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New Building Block in Chemoselective Ligation Chemistry
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Abstract: The non-codable amino acid O-amino-serine, Ams, has been prepared in both L- and D-forms as
the orthogonally protected derivative, Fmoc-Ams(Boc)-OH (1 and 2). This new amino acid derivative is
useful for chemoselective ligations. Under acidic conditions and in the presence of all other common amino
acid functionalities, the oxyamine function selectively forms oxime linkages with aldehydes. The Ams
residue has been incorporated into both ends of the peptide sequence Asp-Leu-Trp-Gln-Lys using standard
SPPS. The deprotected peptide has been used for chemical ligation to afford a peptide dimer as well as a
glycopeptide. Ams racemization was found to be negligible, as monitored by HPLC separation of Ams
dipeptide diastereomers. Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

The solid-phase peptide synthesis (SPPS) technique
introduced by Merrifield [1] has made it possible to
routinely synthesize linear peptides of good quality
using stepwise build-up. However, preparation of
very long peptides or peptides with unusual archi-
tecture, such as branched or cyclic peptides [2,3], is
still often problematic. The conventional protected
segment condensation is an option for complicated
peptides, but the solubilities of protected peptide

segments are often unpredictable and coupling
rates are often low [4], leading to problems such as
epimerization. Recently, chemoselective ligation ap-
proaches have been developed for the synthesis of
long, branched and cyclic peptides [5–10]. These
approaches allow ligation of unprotected peptides
through the formation of peptide bonds or surrogate
peptide bonds between two complementary reactive
functions. Amino acid functionalities like amines,
thiols or carboxylic acids must be unreactive or
reversibly reactive under the conditions used. Sev-
eral strategies are available for chemoselective liga-
tion, e.g. those based on carbonyl or thiol
chemistry. Carbonyl ligation chemistry involves re-
action under acidic conditions between an aldehyde
and a weak base such as 1,2-aminothiols, hydrazi-
nes or oxyamines to afford thiazolidines, hydra-
zones or oximes [11,12]. The higher basicity of
side-chain and a-amines of amino acids render
these groups relatively unreactive below neutral pH.
For peptide-to-peptide ligations, the weakly basic
groups and aldehydes may be incorporated during
SPPS, usually at the termini or through acylation of
selectively protected side-chain amines [13,14]. For
the assembly of peptide dimers and dendrimers,
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templates containing multiple aldehydes may be
used. Examples of thiol ligation chemistries involve
the formation of pseudo-peptide bond thioethers
[15,16] or thioesters [17]. Elegantly, native peptide
bonds have been formed by peptide-to-peptide liga-
tions between a C-terminal thioester and an N-
terminal cysteine or N-oxyethanethiol glycine [18–
20]. Common to the different thioester methods is
their limitation for choice of protecting group strat-
egy. Because thioesters are not stable to the basic
reagents used for Fmoc-removal, peptide thioesters
usually cannot be synthesized by Fmoc-based
chemistry. An alternative approach involves reac-
tion of C-terminal S-cyano cysteine peptides with
peptide nucleophiles. This chemistry likewise yields
native peptide bonds, although several byproducts
may co-form, e.g. dehydroalanine sequences
[21,22].

For the purpose of incorporation of branch points
at any position in a peptide sequence, we wanted
access to amino acids with oxyamine functions in
the side-chain. Acylation of a selectively deprotected
lysine with protected 2-oxyamino acetic acid has
been used [5,11,13,14,23], but the long flexible
side-chain of lysine is not always desirable. Short-
chain lysine analogues may be used, but we pre-
ferred an amino acid with the oxyamine directly on
the amino acid alkyl side-chain. This would keep
the side-chain length minimal and eliminate the
need for specialized amino group protections. In
nature, the oxyamino side-chain functionality is
found in the canaline amino acid (L-2-amino-4-
aminooxy-butyric acid) [24,25]. An oxyamine ana-
logue of lysine, L-homocanaline, was recently
prepared as the Fmoc/Boc-protected derivative
through a seven-step synthesis [26]. We preferred
the shortest possible side-chain in order to limit
structural flexibility. This made us target O-amino-
serine (Ams) [27], preferably as the Fmoc/Boc-
derivative. N(a)-Z-derivatives of Ams have previously
been synthesized as racemates from the alpha-
bromo acid [28,29].

