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Medium-sized lactams constitute a very important class of
compounds with high potential in drug,[1] materials,[2] and
catalysis[3] research. Efficient ring closure to form many
medium-sized (7–10-membered) lactams is still a significant
synthetic problem.[4] Direct ring closure through the activa-

tion of the carboxy group of an w-amino acid only gives high
yields if structural elements that favor the facile approach of
the mutually reactive end groups are present within the linear
precursor. A class of compounds that are especially resistant
to ring closure are dipeptides made up of a linear a- and a
linear b-amino acid, which represent potential prescursors to
the monocyclic seven-membered [1,4]diazepane-2,5-dione (or
homodiketopiperazine) skeleton.[5] The main reason for the
failure of these dipeptides to undergo cyclization is the
predominant trans arrangement of the amide bond, which
prevents the required spatial positioning of the terminal
amine and activated carboxy groups for cyclization to occur.[6]

Recently, we developed a novel auxiliary-mediated com-
bined tether–template strategy toward medium-sized lac-
tams.[7] It occurred to us that the Staudinger ligation reaction,
independently developed by the research groups of Bertozzi[8]

and Raines[9] , might also serve as a powerful method for the
facilitation of difficult lactamization reactions. Herein we
show the power of the intramolecular Staudinger ligation
method (Scheme 1), which provides access to 7–9-membered
lactams including the monocyclic homodiketopiperazine
series.

Ligation strategies have been developed to overcome the
problems encountered in the coupling of large peptide
fragments.[10] In the Staudinger ligation a carboxylic acid (or
the C terminus of a peptide) is transformed into a phosphanyl
thioester, which is then treated with an azide (or the N-
terminal azide of a peptide).[11] The ensuing Staudinger
reaction[12] produces an intermediate iminophosphorane,
which undergoes an intramolecular S!N acyl-transfer reac-
tion via a favored five-membered transition state. The
auxiliary residue is removed in the presence of a small
amount of water in the reaction mixture, which causes the
in situ hydrolysis of the P�N bond of the final amido
phosphonium salt. Thus, the intramolecular Staudinger liga-
tion should be a powerful method for effecting difficult
lactamizations, as the macrocycle that is initially formed
collapses in a series of thermodynamically favored and
proximity-driven ring-contraction reactions with expulsion
of a total of five atoms of the original ring (Scheme 2).[13]

Direct application of the Bertozzi–Raines method in an
intramolecular fashion, that is, thioesterification of a linear w-
azido acid with diphenylphosphanylmethanethiol, was
expected to compete with undesired premature Staudinger
reactions and thus lead to complex mixtures. We overcame
this key problem by protecting the phosphane-containing
auxiliary as the borane complex 3 (Scheme 3).

Model reactions revealed that borane-protected phos-
phanes were totally unreactive towards azides.[14] Thus, we

Scheme 1. Intramolecular Staudinger ligation.

[*] Dr. J. H. van Maarseveen, Dr. O. David, Dr. W. J. N. Meester,+

H. Bier ugel, Prof. Dr. H. Hiemstra
Institute of Molecular Chemistry, University of Amsterdam
Nieuwe Achtergracht 129, 1018 WS Amsterdam (The Netherlands)
Fax: (+31)20-525-5670
E-mail: jvm@science.uva.nl

Prof. Dr. H. E. Schoemaker
DSM Research, Life Science Products
PO Box 18, 6160 MD Geleen (The Netherlands)

[+] Current address:
Department of Pathology, Harvard Medical School
200 Longwood Avenue, Boston, Massachusetts 02115 (USA)

[**] We thank Dr. P. Kamer (Department of Homogeneous Catalysis,
University of Amsterdam) for helpful advice and discussions. Dr. A.
Van Loevezijn and Ing. C. Salomons (Solvay Pharmaceuticals,
Weesp, The Netherlands) are gratefully acknowledged for measur-
ing the LC/ESI-MS spectra. This research has been supported
financially by the Council for Chemical Sciences of the Netherlands
Organization for Scientific Research (CW-NWO).

Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

Angewandte
Chemie

4509Angew. Chem. 2003, 115, 4509 –4511 DOI: 10.1002/ange.200351930 � 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



could start directly from w-amino acids 1, which were
conveniently transformed into w-azido acids 2 by a diazo-
transfer reaction, as described by Lundquist and Pelletier.[15]

Thioesterification of the w-azido acids 2 with the borane-
protected auxiliary 3 provided the stable cyclization precur-
sors 4. Following liberation of the phosphane in 4 by
decomplexation with dabco, the intramolecular Staudinger
reaction and in situ hydrolysis of the resulting amidophos-
phonium salt should occur to give lactams 5. The representa-
tive amino acids 1a–h (Scheme 4) were chosen as substrates
for the intramolecular Staudinger ligation.

Cyclizations of the amino acids 1a–c by using traditional
carboxylic acid activating reagents are known to occur in low
to moderate yields accompanied by cyclic-dimer formation.[16]

In previous work the direct lactamization of 1e and 1 f by 1-
(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC) activation gave homodiketopiperazines 5e and 5 f in
low yields of 30 and 11%, respectively.[7b] The same work
showed the dipeptides 1g and 1h to be particularly challeng-
ing substrates, as all attempts at direct lactamization in the
presence of the current state-of-the-art carboxy-group-acti-
vating reagents failed.

Amines 1a–h were subjected to the diazo-transfer reac-
tion by treatment with TfN3 to furnish the corresponding
azides 2 in excellent yields (Table 1). The borane-protected
auxiliary 3 was synthesized in one step by saponification of
the known corresponding thioacetate with sodium hydroxide
in methanol.[9c] Subsequent coupling of the auxiliary 3 in the

presence of N,N’-dicyclohexylcarbodiimide (DCC) or EDC
gave the cyclization precursors 4a–h in high yields.

Compounds 4a–h are exceptionally stabile and do not
undergo undesired premature Staudinger reactions or oxida-
tion by air. The final intramolecular Staudinger reaction was

Scheme 2. Ring-contraction events in the intramolecular Staudinger
ligation.

Scheme 3. Reaction sequence of the intramolecular Staudinger liga-
tion.

Scheme 4. Amino acid substrates for the intramolecular Staudinger
ligation. Cbz=benzyloxycarbonyl.

Table 1: Yields of the cyclization precursors and the intramolecular
Staudinger ligation.

1 Yield [%][a] 5 (Yield [%])[a,b]

2 4

a 95 100 a (84)

b 99 96 b (59; 95)

c 99 98 c (80; 95)

d 95 97 d (80)

e 91 61 e (80)

f 76 95 f (60)

g 89 88 g (35)
h 85 84 g (29)

[a] Yields of isolated products. The yields in italics were calculated from
the 1H NMR spectrum (400 MHz) of the crude reaction mixture. [b] The
lactamization reactions were carried out at a concentration of 0.01m.
Tf= trifluoromethanesulfonyl.
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effected after liberation of the phosphane by decomplexation
with 1,4-diazabicyclo[2.2.2]octane (dabco; 2–5 equiv) at
70 8C. The unfunctionalized 7–9-membered lactams 5a–c
were isolated in yields of 84, 59, and 80%, respectively. It
was calculated by 1H NMR spectroscopic analysis of the
reaction mixtures that the cyclizations to 5b and 5c occurred
essentially quantitatively. aZ-lysine (1d) also cyclized effi-
ciently to give 5d in 80% yield. The cyclization of precursors
4e and 4 f, which have a conformationally unbiased tertiary
N�CO bond, gave bislactams 5e and 5 f in yields of 80 and
60%, respectively. Finally, we turned our attention to the
highly challenging target 3-benzyl-[1,4]diazepane-2,5-dione
(5g). Gratifyingly, both 4g and 4h reacted to give 5g in
isolated yields of 35 and 29%, respectively, as 1g and 1h can
not be lactamized directly by using traditional methodolo-
gies.[7b] The higher yields in the reactions of 4e and 4g in
comparison to those of 4 f and 4h suggests that the cyclization
is sensitive to steric congestion in the C-terminal fragment.
This is a phenomenon that has been observed in peptide
cyclizations previously by us and others.[7b,17]

In conclusion, the results described herein show that
medium-sized lactams that are inaccessible or can only be
prepared with great difficulty by methods that rely on the
direct carboxy activation ofw-amino acids can be prepared by
using this intramolecular Staudinger ligation method. Work is
currently in progress to expand the intramolecular Staudinger
ligation approach to the synthesis of small cyclopeptides.
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