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Simple access to novel azetidine-containing conformationally
restricted amino acids by chemoselective reduction of b-lactams
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Abstract—Reduction with diphenylsilane and catalytic amounts of tris(triphenylphosphine)rhodium(I) carbonyl hydride resulted in
an efficient, chemoselective method for the transformation of amino-acid-derived b-lactams into the corresponding azetidines, which
after removal of the p-methoxybenzyl group, afforded a new family of conformationally restricted amino acids. Phe-derived
compounds were obtained in enantiopure form by combining HPLC resolution of the b-lactam precursor and the above-mentioned
procedure.
� 2004 Elsevier Ltd. All rights reserved.
Incorporation into peptides of amino acids with
restricted / dihedral angles is a general strategy to
induce reverse turn conformations. This kind of con-
straint could be achieved through Na-Ca-cyclizations
but, with the exception of some a-alkylprolines, scarce
attention has been paid to these kinds of restricted
amino acid derivatives.1;2 In this context, the four-
membered ring of azetidines 2 fixes the / torsion angle
in values of approximately 70� or )70�, depending on
the relative configuration at the C2 stereogenic center.
These values are very close to those described for the
corner amino acids in standard b- and c-turns.3 To the
best of our knowledge, only three references in the lit-
erature deal with the synthesis of a-substituted azet-
idine-a-carboxylic acids, related to 2. Thus, the Seebach
group reported the stereoselective synthesis of com-
pounds 2 [R1¼CH(OH)R] by hydroxyalkylation of
enantiopure azetidine-2-carboxylic acid derivatives.4

Alternatively, azetidines 2 (R1¼Et, R2¼R3¼H, and
R1¼Bzl, R2¼Et, R3¼Boc) have been prepared by
Seebach and Kawabata groups following Ca fiNa- and
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Na fiCa-cyclizations of chiral halo amino acid deriva-
tives, respectively.5;6

Recently, we have described a simple method for the
preparation of b-lactams 1,7 with a suitable substitution
pattern that make them attractive precursors of the
corresponding azetidines 2, just by reduction of the
b-lactam ring carbonyl group (Chart 1). However, most
of the methods described for the reduction of b-lactams
to azetidines, LiAlH4, NaBH4–AlCl3 DIBAL-H,
AlClH2, and AlCl2H,

8 are not compatible with the
presence of ester groups. In this paper we describe a
straightforward procedure for the chemoselective
reduction of compounds 1 to the corresponding azeti-
dine-containing restricted amino acids 2. A combination
of chiral HPLC resolution of the racemic b-lactam and
the application of the reduction procedure here reported
allowed us to prepare pure R and S enantiomers of a
Phe-derived azetidine.
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The search for appropriate reduction conditions was
performed using the Trp derivative 1a as model com-
pound. All attempts to reduce 1a with diborane9

resulted in complex mixtures of compounds from which,
in the best case, the expected azetidine 2a was obtained
in only 34% yield. Although it has been claimed that the
reduction of tertiary lactams with 9-BBN proceeds
chemoselectively in the presence of esters,10 the appli-
cation of this procedure to compound 1a resulted in the
simultaneous reduction of the b-lactam carbonyl group
and the 4-methyl ester, to give azetidine 4 as the major
product (Chart 2).
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a: R1 = CH2In, R2 = Me, R3 = Pmb
b: R1 = CH2In, R2 = tBu, R3 = Bzl
c: R1 = CH2In(Boc), R2 = tBu, R3 = Pmb
d: R1 = CH2Ph, R2 = Me, R3 = Pmb
e: R1 = CH2Ph, R2 = tBu, R3 = Pmb
f:  R1 = CH3, R2 = Me, R3 = Bzl
g: R1 = CH2CH(CH3)2, R2 = tBu, R3 = Pmb
h: R1 = (CH2)2CO2

tBu, R2 = tBu, R3 = Pmb
i:  R1 = (CH2)3NHZ, R2 = Me, R3 = Pmb
j:  R1 = (CH2)3NHBoc, R2 = Me, R3 = Pmb
              (Pmb = p-methoxybenzyl)
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Scheme 1.

Table 1. Transformation of b-lactams 1 to azetidines

Entry Starting compound Reduction method

1 1a B2H6/THF/65 �C
2 1a 9-BBN/THF/65 �C
3 1a Ph2SiH2/RhH(CO)(PP

4 1b Ph2SiH2/RhH(CO)(PP

5 1c Ph2SiH2/RhH(CO)(PP

6 1d Ph2SiH2/RhH(CO)(PP

7 1e Ph2SiH2/RhH(CO)(PP

8 1f Ph2SiH2/RhH(CO)(PP

9 1g Ph2SiH2/RhH(CO)(PP

10 1h Ph2SiH2/RhH(CO)(PP

11 1i Ph2SiH2/RhH(CO)(PP

aYield of isolated compound.
b 2-Hydroxymethyl azetidine derivative 4 (24%) was obtained as the major c
cHydrogenation performed with Pd black.7a
d Compound 5 (13%) was also isolated.
e Compound 3j obtained from Boc-derivative 2j.
Fortunately, much better results were found following
the method described by Ito and co-workers for the
reduction of tertiary amides with diphenylsilane and
rhodium catalysts.11 Following this procedure, azet-
idines 2a–c, and 2h were obtained in 51–64% yield from
the corresponding Trp- and Glu-derived b-lactams 1a–c,
and 1h, respectively (Scheme 1, Table 1). Improved
yields were obtained in the reduction of 2-azetidinones
derived from Phe, Ala, Leu, and Orn. In general, this
reducing method is chemoselective with respect to car-
boxylic esters (Me, tBu) and to urethane moieties (Boc,
Z).12;13