The present paper describes a three-step syn-
thetic route to the D- and L-forms of orthogonally-
protected O-amino-serine, Fmoc-Ams(Boc)-OH (1
and 2, respectively). We propose Ams as an abbrevi-
ation for O-amino-serine. The starting point for the
synthesis is the appropriate enantiomer of the chi-
ral natural product cycloserine 3 (4-amino-isoxazo-
lidin-3-one) [30]. The new building block has been
used in stepwise peptide synthesis to afford pep-
tides that contain the oxyamino side-chain. Two
applications of the unprotected peptides for

chemoselective ligation have been demonstrated
and evaluated. In addition, Ams racemization has
been shown to be very low, via preparation of two
dipeptide diastereomers and their separation using
HPLC.

MATERIALS AND METHODS

Suitably protected N(a)-Fmoc-amino acids were
purchased from Novabiochem or Senn, Switzerland.
1-Hydroxy-7-azabenzotriazole (HOAt) was pur-
chased from Perseptive Biosystems. Other chemi-
cals were purchased from Aldrich, Sigma or Fluka,
and used as received, except where noted. Dried
THF was collected by distillation from Na/benzophe-
none. Analytical thin layer chromatography (TLC)
was performed on silica gel 60 F254 aluminium
sheets with detection by UV light, ninhydrin or
0.04% sodium bromocresol green in EtOH, which
identifies b-lactones as yellow spots on a blue back-
ground. Melting points are reported uncorrected.
1H- and 13C-NMR spectra were recorded on a 400
MHz Varian instrument. Chemical shifts are re-
ported relative to CHCl3 at 7.27 ppm, DMSO-d6 at
2.50 ppm or acetone-d6 at 2.05 ppm. Hz-values
denote coupling constants (J). Molecular weights of
the peptides were determined using matrix-assisted
laser desorption time of flight mass spectroscopy
(MALDI-MS), recorded on a Voyager-DE (Perseptive
Biosystems). A matrix of sinapinic acid was used.
Column chromatography was carried out on silica
gel 60 (Merck). Analytical and semi-preparative
high-performance liquid chromatography (HPLC)
were performed using a Waters RCM 8×10 module
with C-18 columns (19×300 mm or 25×300 mm)
at 40°C. The solvent system for both analytical and
semi-preparative HPLC was buffer A (0.1% TFA in
water) and buffer B (0.07% TFA in MeCN). UV detec-
tion was at 215 nm or 200–400 nm (photo-diode
array). The gradient for analytical HPLC was 5–60%
buffer B over 25 min at 1.5 ml/min and the gradient
for semi-preparative HPLC was 5–60% buffer B over
40 min at 4 ml/min, unless otherwise indicated.

Fmoc-L-Serine b-Lactone, 4

Triphenylphosphine (8.1 g, 31 mmol) in dried THF
(125 ml) was cooled with CO2/acetone under an
argon atmosphere. Diethyl azodicarboxylate (4.8 ml,
31 mmol) was added dropwise over 10 min with
stirring. After standing for 10 min, Fmoc-serine
(10.1 g, 31 mmol) in dried THF (125 ml) was added
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dropwise over 15 min. The mixture was left with
stirring for 20 min under cooling and 3.5 h at room
temperature. The reaction was monitored using TLC
(AcOEt/hexane, 1:1). The solvent was removed in
vacuo and the lactone was isolated by column chro-
matography (AcOEt/hexane, 1:1). The later fractions
were contaminated with diethyl hydrazinedicar-
boxylate, which was removed by washing the solid
material with CHCl3. The total yield was 4.5 g
(47%), m.p. 201–202°C.

1H-NMR (acetone-d6) d: 7.87 (d, 2H, 7.7 Hz, ArH),
7.70 (d, 2H, 7.6 Hz, ArH), 7.42 (t, 2H, 7.5 Hz, ArH),
7.33 (t, 2H, 7.5 Hz, ArH), 5.31 (q, 1H, 6.3 Hz, aH),
4.46 (m, 4H, FlCH2 and CH2ON), 4.26 (d, 1H, J=
6.7, ArCH).

13C-NMR (acetone-d6) d: 169.5, 155.8, 144.1,
141.4, 127.9, 127.3, 125.3, 120.1, 67.0, 65.9, 60.0,
47.4.

