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Abstract: A new amino acid derivative with a diol side-chain, L-2-amino-4,5-dihydroxy-pentanoic acid (Adi),
has been prepared from L-allylglycine by suitable protection, for use in peptide synthesis, as Fmoc-L-
Adi(Trt)2. This building block enables the introduction of a side-chain aldehyde at any position in a given
peptide sequence without use of specialized side-chain protection schemes. The aldehyde is revealed by
mild oxidation with sodium periodate, circumventing the problematic release of reactive peptidic aldehydes
in TFA solution. Peptides with aldehyde side-chains are useful for chemo-selective ligation, reacting
selectively with oxyamines to yield oxime links, while all other peptide functions can be left unprotected. The
utility of the new building block has been demonstrated by the synthesis of peptide dimers and a
cyclo-peptide. Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Chemoselective ligation has been established as a
powerful tool for the chemical synthesis of peptide
constructs such as peptide dimers, templated pep-
tides, cyclo-peptides, glyco-peptides and proteins
[1,2]. Ligation techniques call for the synthesis of
peptides bearing a functional group which under
given conditions reacts selectively with a partner
function, allowing all other functions to be left un-
protected. Examples of useful partner functions for
chemoselective ligation are thiols with alkyl bro-
mides [3], aldehydes with oxyamines [4,5], and
thioesters with 2-amino thiols [6,7].

The aldehyde-oxyamine combination yields an ox-
ime bond, and this chemistry is well suited for use
in the side-chain modification of peptides. Obvi-
ously, the required functional groups are not found
in the commonly available amino acids. The
oxyamine functionality has most often been intro-
duced by acylation of peptide N-termini or lysine

side-chains using a small building block such as
protected aminoxy acetic acid [8]. Apart from the
extra synthetic steps required in such procedures,
the resulting side-chain constructs are relatively
long and flexible, and this contrasts with the com-
mon desire to keep high rigidity in ligands for bio-
logical receptors. We have recently reported the
synthesis of suitably protected O-aminoserine
(Ams) [9], thus allowing the synthesis of peptides
with side-chain oxyamines in any given position by
straightforward Fmoc-based solid-phase peptide
synthesis, without the need for specialized protect-
ing group strategies. Furthermore, the Ams side-
chain is very short and in compliance with the
general desire for high rigidity. Homocanaline is an
alternative, although the side-chain is longer and
the amino acid synthesis more complex [10].

Peptide aldehydes are, apart from their use in
ligations and other reactions, also known from work
in fields such as protease inhibition [11]. For liga-
tion purposes, they have usually been generated
like oxyamino peptides, by coupling suitable build-
ing blocks to amino groups at N-terminal or side-
chain positions [5,12–15].
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We report here the design and synthesis of an
amino acid building block with a built-in diol in a
suitable position. By protecting the amino acid,
2-amino-4,5-dihydroxy-pentanoic acid (Adi), as
Fmoc-Adi(Trt)2, we enable the straightforward
solid-phase synthesis of peptides with a short diol
side-chain in any desired position; mild oxidation
gives the corresponding peptide aldehyde. The pep-
tide aldehydes so produced have been used in
chemoselective ligation to form various model con-
structs.

MATERIALS AND METHODS

Analytical TLC was performed on Merck silica gel
60 F254 alumina sheets with detection by UV light
or spray reagents, as indicated below. 1H- and 13C-
NMR spectra were recorded on a 400 MHz Varian
instrument. Chemical shifts are reported relative to
TMS at 0 ppm. J-values are given in Hz. Mass
spectra of amino acid derivatives were measured
by ESMS. The molecular weights of the peptides
were determined using MALDI-MS, recorded on a
Voyager-DE (Perseptive Biosystems, Farmingham,
MA, USA), using a matrix of cinnapinic acid. Ana-
lytical and semi-preparative HPLC was performed
using a Waters RCM 8×10 module with C-18
columns, 19×300 mm and 25×300 mm, respec-
tively. 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 acetonitrile)
with UV detection at 215 nm. The gradient for
analytical HPLC was 5–60% buffer B at 1.0 mL/
min over 30 min and for semi-preparative HPLC
5–60% buffer B at 2.0 mL/min over 40 min, unless
otherwise indicated.

