 28.7, 28.2, 23.1. Anal. Calcd
for C19H26N2O4 (346.42): C, 65.87; H, 7.56; N, 8.08. Found:
C, 65.67; H, 7.59; N, 8.05.
(3S,4R)-1-Benzyl-4-[(1S)-N-(tert-butoxycarbonyl)pip-

eridin-2-yl]-3-hydroxyazetidin-2-one (12b). The general
procedure was followed starting from 11b (1.5 g, 3.3 mmol).
Yield 1.07 g (90%). Mp: 160-162 °C (Et2O). [R]25D ) -19.1°
(c ) 1, CH2Cl2). IR (KBr) υ 3439 (OH); 1725 (CdO), 1686

(17) For the use of â-lactams in amino acid and natural product
synthesis, see: (a) Manhas, M. S.; Wagle, D. R.; Chiang, J.; Bose, A.
K.Heterocycles 1988, 27, 1755. (b) Ojima, I. In The Organic Chemistry
of â-Lactam Antibiotics; Georg, G. I., Ed.; VCH: New York, 1992; p
197. (c) Ojima, I. Acc. Chem. Res. 1995, 383. (d) Hesse, M. Ring
Enlargement in Organic Chemistry; VCH: Weinheim, 1991. (e) Refer-
ence 2h.
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(C)O). 1H NMR (DMSO-d6, 90 °C, δ) 7.37-7.11 (m, 5H); 5.99
(d, 1H, J ) 6.5 Hz); 4.84 (t, 1H, J ) 5.8 Hz); 4.67 (d, 1H, J )
15.4 Hz); 4.48 (m, 1H); 3.96 (dd, 1H, J ) 4.7 Hz, J′ ) 10.7
Hz); 3.82 (m, 1H); 4.74 (d, 1H, J ) 15.4 Hz); 2.5 (m, 1H); 1.7
(m, 1H); 1.61-1.35 (m, 4H); 1.45 (s, 9H); 1.26 (m, 1H). 13C
NMR (DMSO-d6, 90 °C, δ) 168.6, 153.6, 135.6, 128.0, 127.1,
126.8, 78.3, 74.9, 53.9, 50.7, 43.5, 39.4, 27.7, 24.8, 24.5, 18.4.
Anal. Calcd for C20H28N2O4 (360.45): C, 66.64 H, 7.83; N, 7.77.
Found: C, 66.76; H, 7.65; N, 7.59.
General Procedure for the Preparation of r-Amino

Acid N-Carboxy Anhydrides. To a magnetically stirred
solution of 3-hydroxyazetidin-2-one (3 mmol) in 15 mL of
dichloromethane were added 2,2,6,6-tetramethylpiperidin-1-
oxyl (TEMPO) (6 mg, 0.03 mmol) and a solution of potassium
bromide (36 mg, 0.3 mmol) in water (0.15 mL) at room
temperature. The solution was cooled to -5-0 °C (ice-salt
bath) and aqueous sodium hypochlorite (Aldrich, 23,930-5) (30
mL) buffered at pH 6.9 (1.8 g of sodium hydrogen carbonate
for 84 mL of a 0.25 M buffer solution phosphate) was added,
keeping the temperature of the reaction mixture between 10
and 15 °C. The mixture was stirred for a further 10 min.
Workup8c afforded the corresponding R-amino acid N-carboxy
anhydrides.
(4S)-3-Benzyl-4-[(1R)-1-[(tert-butyldiphenylsilyl)oxy]-