Fmoc-L-Ser-ONH-Boc, 5

The b-lactone 4 (50 mg, 0.16 mmol) was dissolved
in dried THF, DCM or CH3CN (1–2 ml), either with
or without DIEA (27 ml, 0.16 mmol), and was treated
with Boc-NH-OH (22 mg, 0.16 mmol). The mixtures
were stirred at room temperature or at 50°C for
several days. TLC showed formation of the ester
primarily and no Fmoc-Ams(Boc)-OH could be de-
tected. The mixtures were worked up by addition of
AcOEt and washing with 0.1 M HCl and water. The
solutions were dried (MgSO4) and evaporated in
vacuo. An analytical sample was purified by chro-
matography on silica with AcOEt/hexane/AcOH,
20:20:1 as eluent, yielding Fmoc-Ser-ONH-Boc, 40
mg (56%).

1H-NMR (CDCl3) d: 8.13 (bs, 1H, NH), 7.76 (d, 2H,
7.4 Hz, ArH), 7.60 (t, 2H, 6.2 Hz, ArH), 7.40 (t, 2H,
7.5 Hz, ArH), 7.31 (t, 2H, 7.4 Hz, ArH), 5.88 (bd, 1H,
8.7 Hz, NH), 4.62 (d, 1H, 9.0 Hz, CHO), 4.40 (t, 2H,
8.1 Hz, FlCH2), 4.23 (m, 2H, ArCH and aH), 3.87 (d,
1H, 12 Hz, CH’O), 1.49 (s, 9H, CH3).

13C-NMR (CDCl3) d: 171.3, 158.8, 156.4, 144.0,
141.5, 127.9, 127.3, 125.3, 120.2, 82.6, 67.7, 64.0,
55.8, 47.4, 28.3.

Fmoc-D-cycloserine, 62

D-cycloserine 3 (1.0 g, 9.79 mmol) in water (12 ml)
was cooled with an ice-bath and treated with DIEA
(1.12 ml, 6.53 mmol), followed by FmocOSu (2.2 g,

6.53 mmol) in DMF (20 ml). The pH of the solution
was adjusted to a value of 8–9 by the addition of
extra DIEA after 2 and 3 h. The mixture was stirred
overnight at room temperature and then poured
into 0.1 M HCl (100 ml). After 2 h at 5°C, the
precipitate was collected by filtration and recrystal-
lized from isopropanol/water, 1.73 g (82%), m.p.
122–124°C.

1H-NMR (CDCl3) d: 8.03 (bs, 1H, NH), 7.78 (d, 2H,
7.8 Hz, ArH), 7.59 (d, 2H, 7.3 Hz, ArH), 7.42 (t, 2H,
7.5 Hz, ArH), 7.33 (t, 2H, 7.2 Hz, ArH), 5.44 (bs, 1H,
NH), 4.82 (dd, 1H, 7.5 Hz, aH), 4.65 (m, 1H, CHON),
4.45 (d, 2H, 4 Hz, 6.3 Hz, FlCH2), 4.23 (t, 1H,
ArCH), 4.12 (dd, 1H, 6.9 Hz, CH%ON, 8.8 Hz).

13C-NMR (CDCl3) d: 170.8, 156.4, 143.7, 141.5,
128.0, 127.3, 125.2, 120.2, 75.1, 67.7, 54.0, 53.1.

Fmoc-D-Ams, HCl, 7

Fmoc-D-cycloserine 6 (2.5 g, 6.53 mmol) in 2 M HCl/
THF (80 ml, 1:1) was heated to 60°C for 2–3 days.
Alternatively, the mixture was stirred at room tem-
perature for 2–3 weeks. The reaction progress was
monitored by TLC (DCM:AcOEt:AcOH, 5:5:1). The
cooled solution was evaporated to remove THF, and
was then filtered and evaporated to dryness and
dried in vacuo, 1.38 g (56%).

1H-NMR (DMSO-d6) d: 7.87 (d, 2H, 7.4 Hz, ArH),
7.83 (d, 1H, 8.4 Hz, NH), 7.70 (d, 2H, 7.7 Hz, ArH),
7.40 (t, 2H, 7.5 Hz, ArH), 7.31 (t, 2H, 7.2 Hz, ArH),
4.4–4.2 (m, 6H).

MALDI-MS, m/z 342.6 (M+H)+, C18H18N2O5 re-
quires m/z 342.4.