Fmoc-L-allylglycine 9

L-Allylglycine (2.2 g, 19.1 mmol) and NaHCO3 (4.8
g, 3 equivalents) in water (60 mL) was cooled with
an ice-bath. Fmoc-OSu (7.09 g, 1.1 equivalents) in
dioxan (75 mL) was added with stirring. The pH-
value was adjusted to 8–9 by addition of Na2CO3.
The mixture was left with stirring at room tempera-
ture overnight. TLC (AcOEt-hexane-AcOH, 25:25:1)
showed that the reaction was complete. The reac-
tion mixture was washed with ether and acidified
with 4 M HCl to pH 2. The precipitated gum was
extracted with AcOEt (2× ), which was washed
with water, dried over MgSO4 and evaporated. The
crude material was recrystallized from AcOEt-

hexane, to give the Fmoc-amino acid 9 (5.80 g,
90%), m.p. 134–36°C (lit. [16], 126–30°C, lit. [17],
134–35°C).

�H (CDCl3) 2.62 (2H, m, �-CH2), 4.23 (1H, t, J
6.7, Fmoc-CH), 4.42 (2H, d, J 6.7, Fmoc-CH2), 4.50
(1H, m, �-H), 5.19 (2H, dd, J 1.4 and 12.3, C�CH2),
5.26 (1H, br d, NH), 5.73 (1H, m, CH�Me), 7.31
(2H, t, J 7.4, ArH), 7.40 (2H, t, J 7.4, ArH), 7.58
(2H, d, J 7.1, ArH), 7.76 (2H, d, J 7.1, ArH).

�C (CDCl3) 36.7, 47.5, 53.4, 67.5, 119.9, 120.2,
125.2, 127.3, 127.9, 131.9, 141.5, 143.8, 144.0,
156.1, 176.5.

m/z (ESMS) 359.8 (M+H+, 70%, C20H19NO4Na+

requires 360.1), 179.2 (100, dibenzofulvene).

p-Methylbenzyl Fmoc-L-allylglycinate 10

Fmoc-L-allylglycine 9 (1.86 g, 5.5 mmol) was dis-
solved in EtOH (50 mL) and cooled with an ice-
bath. Cesium carbonate (0.896 g, 0.5 equivalent)
in water (10 mL) was added dropwise and the mix-
ture was stirred for 1 h. The pH-value was now
6–7. The solvent was removed in vacuum and the
crude product was re-evaporated from toluene
(3×) and dried in vacuum to give the cesium salt,
2.6 g (quantitative).

The cesium salt (2.6 g, 5.5 mmol) was dissolved
in DMF (25 mL) and treated with p-methylbenzyl
bromide (0.925 g, 5.00 mmol). The mixture was
heated shortly to 40°C in order to help solubility.
Precipitation of cesium bromide started after 5
min. The mixture was stirred at room temperature
overnight. TLC (AcOEt-hexane, 1:3) was used to
determine the reaction end-point. Excess ether was
added and the organic solution was washed with
5% NaHCO3 (2×), 0.5 M HCl (2× ) and water. After
drying over MgSO4, the solvent was removed in
vacuum to give the crude ester 10 (1.93 g, 80%).
The compound was recrystallized from hexane-
ether to give pure ester (1.46 g, 60%), m.p. 101–
103°C.

�H (CDCl3) 2.35 (3H, s, ArCH3), 2.49–2.65 (2H,
m, �-CH2), 4.22 (1H, t, J 6.8, Fmoc-CH), 4.39 (2H,
d, J 6.8, Fmoc-CH2), 4.49–4.54 (1H, m, �-H),
5.08–5.19 (4H, m, Bzl-CH2 and C�CH2), 5.34 (1H,
br d, NH), 5.61–5.72 (1H, m, CH�Me), 7.16 (2H, d,
J 7.9, Bzl-H), 7.25 (2H, d, J 7.9, Bzl-H), 7.31 (2H,
t, J 7.2, ArH), 7.40 (2H, t, J 7.2, ArH), 7.59 (2H, d,
J 7.8, ArH), 7.77 (2H, d, J 7.8, ArH).