2-methylpropyl]oxazolidine-3,5-dione (5a). The general
procedure was followed starting from 3a. Yield: 95%. Mp:
168-170 °C (EtOH). [R]25D ) +31.8° (c ) 1, CH2Cl2). IR (KBr)
υ 1839 cm-1 (CdO), 1764 cm-1 (CdO). 1H NMR (CDCl3, δ)
7.72-7.66 (m, 4H); 7.51-7.26 (m, 2H); 7.04-7.01 (m, 9H); 4.58
(d, 1H, J ) -15.6 Hz); 4.23 (d, 2H, J ) -15.6 Hz); 4.07 (d,
1H, J ) 3.6 Hz); 3.83 (dd, 1H, J ) 3.7 Hz, J ) 4.8 Hz); 1.77-
1.71 (m, 1H); 1.05 (s, 9H); 0.77 (d, 3H, J ) 6.6 Hz); 0.52 (d,
3H, J ) 6.8 Hz). 13C NMR (CDCl3, δ) 167.0, 152.7, 136.1,
136.0, 134.4, 132.8, 132.4, 130.2, 130.0, 129.0, 128.4, 127.9,
127.8, 127.7, 75.6, 61.5, 46.8, 30.5, 26.8, 20.1, 19.6, 18.0. Anal.
Calcd for C30H35NO4Si (501.60): C, 71.83; H, 7.05; N, 2.72.
Found: C, 72.08; H, 7.16; N, 2.67.
(4S)-3-Benzyl-4-[(1R)-1-[(tert-butyldimethylsilyl)oxy]-

benzyl]oxazolidine-3,5-dione (5b). The general procedure
was followed starting from 3b. Yield 96%. Oil. [R]25D )
-53.2° (c ) 1, CH2Cl2). IR (KBr) υ 1810 cm-1 (CdO), 1763
cm-1 (CdO). 1H NMR (CDCl3, δ) 7.45-7.12 (m, 9H); 6.52-
6.49 (m, 1H); 5.28 (d, 1H, J ) 1.7 Hz); 4.90 (d, 1H, J ) -14.9
Hz); 4.11 (d, 1H, J ) 1.7 Hz); 3.42 (d, 1H, J ) -14.9 Hz); 0.99
(s, 9H); -0.02 (s, 3H); -0.05 (s, 3H). 13C NMR (CDCl3, δ)
167.5, 152.9, 139.1, 133.7, 128.7, 128.6, 128.4, 128.2, 128.0,
125.8, 72.9, 65.1, 46.7, 25.7, -4.4, -5.8.
(4R)-3-Benzyl-4-[(2S)-N-(tert-butoxycarbonyl)pyrroli-

din-2-yl]oxazolidine-2,5-dione (13a). The general proce-
dure was followed starting from 12a. Yield 98%. Oil. [R]25D
) -33.4° (c ) 0.9, CH2Cl2). IR (KBr) υ 1840 cm-1 (CdO), 1776
cm-1 (CdO), 1691 cm-1 (CdO). 1H NMR (CDCl3, δ) 7.37-7.29
(m, 5H); 4.73 (d, 1H, J ) 4.1 Hz); 4.57 (d, 1H, J ) -15.8 Hz);
4.47 (d, 1H, J ) -15.8 Hz); 4.06 (m, 1H); 3.35 (m, 1H); 1.99
(m, 1H); 1.71-1.51 (m, 3H); 1.37 (s, 9H). 13C NMR (CDCl3, δ)
167.3, 153.6, 151.8, 134.8, 128.1, 128.0, 127.3, 79.0, 60.2, 55.5,
46.5, 45.9.
(4R)-3-Benzyl-4-[(2S)-N-(tert-butoxycarbonyl)piperidin-

2-yl]oxazolidine-2,5-dione (13b). The general procedure
was followed starting from 12b. Yield 96%. Oil. [R]25D )
-19.3° (c ) 1, CH2Cl2). IR (KBr) υ 1840 cm-1 (CdO), 1774
cm-1 (CdO), 1687 cm-1 (CdO). 1H NMR (CDCl3, δ) 7.38-7.28
(m, 5H); 4.65 (d, 1H, J ) 6.6 Hz); 4.64 (d, 1H, J ) -15.8 Hz);
4.36 (m, 1H); 4.35 (d, 1H, J ) -15.8 Hz); 3.77 (m, 1H); 2.83
(m, 1H); 1.73 (m, 1H); 1.53-1.30 (m, 5H); 1.41 (s, 9H). 13C
NMR (CDCl3, δ) 167.5, 153.7, 151.7, 134.7, 128.0, 127.2, 127.1,
79.4, 59.7, 51.3, 45.9, 40.3, 38.9, 27.5, 22.8, 17.8.
(4R)-3-Benzyl-4-[(1S)-1-[N-(tert-butoxycarbonyl)amino]-