Fmoc-D-Ams(Boc)-OH, 1

Fmoc-D-Ams hydrochloride 7 (1.26 g, 3.3 mmol) in
DMF (40 ml) was treated with DIEA (1.13 ml, 6.6
mmol) and di-tert-butyl dicarbonate (0.77 g, 3.6
mmol). The mixture was stirred for 2–3 h, and the
pH was adjusted to a value of 8–9 every hour, by
addition of DIEA. TLC was used for monitoring
(AcOEt:hexane:AcOH, 20:20:1). At reaction end-
point, ether and 0.1 M HCl were added. The organic
phase was washed with 0.1 M HCl and water (×2).
The solution was then extracted with 2% NaHCO3

(×3). The resulting aqueous solution was washed
with ether, acidified with 1 M HCl to pH 2, and the
precipitated material was dissolved in ether and
dried (MgSO4). The solvent was removed and the
crude product was crystallized from acetone/hex-
ane, 0.90 g (62%), m.p. 74–78°C.

1H-NMR (CDCl3) d: 7.76 (d, 2H, 7.6 Hz, ArH), 7.61
(d, 2H, 7.3 Hz, ArH), 7.40 (t, 2H, 7.5 Hz, ArH), 7.31

2 An alternative route to Fmoc-cycloserine was reported very re-
cently. The synthesis was performed via bis-silyated cycloserine
[56].
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(t, 2H, 7.5 Hz, ArH), 6.20 (bd, 1H, NH), 4.57 (m, 1H,
CHON), 4.40 (t, 2H, 7.7 Hz, FlCH2), 4.24 (m, 2H,
ArCH and aH), 4.00 (m, 1H, CH%ON), 1.51 (s, 9H,
CH3).

13C-NMR (CDCl3) d: 163.4, 158.2, 156.5, 144.0,
141.4, 128.1, 127.2, 125.4, 120.2, 83.7, 76.2, 67.7,
53.1, 47.4, 37.1, 28.5.

Fmoc-L-Ams(Boc)-OH, 2

Prepared in analogy with the D-amino acid, 1, and
identical by NMR.

SPPS and Analysis, General Protocol

All of the peptides were synthesized manually in
plastic syringes using either a preloaded Rink
amide linker RAM-TentaGel (0.23–0.28 mmol/g) or
a RAM-MBHA-resin (0.55 mmol/g). Fully protected
N(a)-Fmoc amino acids (3 equiv.) were used and the
temporary Fmoc protecting group was removed af-
ter each cycle by 30% piperidine in N-
methylpyrrolidone (NMP). Amino acids were coupled
in NMP using DIC (3 equiv.) and HOAt (3 equiv.).
The completion of the acylation reaction was moni-
tored visually by the use of bromophenol blue. Be-
tween the Fmoc-deprotection and the acylation
reaction, the resin was washed with NMP (×6).
Following synthesis, the peptides were washed with
DCM (×3). The peptides were cleaved from the
resin and the side-chain protecting group removed
by treatment with 95% aq. TFA containing triiso-
propylsilane (TIS) (4 molar equiv.) for 1.5 h. The
resin was rinsed with 95% aq. acetic acid (×4).
Both TFA and acetic acid were evaporated and the
peptides were precipitated from diethyl ether and
lyophilized overnight. The peptides were analysed
by HPLC and MALDI-MS.

Protocol Used for Racemization Studies

The diastereomers D-Ams-Phe-NH2 and L-Ams-Phe-
NH2 were synthesized as described above by cou-
pling Fmoc-Ams (3 equiv.) to Phe-Rink resin (50 mg,
0.55 mmol/g). After cleavage from the resin, the
dipeptides were analysed by analytical HPLC using
an isocratic gradient of 10% buffer B over 5 min,
followed by a linear gradient 10–25% buffer B over
25 min, tR 17.7 min for LL and tR 20.6 min for DL.
The diastereomers were also mixed and analysed by
analytical HPLC, which provided two peaks. Analy-
sis by MALDI-MS, m/z 266.6 (M+H)+ (LL) and
266.6 (M+H)+ (DL), C12H18N4O3 requires m/z,
266.2, confirmed the products.