�C (CDCl3) 21.6, 37.1, 47.5, 53.7, 67.4, 67.6,
119.6, 120.2, 125.3, 127.3, 127.9, 128.7, 129.5,
132.1, 132.4, 138.6, 141.5, 143.9, 155.8, 167.5.

m/z (ESMS) 442.2 (M+H+, 60%, C28H28NO4
+ re-

quires 442.2), 283.0 (100).
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Fmoc-L-allylglycinol 13

Fmoc-L-allylglycine 9 (3.37g, 10.0 mmol) was dis-
solved in DCM (30 mL) under argon and the solu-
tion was cooled with an ice-salt mixture (−10°C),
which resulted in some precipitation. Pyridine was
added (0.81 ml, 1.0 equivalent), resulting in the
dissolution of all material. Cyanuric fluoride (1.80
mL, 20.0 mmol) was added and a slowly progressing
precipitation was observed (cyanuric acid). After 1
h, more DCM was added (150 mL). The solution was
washed with ice-water, dried (Na2SO4) and evapo-
rated (to approximately 25 mL).

Sodium borohydride (760 mg, 20.0 mmol) was
added in one portion, followed by dropwise addition
of methanol (20 mL) over 15 min with stirring. A
slight warming was observed. The mixture was neu-
tralized with 1 M H2SO4 and evaporated. AcOEt and
water was added, and the organic phase was
washed with 1 M H2SO4, 5% NaCO3 and water. The
solution was dried and evaporated. TLC (AcOEt-
hexane-AcOH, 25:25:1) showed two main products.
Recrystallization from toluene-hexane isolated the
lower eluting compound, which was identified by
NMR as the desired alcohol 13 (2.16 g, 67%). The
high eluting compound was identified as the methyl
ester (NMR data not shown).

�H (CDCl3) 2.20–2.36 (2H, m, �-CH2), 3.63–3.76
(2H, m, CH2O), 4.22 (1H, t, J 6.7, Fmoc-CH), 4.43
(2H, d, J 6.7, Fmoc-CH2), 4.84–4.92 (1H, m, �-H),
5.11–5.15 (2H, m, C�CH2), 5.34 (1H, br d, NH),
5.71–5.83 (1H, m, CH�Me), 7.32 (2H, t, J 7.8, ArH),
7.40 (2H, t, J 7.8, ArH), 7.59 (2H, d, J 7.9, ArH),
7.77 (2H, d, J 7.9, ArH).

�C (CDCl3) 36.0, 47.4, 52.6, 64.9, 66.7, 118.1,
119.9, 124.9, 126.9, 127.6, 133.9, 141.2, 143.7,
156.9.

m/z (ESMS) 346.0 (M+Na+, 30%, C20H21NO4

Na+ requires 346.1), 178.2 (100, dibenzofulvene).

Fmoc-2,2-dimethyl-4-allyl-L-oxazolidine 14

Alcohol 13 (1.62 g) in acetone (20 mL) with 2,2-
dimethoxypropane (6 mL) was treated with
BF3.OEt2 (0.1 mL) with ice-cooling under an argon
atmosphere. After 1 h, the solution was allowed to
warm to room temperature. The solvent was partly
evaporated, diluted with plenty of AcOEt and
washed with 5% NaHCO3 and dried (Na2SO4). Evap-
oration of the solvent and drying in vacuum gave 14
as an oily material, which solidified slowly upon
storing at 5°C (1.81 g, 99%). NMR indicated the
presence of two rotamers (3:1).

�H (CDCl3) 0.84 (3H, s, CH3, minor rotamer), 0.94
(3H, s, CH3, minor rotamer), 1.42 (3H, s, CH3, major
rotamer), 1.55 (3H, s, CH3, major rotamer), 1.98–
2.08 (2H, m, �-CH2, major rotamer), 2.10–2.20 (2H,
m, �-CH2, minor rotamer), 3.51–3.57 (2H, m,
CH2O, minor rotamer), 3.67–3.79 (2H, m, CH2O,
major rotamer), 4.22 (1H, t, J 6.7, Fmoc-CH), 4.58
(2H, d, J 6.7, Fmoc-CH2), 4.67–4.78 (1H, m, �-H),
4.91–5.08 (2H, m, C�CH2), 5.40–5.51 (1H, m,
CH�Me), 5.63–4.72 (1H, br d, NH), 7.32 (2H, t, J
7.3, ArH), 7.38 (2H, t, J 7.3, ArH), 7.58 (2H, d, J 7.2,
ArH), 7.76 (2H, d, J 7.2, ArH).