ethyl]oxazolidine-2,5-dione (16a). The general procedure
was followed starting from 15a. Yield 96%. Oil. [R]25D )
-24.3° (c ) 0.8, CH2Cl2). IR (KBr) υ 3160 cm-1 (CdO), 1788
cm-1 (CdO), 1725 cm-1 (CdO). 1H NMR (DMSO-d6, 90 °C, δ)
7.41-7.38 (m, 5H); 6.75 (sb, 1H); 4.70 (d, 1H, J ) -15.8 Hz);
4.51 (d, 1H, J ) -15.8 Hz); 4.41 (d, 1H, J ) 3.6 Hz); 4.02-
3.93 (m, 1H); 1.41 (s, 9H); 1.07 (d, 3H, J ) 7.1 Hz). 13C NMR

(DMSO-d6, 90 °C, δ) 167.3, 152.4, 135.2, 128.6, 127.9, 127.8,
78.7, 62.7, 46.4, 46.1, 28.1, 15.6.
(4R)-3-Benzyl-4-[(1S)-1-[N-(tert-butoxycarbonyl)amino]-

2-methylpropyl]oxazolidine-2,5-dione (16b). The general
procedure was followed starting from 15b. Yield 92%. Oil.
[R]25D ) -41.4° (c ) 1.2, CH2Cl2). IR (KBr) υ 3355 cm-1 (CdO),
1795 cm-1 (CdO), 1730 cm-1 (CdO). 1H NMR (DMSO-d6, 90
°C, δ) 7.44-7.39 (m, 5H); 6.84 (sb, 1H); 4.70 (d, 1H, J ) -15.8
Hz); 4.56 (d, 1H, J ) -15.8 Hz); 4.39 (d, 1H, J ) 3.2 Hz); 3.94-
3.89 (m, 1H); 1.62-1.53 (m, 1H); 1.45 (s, 9H); 0.85 (d, 3H, J )
6.6 Hz); 0.67 (d, 3H, J ) 6.4 Hz). 13C NMR (DMSO-d6, 90 °C,
δ) 167.5, 152.6, 135.3, 128.9, 128.4, 128.0, 127.8, 78.7, 63.0,
46.8, 38.2, 28.1, 24.2, 22.7, 20.7.
(4R)-3-Benzyl-4-[(1S)-1-[(N-(tert-butoxycarbonyl)ami-

no]benzyl]oxazolidine-2,5-dione (16c). The general pro-
cedure was followed starting from 15c. Yield 97%. Oil. [R]25D
) -29.8° (c ) 1.2, CH2Cl2). IR (KBr) υ 3150 cm-1 (N-H), 1825
cm-1 (CdO), 1750 cm-1 (CdO). 1H NMR (DMSO-d6, 90 °C, δ)
7.41-6.96 (m, 10H); 6.85 (sb, 1H); 4.76 (d, 1H, J ) -15.9 Hz);
4.60 (d, 1H, J ) -15.9 Hz); 4.43 (d, 1H, J ) 2.9 Hz); 4.19-
4.02 (m, 1H); 2.76-2.50 (m, 2H); 1.32 (s, 9H). 13C NMR
(DMSO-d6, 90 °C, δ) 167.6, 152.6, 137.3, 135.3, 128.9, 128.8,
128.4, 128.3, 128.0, 127.9, 126.3, 78.7, 62.2, 52.6, 46.8, 36.1,
28.0.
General Procedure for the Preparation of Peptides

from r-Amino AcidN-Carboxy Anhydrides. To a solution
of the NCA (1 mmol) and the ω-amino ester (1 mmol) in
dimethylformamide (5 mL) was added NaN3 (65mg, 1 mmol),
and the mixture was stirred at room temperature for 15 h.
Then, diethyl ether (10 mL) was added and the organic layer
was washed with a satured solution of NaHCO3 (3 × 8 mL).
Drying and evaporation afforded the corresponding peptide
which was purified by column chromatography.