Ams-Asp-Leu-Trp-Gln-Lys-NH2, 8

The precursor Fmoc-Asp(OtBu)-Leu-Trp(Boc)-Gln-
(Trt)-Lys(Boc)-RAM-TentaGel (0.28 mmol/g) was
synthesized as described above. After removal of
Fmoc with 30% piperidine in NMP, Fmoc-Ams(Boc)-
OH (91.2 mg, 208 mmol) was coupled to the peptide
resin (52 mmol) using DIC (32 ml, 208 mmol) and
HOAt (27.1 mg, 208 mmol). The completion of the
coupling was monitored by the use of bromophenol
blue. The N(a)-Fmoc protecting group was removed
by treatment with 30% piperidine in NMP for 20
min. The side-chain deprotection and cleavage from
the resin was mediated by 95% aq. TFA containing
TIS (4 molar equiv.). The crude peptide was
analysed by analytical HPLC (tR 12.3 min) and puri-
fied by semi-preparative HPLC. Analysis by MALDI-
MS, m/z 789.5 (M+H)+, C35H55N11O10 requires
m/z 789.4, confirmed the expected product. Peptide
8 was obtained as a solid (26 mg, 63%).

Asp-Leu-Trp-Gln-Lys-Ams-NH2, 9

Fmoc-Ams(Boc)-OH (69.0 mg, 156 mmol) was cou-
pled to the RAM TentaGel (100 mg, 0.26 mmol/g)
using DIC (24 ml, 156 mmol) and HOAt (20.3 mg, 156
mmol). The Fmoc group was deprotected with 30%
piperidine in NMP for 20 min. Then the synthesis
of 9 was performed as described above. The
crude peptide was analysed by analytical HPLC (tR
12.5 min) and purified by semi-preparative HPLC.
Analysis by MALDI-MS, m/z 789.5 (M+H)+,
C35H55N11O10 requires m/z 789.4, confirmed the
expected product. Peptide 9 was obtained as a solid
(7.9 mg, 39%).

D-Ams-Asp-Leu-Trp-Gln-Lys-NH2, 10

The synthesis of 10 was performed as described for
the preparation of 8 on the RAM TentaGel (0.28
mmol/g). Fmoc-D-Ams(Boc)-OH (91.2 mg, 208 mmol)
was coupled to the protected peptide resin (52 mmol)
using DIC (32 ml, 208 mmol) and HOAt (27.1 mg, 208
mmol). The crude peptide was analysed by analytical
HPLC (tR 12.6 min) and purified by semi-preparative
HPLC. Analysis by MALDI-MS, m/z 790.2 (M+H)+,
C35H55N11O10 requires m/z 789.4, confirmed the
expected product. Peptide 10 was obtained as a
solid (24 mg, 58%).

Asp-Leu-Trp-Gln-Lys-D-Ams-NH2, 11

The synthesis of 11 was performed as described for
the preparation of 9 on the RAM TentaGel (0.26
mmol/g). Fmoc-Ams(Boc)-OH (69.0 mg, 156 mmol)
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was coupled to the resin (100 mg, 26 mmol) using
DIC (24 ml, 156 mmol) and HOAt (21.0 mg, 156
mmol). The crude peptide was analysed by analytical
HPLC (tR 12.02 min) and purified by semi-prepara-
tive HPLC. Analysis by MALDI-MS, m/z 789.6 (M+
H)+, C35H55N11O10 requires m/z 789.4, confirmed
the expected product. Peptide 11 was obtained as a
solid (8.4 mg, 41%).

Glyoxal-linked Dimers 12 and 13

To peptide 9 or 11 (1 mg, 1.27 mmol) was added
glyoxal (0.13 mg, 0.63 mmol) dissolved in 0.02 M

NaOAc buffer, pH 5.1/DMSO (7:3, v/v) (15 ml). Water
(5 ml) was then added to the solution. The pH was
then adjusted to 5 with solid sodium acetate. The
solution was stirred for 1 h at room temperature
and progress of the reaction was monitored by re-
verse phase (RP)-HPLC. The formed dimer was puri-
fied by semi-preparative HPLC. Yields: dimer of 9,
0.82 mg (81%), and dimer of 11, 0.79 mg (78%). The
expected product gave a single peak in analytical
HPLC, tR 12.3 min dimer 12 (Figure 3(a)), and tR
14.7 min dimer 13. Analysis by MALDI-MS, m/z
1601.6 (M+H)+, dimer 12, and 1601.3 (M+H)+,
dimer 13, C72H108N22O20 requires m/z 1600.8.