�C (CDCl3) 23.5, 25.3, 26.8, 37.7, 47.8, 49.6,
53.9, 56.7, 66.2, 66.6, 117.9, 120.1, 124.8, 127.2,
127.8, 134.4, 141.7, 144.2, 158.8.

m/z (ESMS) 363.8 (M+H+, 30%, C23H26NO3
+ re-

quires 364.2), 178.2 (100, dibenzofulvene).

Fmoc-L-allylglycyl O-acetyl (1S,2S)-(+)-ephedride
15

Fmoc-L-allylglycine (510 mg, 1.51 mmol) was dis-
solved in DCM (20 mL) and treated with HATU (632
mg, 1.1 equivalents), HOAt (226 mg, 1.1 equivalent)
and (1S,2S)-(+ )-ephedrine (500 mg, 2 equivalents).
All the material dissolved within 5 min. The mixture
was stirred overnight, diluted with AcOEt and
washed with 5% NaHCO3 (2× ), 0.5 M HCl (2× ) and
water. After drying over MgSO4, the solvent was
removed in vacuum to give an oil. Recrystallization
of the material was attempted from toluene-hexane,
but the product always separated as an oil. It was
isolated by decanting and drying in vacuum to give
the N-acyl ephedride (295 mg, 40%). This amide (95
mg, 0.2 mmol) was dissolved in pyridine-acetic an-
hydride (1:1, 2 mL). TLC (AcOEt-hexane-AcOH,
25:25:1) after 3 h showed no starting material. The
reaction mixture was diluted with AcOEt and
washed with 5% NaHCO3 (2× ), 0.5 M HCl (2× ) and
water. Upon drying over MgSO4, the solvent was
removed in vacuum to give the acetate 15 as an oil
(81 mg, 78%).

�H (CDCl3) 1.06 (3H, d, J 6.8, CH3), 2.22 (3H, s,
CH3N), 2.35–2.43 (2H, m, �-CH2), 3.0 (3H, s, Ac),
4.20–4.50 (4H, m, Fmoc-CH, Fmoc-CH2 and
CH�O), 4.67–4.72 (1H, m, �-H), 5.07–5.15 (2H, m,
C�CH2), 5.70–5.80 (1H, m, CH�Me), 7.28–7.41 (9H,
m, ArH), 7.59 (2H, d, J 7.9, ArH), 7.76 (2H, d, J 7.9,
ArH).

m/z (ESMS) 527.0 (M+H+, 90%, C32H35N2O5
+

requires 527.2), 289.0 (30), 178.2 (100, di-
benzofulvene).
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Fmoc-L-allylglycine indolinide 16

Fmoc-L-allylglycine (12.9 g, 38.2 mmol) in DCM
(300 mL) was treated with TBTU (13.5 g, 1.1 equiva-
lent), HOBt.H2O (5.7 g, 1.1 equivalent), indoline (8.6
mL, 2 equivalents) and DIEA (6.54 mL, 1 equiva-
lent). The mixture was stirred overnight, at which
point TLC (AcOEt-hexane-AcOH, 25:25:1) indicated
the reaction to be complete. The solvent was evapo-
rated in vacuum and the material was re-dissolved
in AcOEt, washed with 5% NaHCO3 (2× ), 0.5 M HCl
(2× ), water (2× ) and brine. Drying over MgSO4

and evaporation in vacuum yielded 16.5 g (97%).
This material could be recrystallized from AcOEt to
give the indolinide 16 (12.0 g, 72%), m.p. 149–
50°C.

�H (CDCl3) 2.50 (1H, p, J 7.1, �-CH), 2.50 (1H, p,
J 7.1, �-CH�), 3.20–3.25 (2H, m, PhCH2), 4.13 (1H,
q, J 9.3, indoline-N-CH), 4.22 (2H, t, J 6.9, Fmoc-
CH), 4.31 (1H, q, J 9.3, indoline-N-CH�), 4.35–4.41,
(2H, d, J 6.9, Fmoc-CH2), 4.68–4.73 (1H, m, �-H),
5.10–5.21 (2H, m, C�CH2), 5.67 (1H, br d, NH),
5.77–5.87 (1H, m, CH�Me), 7.06 (1H, t, J 7.4, indo-
line-H), 7.20–7.33 (4H, m, indoline-H and Fmoc-H),
7.40 (2H, t, J 7.4, Fmoc-H), 7.60 (2H, d, J 7.4, ArH),
7.76 (2H, d, J 7.4, ArH), 8.23 (1H, d, J 7.2, indoline-
H).