â(R)-[(tert-Butyldiphenylsilyl)oxy]-(R)-Leu-(S)-Leu-
(OMe) (7). The general procedure was followed starting from
NCA 5a and (S)-leucine methyl ester to afford N-benzyl-â(R)-
[(tert-butyldiphenylsilyl)oxy]-(R)-Leu-(S)-Leu-(OMe) (6) which
was purified by column chromatography (silica, eluant: AcOEt/
hexanes 1/30). Yield 90%. Oil. [R]25D ) -7.5° (c ) 1, CH2-
Cl2). IR (KBr) υ 3350 cm-1 (NH), 1743 cm-1 (CdO), 1676 cm-1

(CdO). 1H NMR (CDCl3, δ) 7.69-7.61 (m, 4H); 7.43-7.21 (m,
6H); 7.15-7.11 (m, 5H); 4.51-4.45 (m, 1H); 3.56 (t, 1H, J )
4.9 Hz); 3.70 (d, 1H, J ) -12.5 Hz); 3.67 (s, 3H); 3.23 (d, 1H,
J ) 4.9 Hz); 1.82-1.77 (m, 1H); 1.55-1.40 (m, 3H); 1.00 (s,
9H); 0.85 (d, 6H, J ) 7.0 Hz). 13C NMR (CDCl3, δ) 173.1, 136.0,
135.8, 133.4, 133.0, 129.7, 128.2, 128.1, 127.5, 127.4, 126.9,
79.0, 64.8, 52.7, 52.1, 50.4, 41.2, 32.2, 27.2, 24.8, 22.8, 22.0,
18.9, 18.8, 17.8. Compound 6 was hydrogenolyzed following
the General Procedure for the synthesis of 3-hydroxy â-lac-
tams, to afford the title compound 7. Yield 82%. Oil. [R]25D
) -52.8° (c ) 1, CH2Cl2). IR (KBr) υ 3850 cm-1 (NH), 1743
cm-1 (CdO), 1672 cm-1 (CdO). 1H NMR (CDCl3, δ) 7.63-7.52
(m, 4H); 7.31-7.20 (m, 6H); 4.38-4.33 (m, 1H); 3.99 (dd, 1H,
J ) 2.6 Hz, J ) 5.6 Hz); 3.53 (s, 3H); 3.69-3.36 (m, 1H); 1.55-
1.40 (m, 4H); 1.00 (s, 9H); 0.94 (d, 3H, J ) 6.6 Hz); 0.94 (d,
3H, J ) 6.6 Hz); 0.91 (d, 3H, J ) 6.8 Hz); 0.86 (d, 3H, J ) 7.1
Hz); 0.69 (d, 3H, J ) 6.6 Hz). 13C NMR (CDCl3, δ) 173, 172,
135, 135, 133, 132, 129, 129, 127, 127, 76.9, 55.1, 52.1, 51.1,
41.2, 32.5, 27.1, 24.8, 22.7, 22.3, 19.7, 19.3, 18.3.
N-(tert-Butoxycarbonyl)-â(R)-[(tert-butyldimethylsily-