Removal of the 1-Pmb group by catalytic hydrogenation
in the presence of Pd(OH)2 as catalyst gave the
1-unsubstituted azetidines 3 (Scheme 1, Table 1).14;15

Compound 3h was obtained along with a 13% of the
1-(10-hydroxy)ethyl derivative 5 (Chart 2), probably
resulting from the addition of 3h to the acetaldehyde
stabilizing the MeOH used as solvent. Due to the reac-
tion conditions needed for the removal of the Pmb
group in derivative 2i are not compatible with the
presence of the benzyloxycarbonyl moiety, this Z-pro-
tected Orn derivative was transformed into the corre-
sponding Boc analogue 2j (H2/Pd–C/Boc2O, 80%), prior
to the transformation to the corresponding 1-unsubsti-
tuted azetidine 3j (Scheme 2).

With a suitable method for the preparation of the
azetidine-containing amino acids, the next issue we
addressed was the possibility of preparing these com-
pounds in enantiomerically pure form. For that pur-
pose, the HPLC analytical resolution of Phe derivatives
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1d, 2d, and 3d was tested on four different silica-bonded
chiral phases.16 Compound 1d could be separated into
their corresponding enantiomers on CSP-1 and CSP-3,
and 2d could be resolved on CSP-2. The best resolution
was achieved for b-lactam 1d using the CSP-1, derived
of mixed 10-undecenoate/3,5-dimethylphenyl-carbamate
of cellulose (Fig. 1A). Therefore, compound 1d was
selected as the most appropriate candidate to carry out
the preparative chromatography. Working in an over-
load mode with the analytical column, the conditions
established at this level were scaled up to preparative
chromatography.17 Thus, enantioseparation of a quasi
racemic mixture of (R)- and (S)-1d18 was achieved by
successive injections, using the peak shaving technique.
In this way, enriched mixtures of each enantiomer of 1d
were obtained (85% and 92% enantiomeric purity of first
and last eluted enantiomers, respectively). Optically
pure compounds were finally obtained by crystallization
of the above-mentioned mixtures19 (Scheme 3, Fig. 1B
and C). The absolute configuration of enantiomerically
pure b-lactams 6d has been previously established.20

Saponification of optically pure enantiomers of 1d to
obtain both enantiomers of 6d and comparison of the
sign of their optical rotation with the values reported in
Figure 1. HPLC analytical resolution of racemate 1d (A), and resolved

enantiomers (S)-1d (B) and (R)-1d (C). Column: 150· 4.6mm ID

containing 3,5-dimethylphenylcarbamate of cellulose (CSP-1). Eluent:

n-hexane/2-propanol 96:4. Flow rate: 0.8mL/min. UV detection:

210 nm. Chromatographic parameters: k01 ¼ 2:43; a ¼ 1:18; RS ¼ 1:52.
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Scheme 3. (a): (i) HPLC resolution, (ii) crystallization; (b): (i) 2N

NaOH, (ii) HCl (pH¼ 3).
Ref. 20 permitted assignment of the (S)-configuration to
the less retained enantiomer and the (R) stereochemistry
to the more retained enantiomer.21

Once the enantiomerically pure precursors (S)-1d and
(R)-1d were available, they were subjected to the previ-
ously established reducing method, affording 1-Pmb
derivatives (S)-2d and (R)-2d. Finally, removal of Pmb
group in these latter compounds allowed the prepara-
tion of the desired optically pure Phe-derived conform-
ationally constrained amino esters hydrochlorides (S)-3d
and (R)-3d (Scheme 4).

In summary, we have demonstrated that the use of
diphenylsilane, in the presence of tris(triphenylphos-
phine)-rhodium(I) carbonyl hydride as catalyst, is an
efficient and versatile method for the chemoselective
reduction of b-lactams to azetidines. This procedure was
compatible with the presence of commonly used car-
boxylic acid and amino protecting groups. In the case of
a Phe derivative, HPLC resolution of the racemic
b-lactam precursor, using a noncommercial cellulose-
derived stationary phase, has allowed the preparation of
both enantiomers of the azetidine restricted amino ester
3d in optically pure form. The ability of these con-
strained amino acids to induce folded conformations
upon incorporation into peptides is now under investi-
gation, and will be published in due course.
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