�C (CDCl3) 28.4, 37.6, 47.5, 48.3, 53.1, 67.4,
117.6, 119.4, 120.1, 124.6, 125.3, 127.3, 127.7,
131.7, 132.5, 141.4, 142.6, 144.0, 156.1, 169.7.

m/z (ESMS) 439.4 (M+H+, 100%, C28H27N2O3
+

requires 439.2), 178.6 (100, dibenzofulvene).

Fmoc-L-Adi indolinide 17

Indolinide 16 (12.0 g, 27.3 mmol) was dissolved in
tetrahydrofuran (120 ml). NMO (50% in water, 22.6
mL, 2.0 equivalents) was added, followed by OsO4

(280 mg, 0.04 equivalents) and the mixture was
stirred at room temperature overnight. TLC (AcOEt-
hexane-AcOH, 25:25:1) indicated that the reaction
was complete and showed two overlapping product
spots (diastereomers 17a/17b). Crushed ice and
saturated aqueous sodium bisulfite (60 mL) was
added and the mixture was stirred for 1 h. Plenty of
AcOEt was added and the mixture was washed with
5% NaHCO3 (2× ), 0.5 M HCl (2× ), water (2× ) and
brine. Drying over MgSO4 and evaporation in vac-
uum gave diol 17 (12.8 g, 99%).

HPLC analysis showed the diastereomeric ratio to
be 60:40. Substitution of OsO4-NMO with AD-mix �

or � [18,19] gave ratios of 65:25 and 80:20,
respectively.

�H (CDCl3) 1.63 (1H, t, J 12.5, �-CH), 1.83 (1H, t,
J 12.5, �-CH�), 1.87–1.93 (1H, m, �-CH, minor
isomer), 1.98–2.06 (1H, m, �-CH�, minor isomer),
3.20 (2H, t, J 8.8, CH2OH), 3.47–3.53 (1H, m, Ph-
CH), 3.60–3.66 (1H, q, J 9.3, Ph-CH�), 3.77–3.85
(1H, m, CH-O), 4.20 (2H, t, J 6.8, Fmoc-CH), 4.25–
4.31 (1H, m, indoline-N-CH), 4.37–4.48, (3H, m,
Fmoc-CH2 and indoline-N-CH�), 4.77–4.84 (1H, m,
�-H), 6.11 (1H, br d, NH), 7.05 (1H, dd, J 6.8,
indoline-H), 7.19 (2H, dd, J 8.2, indoline-H), 7.30
(1H, q, J 8.2, Fmoc-H), 7.38 (2H, q, J 7.5, Fmoc-H),
7.58 (2H, t, J 7.5, ArH), 7.74 (2H, d, J 7.5, ArH),
8.19 (1H, d, J 7.5, indoline-H).

�C (CDCl3) 28.4, 39.5, 47.5, 48.2, 50.8, 58.2,
66.6, 67.7, 69.5, 117.5, 120.2, 124.8, 125.2, 127.3,
127.9, 130.8, 141.5, 142.4, 143.8, 148.1, 149.7,
151.1, 156.3, 162.2.

m/z (ESMS) 473.6 (M+H+, 100%, C28H29N2O5
+

requires 473.2), 179.0 (100, dibenzofulvene).

Fmoc-L-Adi(5-But) lactone 18

Diol 17 (106 mg, 0.22 mmol) in diglyme (6 mL) was
ice-cooled and treated with H2SO4 (0.6 mL), fol-
lowed by liquid isobutene (3 mL). The flask was
sealed and kept for 4 days at room temperature.
The flask was cooled with ice and the content was
poured into saturated NaHCO3 and AcOEt. The or-
ganic solution was washed with 5% NaHCO3 and
water. Drying (Na2SO4) and evaporation in vacuum
gave a colourless film (70 mg, 65%). Chromatogra-
phy on silica isolated the lactone 18.

�H (CDCl3) 1.22 (9H, s, But), 1.95–2.03 (1H, m,
�-CH), 2.72–2.81 (1H, m, �-CH�), 3.47 (1H, dd, J
10.2, �-CH), 3.68 (1H, dd, J 10.2, �-CH�), 4.23 (1H,
t, J 7.3, Fmoc-CH), 4.46 (2H, d, J 7.3, Fmoc-CH2),
4.54–4.66 (2H, m, CHO and �-H), 5.70 (1H, bd,
NH), 7.32 (2H, t, J 8.1, Fmoc-H), 7.41 (2H, t, J 7.4,
Fmoc-H), 7.59 (2H, d, J 7.6, Fmoc-H), 7.77 (2H, d, J
7.6, Fmoc-H).