Galactose Derivatives 14 and 15

To peptide 9 or 11 (2 mg, 2.5 mmol) was added
D-(+ )-galactose (0.450 mg, 2.5 mmol) dissolved in
0.02 M NaOAc buffer, pH 5.1 (10 ml) and DMSO (2
ml) and the pH was adjusted to 5 with solid sodium
acetate. The solution was then stirred overnight at
room temperature. The two glycopeptides were puri-
fied by RP-HPLC. Yields: glycopeptide 14, 1.4 mg
(59%) and glycopeptide 15, 1.2 mg (68%). The ex-
pected product gave a single main product in ana-
lytical HPLC, tR 12.3 min glycopeptide 14 (Figure
3(b)), and tR 12.5 min, glycopeptide 15. Analysis by
MALDI-MS, m/z 951.2 (M+H)+, glycopeptide 14,
and 951.2 (M+H)+, glycopeptide 15, C41H65N11O15

requires m/z 951.5.

RESULTS AND DISCUSSION

Synthesis of Building Blocks Fmoc-D-Ams(Boc)-OH, 1,
and Fmoc-L-Ams(Boc)-OH, 2

Several routes are open for the introduction of func-
tionality at the b-position of a-amino acids. Among
others, a few b-halo amino acids are commercially
available. In the Fmoc-family, b-chloro-alanine is

the only commercially available halide. However, a
general problem with b-activated amino acids is
their tendency to undergo elimination to yield dehy-
droalanine (Scheme 1) [31]. Accordingly, the failure
of our attempts to substitute the chloro atom of
Fmoc-b-chloro-alanine 16 with N-Boc-hydroxyl-
amine was not surprising. The reaction was rela-
tively sluggish, and under basic conditions (THF
with tertiary amines or heterogenous NaHCO3) slow
formation of Fmoc-dehydroalanine 17 was the ma-
jor event. Under more forcing conditions (heating to
40–70°C), deprotection of the Fmoc-group began to
interfere. Attempts to perform the reaction without
external base by heating the two reaction partners
to high temperatures (50–150°C in DMSO) likewise
resulted primarily in the formation of dehydroala-
nine. The Mitsunobu reaction was considered, but
this reportedly yields dehydroalanine from N-
urethane protected Ser and Thr esters [32]. Al-
though it may be possible to add N-Boc-hydroxyl-
amine to dehydroalanine, this would of course only
give the racemic product. It should be noted that
N-acylated hydroxylamines may be ambident nucle-
ophiles. The protective effect for the nitrogen atom
is in some cases only partial [33]. Thus, the non-
eliminative reaction of Boc-hydroxylamine with a
suitably b-activated alanine could lead to the for-
mation of a mixture of O- and N-alkylated products.

Scheme 1 Formation of Fmoc-dehydroalanine from b-
activated Fmoc-alanine.
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However, N-alkoxycarbonyl hydroxylamines (such
as Boc-NH-OH) are often efficiently protected, so
that reaction will only take place in oxygen [32].
Furthermore, the O�N bond is reductively labile, so
catalytic hydrogenation for the removal of Z-protect-
ing groups is problematic with oxyamines such as
Ams [34,35].

An alternative route to the desired compounds
is the ring opening of a serine b-lactone [36]. b-
lactones may react with nucleophiles by C�O bond
cleavage to form b-functionalized carboxylic acids
[37]. This has been useful in the synthesis of several
unusual amino acids, amongst other b-alkyl
branched Z-amino acids [38] and b-phosphono
Fmoc-amino acids [39,40]. The opening of b-
lactones is, however, dependent on the nature of
the nucleophile [37]. Soft nucleophiles primarily
cleave the C�O bond, while hard nucleophiles tend
to attack the carbonyl group, yielding b-hydroxy
carboxyls (Scheme 2). Some dependence on the type
of solvent is also in effect [41]. Although the b-
lactone system has been described in numerous
reports, we could not find any information on ring
opening with hydroxylamines. Alcohols and hy-
drazines are close analogues of hydroxylamine, but
these relatively hard nucleophiles react with b-
lactones to usually give the b-hydroxy product
[37,42,43]. This is the ‘wrong’ product from our
point of view. Nevertheless, we wanted to explore
this route and prepared the Fmoc-serine b-lactone
4 by the Mitsunobu reaction, using diethylazodicar-
boxylate (DEAD) and Ph3P. For preparation of N-
protected amino acid b-lactones, the methyl variant
of DEAD has previously been described as prefer-
able (dimethylazodicarboxylate, DMAD), because it
is easier to separate from amino acid b-lactones
during column chromatography [36]. However,