l)oxy]-(R)-Phe-(â(R)-[(tert-butyldiphenylsilyl)oxy]-Leu-
(S)-Leu-(OMe) (9). The general procedure was followed
starting from NCA 5b and dipeptide 7 to afford N-benzyl-â-
(R)-[(tert-butyldimethylsilyl)oxy]-(R)-Phe-â(R)-[(tert-butyldiphe-
nylsilyl)oxy]-Leu-(S)-Leu-(OMe) (8) which was purified by
column chromatography (silica, eluant: AcOEt/hexanes 1/8).
Yield 65%. Oil. [R]25D ) -26.9° (c ) 1, CH2Cl2). IR (KBr) υ
3481-3349 cm-1 (NH), 1743 cm-1 (CdO), 1662 cm-1 (CdO).
1H NMR (CDCl3, δ) 7.76 (d, 1H, J ) 6.9 Hz); 7.85-7.79 (m,
4H); 7.77-7.08 (m, 16H); 5.41 (d, 1H, J ) 3.2 Hz); 4.68-4.63
(m, 2H); 4.23 (dd, 1H, J ) 2.5 Hz, J ) 6.3 Hz); 3.76 (s, 3H);
3.44 (d, 1H, J ) 12.2 Hz); 3.32 (d, 1H, J ) 12.2 Hz); 3.28 (d,
1H, J ) 3.2 Hz); 1.99-1.90 (m, 1H); 1.64-1.49 (m, 3H); 1.22
(s, 9H); 0.93 (d, 3H, J ) 5.9 Hz); 0.91 (d, 3H, J ) 5.9 Hz); 0.86
(s, 9H); 0.76 (d, 3H, J ) 6.8 Hz); 0.67 (d, 3H, J ) 6.9 Hz);
-0.06 (s, 3H); -0.18 (s, 3H). 13C NMR (CDCl3, δ) 172.9, 172.3,
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170.2, 142.9, 139.1, 136.2, 136.0, 133.5, 132.4, 129.8, 129.6,
128.4, 128.2, 128.1, 127.6, 127.4, 126.9, 126.0, 77.6, 73.5, 68.2,
55.5, 53.2, 52.1, 50.8, 41.7, 31.8, 27.3, 25.9, 24.7, 22.7, 21.9,
19.7, 19.6, 18.1, -4.8. To a solution of compound 8 (1 mmol)
in ethanol (6 mL) were added 10% palladium on charcoal (0.2
g) and di-tert-butyl dicarbonate (1.5 mmol), and the mixture
was kept under hydrogen (1 atm). The reaction mixture was
stirred at room temperature for 15 h. After usual purification,
the title compound 9 was obtained. Yield 78%. Oil. [R]25D )
-20.4° (c ) 1, CH2Cl2). IR (KBr) υ 3461-3370 cm-1 (NH),
1743 cm-1 (CdO), 1662 cm-1 (CdO). 1H NMR (CDCl3, δ) 7.81-
7.66 (m, 6H); 7.46-7.23 (m, 10H); 6.98 (d, 1H, J ) 8.1 Hz);
5.54 (d, 1H, J ) 2.2 Hz); 5.37 (d, 1H, J ) 9.4 Hz); 4.60 (dd,
1H, J ) 2.1 Hz, J ) 6.8 Hz); 4.57-4.52 (m, 1H); 4.37-4.30
(m, 2H); 3.74 (s, 3H); 2.04-1.93 (m, 1H); 1.74-1.45 (m, 3H);
1.29 (s, 9H); 1.06 (s, 9H); 0.91 (d, 6H, J ) 5.7 Hz); 0.88 (s,
9H); 0.74 (d, 3H, J ) 7.8 Hz); 0.64 (d, 3H, J ) 5.8 Hz); 0.00 (s,
3H); -0.13 (s, 3H). 13C NMR (CDCl3, δ) 172.7, 170.0, 169.7,

156.1, 141.2, 136.1, 136.0, 133.3, 129.9, 128.1, 127.6, 126.0,
80.3, 77.0, 76.4, 73.0, 61.8, 55.2, 52.1, 51.0, 41.3, 32.0, 28.1,
27.3, 25.9, 24.7, 22.6, 22.1, 19.7, 18.8, -4.7, -4.8
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