DMAD was not easily available to us. We found that
4 and the byproduct of DEAD, diethyldicarboxyhy-
drazine, was indeed difficult to separate on a
column, but we also found that the solubility of 4 in
CHCl3 is rather low. Thus, isolation of Fmoc-serine
b-lactone 4 in acceptable yield could be accom-
plished by column chromatography (AcOEt:hexane,
1:1) followed by washing with CHCl3, to remove
diethyl hydrazinodicarboxylate impurities. Unfortu-
nately, but not surprisingly, the reaction of 4 with
N-Boc-hydroxylamine proceeded by the undesired
route. In THF, CH3CN and DCM at 20–50°C under
both neutral and basic conditions (DIEA) the major
product was the N-Boc-hydroxylamine ester of
Fmoc-serine (5, Scheme 3) [44]. There was no trace
of the desired product, Fmoc-Ams(Boc)-OH.

Cycloserine 3 (4-amino-3-isoxazolidinone) is a
natural product of microbial origin [30]. D-enan-
tiomer cycloserine is the most abundant and thus
the cheapest ($30/g). Hydrolysis of cycloserine un-
der acidic conditions is known to produce Ams
[27,45,46], Exploiting this chemistry, we succeeded
in making Fmoc-D-Ams(Boc)-OH from cycloserine in
three steps (Scheme 4):

1. Cycloserine was N(a)-protected using Fmoc-OSu
in DMF/water. The ring nitrogen holds some

Scheme 3 Formation of Fmoc-Ser-ONH-Boc from the b-
lactone.Scheme 2 Ambident b-lactone opening by nucleophiles.
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Scheme 4 Synthesis of Fmoc-D-Ams(Boc)-OH from D-cycloserine.

nucleophilicity, analogous to acylated hydroxyl-
amines as discussed above [47], and in some
batches the N,N %-bis-Fmoc compound was
formed as a byproduct [56]. Recrystallization
from iso-propanol yielded pure Fmoc-cycloser-
ine 6.

2. The hydroxamic function of 6 was hydrolyzed
with 2 M aqueous HCl/THF. Reaction at 50–
60°C for several days was required. As an alter-
native, reaction at room temperature for 2
weeks was used. Heating to higher tempera-
tures must be avoided, as byproducts will ap-
pear. Among others, O�N bond cleavage has
been described previously [46]. The crude hy-
drochloride 7 was used directly in the next step.

3. Hydrochloride 7 was neutralized and the
oxyamine was protected using Boc-anhydride in
DMF. A few minor side-products appeared as
monitored by TLC, but upon extractive work-up
and crystallization from acetone/hexane, the
pure compounds (1 or 2) were isolated without
using chromatography.

Cycloserine and some other small ring a-amino
acids, such as pyroglutamic acid, appear to be more
susceptible to racemization than a-amino acids in
general. The reason for this phenomenon is not well
understood, but it is nevertheless described in a few
instances [48,49]. In order to investigate any racem-
ization during the synthesis of Fmoc-Ams(Boc)-OH
(the prolonged acidic environment during the ring
hydrolysis may be a danger) we made Ams from
both D- and L-cycloserine. The D-form was made in
two batches using acidic hydrolysis at either 20°C
or 60°C. The L- and D-Ams residues were coupled to
L-Phe-NH2 in solid-phase reactions using DIC with
HOAt and the peptides were cleaved from resin
with 95% TFA. RP-HPLC analysis separated the
diastereomeric peptides D-Ams-L-Phe-NH2 and L-
Ams-L-Phe-NH2, and showed no sign of Ams racem-
ization (Figure 1).

Incorporation of the Ams Building Blocks in Peptide
Synthesis

The two building blocks 1 and 2 were incorporated
into the C- or N-terminal of the peptide sequence
Asp-Leu-Trp-Gln-Lys. The synthesized peptide se-
quences are given below:

8 L-Ams-Asp-Leu-Trp-Gln-Lys-NH2

9 Asp-Leu-Trp-Gln-Lys-L-Ams-NH2

10 D-Ams-Asp-Leu-Trp-Gln-Lys-NH2

11 Asp-Leu-Trp-Gln-Lys-D-Ams-NH2

Figure 1 HPLC profiles of D-Ams-Phe-NH2 (top) and mix-
ture of diastereomers (bottom).
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The parent penta-peptide has been isolated from
the ultra-filtrate of a uremic patient and has shown
immunomodulating properties [50]. The sequence
was chosen because it contains a side-chain car-
boxylic acid (Asp) as well as an amine (Lys), thus
exemplifying chemoselective ligation. The peptides
8–11 were synthesized on a Tentagel resin by stan-
dard SPPS using Fmoc-chemistry [51,52]. The Rink
amide linker p-[(a-Fmoc-amino)-2,4-dimethoxyben-
zyl]phenoxyacetic acid was employed to provide an
a-carboxamide [53]. All couplings, including those
for the building blocks 1 and 2, were mediated by
DIC/HOAt [54]. Progress of the acylation reactions
was monitored visually by the presence of bro-
mophenol blue [55]. The protected Ams residues 1
and 2 were used in four equivalent excess in the
synthesis of peptides 8 and 10 and the couplings
were finished within 1 h. However, anchoring of 1
and 2 to the Rink linker, for the preparation of
peptides 9 and 11, required 3 h with six equivalents
of amino acid. Cleavage of the N(a)-Fmoc protecting
group was carried out with 30% piperidine in N-
methylpyrrolidone (NMP) for 20 min. Side-chain de-
protection and cleavage of the peptides from the
resin was carried out by treatment with 95% TFA
containing 4 equivalent of triisopropylsilane (TIS).
Cleavage of the Ams peptides from resin by 95% aq.
TFA without additional scavenger gave peptides
with an additional mass of 243, corresponding to
the trityl group. Cleavage of the native sequence
Asp-Leu-Trp-Gln-Lys by 95% aq. TFA afforded only
the expected product. When building Ams-contain-
ing peptides, the presence of TIS or other scav-
engers during TFA-cleavage appears, therefore, to
be required for catching the released trityl group.
Fortunately, TIS does not seem to affect the other-
wise somewhat reductively sensitive Ams O�N bond.

The deprotected peptides were analysed by
MALDI-MS and their purity was evaluated by RP-
HPLC. Finally, the peptides were purified by semi-
preparative RP-HPLC. The pure peptides available
for ligation chemistry were obtained in yields of
39–63%. The previously mentioned partially nu-
cleophilic character of acyl-protected oxyamines
was apparently not a serious problem for Ams pep-
tide build-up (-ONH-Boc nucleophilicity). This is in
accordance with observations from other oxyamine
amino acids used in peptide synthesis (e.g. homo-
canaline) [26].

Application of Ams Peptides in Chemoselective
Ligation

The Ams peptides were used for the synthesis of a
peptide dimer and a glycopeptide using chemoselec-
tive ligation chemistry. The two ligation reactions in
Scheme 5 were performed in water and DMSO. The
presence of DMSO is expected to accelerate the
oxime formation and to prevent peptide aggregation
[11]. The dimers 12 and 13 were prepared by as-
sembling two units of peptide 9 or 11 onto a tem-
plate containing two aldehyde groups (glyoxal,
Scheme 5). The unprotected peptides 9 and 11 were
used in one equivalent per aldehyde moiety (pep-
tide:glyoxal 2:1), and the ligation was completed
within 1 h as monitored by RP-HPLC (Figure 2). The
dimers 12 and 13, analysed by MALDI-MS, afforded
the correct mass and were formed in 81% and 78%
yields, respectively. The glycopeptides 14 and 15
were synthesized by the reaction of peptide 9 and
11 with D-galactose (Scheme 5) forming an oxime
bond. The cyclic saccharide structure is preserved
in this kind of construct. The ligation reaction
was monitored by analytical HPLC (Figure 3). The

Scheme 5 Chemical ligation to give peptide dimer and glycopeptide.
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Figure 2 HPLC profiles of crude peptides 8–11 (top left to
bottom right).

protected amino acid with a short oxyamine-
containing side-chain, in three steps from the read-
ily available natural product cycloserine. The utility
of the new amino acid in chemoselective ligation
has been demonstrated, and it has been found that
scavengers (TIS) are important when Ams are used
in conjunction with the trityl protecting group. Side-
reactions of the partially nucleophilic Boc-protected
oxyamine appear negligible, as does Ams racemiza-
tion under both the amino acid synthesis and under
standard peptide synthesis conditions.
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