�C (CDCl3) 27.6, 32.4, 47.5, 50.3, 63.2, 63.7,
67.4, 74.4, 120.1, 124.3, 125.2, 127.2, 141.3,
144.0, 156.1, 175.6.

m/z (ESMS) 410.4 (M+H+, 20%, C24H28NO5
+ re-

quires 410.1), 354.2 (80, M-But+), 179.0 (100,
dibenzofulvene).

Fmoc-L-Adi(Trt)2 indolinide 19

Indolinide 17 (11.7 g, 24.7 mmol) in dried acetoni-
trile (250 mL) was treated with lutidine (21.6 ml, 7.5
equivalents) and trityl bromide (23.9 g, 3 equiva-
lents). The flask was fitted with a drying tube
(CaCl2) and the mixture refluxed for 2 h. TLC
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(THF-hexane 1:3) was used to determine the reac-
tion end-point. The mixture was cooled to room
temperature, diluted with AcOEt and washed with
5% NaHCO3 (2× ), cold 5% citric acid (2× ), water
(2× ) and brine. The crude product was isolated after
drying (Na2SO4) and evaporation in vacuum, 30.0 g
(in theory 30.1 g, from 23.6 g 19 and 6.43 g trityl
alcohol). This material was either used directly in the
following step, or purified by silica chromatography,
using THF-hexane 1:6 to elute the trityl alcohol, and
1:2 to elute the tritylated diol 19 (21.2 g, 90%).

�H (CDCl3) 2.01–2.09 (1H, m, �-CH), 2.17–2.24
(1H, m, �-CH�), 2.69–2.77 (1H, m, Ph-CH), 2.81–
2.92 (1H, m, Ph-CH�), 2.97–3.05 (2H, m, CH2-O),
3.27–3.32 (1H, m), 3.56–3.65 (2H, m), 3.79–3.86
(1H, m, CH-O), 4.03–4.35 (5H, m), 4.56–4.62 (1H,
m), 4.77–4.81 (1H, m), 5.42–5.46 (1H, bd, NH),
6.97–7.05 (2H, m), 7.08–7.50 (38H, m), 7.74–7.77
(2H, m), 8.09 (1H, d, J 7.8), 8.20 (1H, d, J 7.6).

�C (CDCl3) 26.0, 30.7, 34.6, 47.6, 67.4, 68.3,
120.0, 124.2, 124.6, 124.7, 125.7, 127.2, 127.3,
127.4, 127.8, 127.9, 128.0, 128.7, 128.8, 128.9,
129.3, 141.4, 143.7, 143.9, 144.6, 156.1, 186.3.

m/z (ESMS) 697.6 (M-Trt-OH+, 15%, C47H41N-

2O4
+ requires 697.3), 243.4 (100), 179.0 (80,

dibenzofulvene).

Fmoc-L-Adi(Trt)2 indolide 20

Tritylated Adi 19 (23.6 g, 24.7 mmol) in toluene (60
mL) was treated with DDQ (16.8 g, 3 equivalents)
and heated to 80°C. TLC (AcOEt-hexane, 1:3) was
used to monitor the reaction closely. The separation
of starting material and product was small, but
adequate (�Rf appr. 0.1). Spraying of the TLC-plate
with xanthydrol-HCl [20] and heating of the plate to
110°C coloured the indolide via yellow to purple,
whereas the indolinide stayed yellow. The reaction
was allowed to run until all starting material had
disappeared. Some detritylated by-products were
generated, but it was easier to separate this material
from the desired product, then it was to separate
residual starting material. The reaction was com-
plete after 2–3 h. The product was worked up by
addition of chloroform and filtering through a silica
plug, which was washed with further chloroform.
The resulting solution was washed with 5% NaHCO3

until the dark colour was removed (usually 2× ), and
with water and brine. Drying (Na2SO4) and evapora-
tion gave 19.8 g (84%). This material was either used
directly in the next step or purified by silica chro-
matography, eluting with AcOEt-hexane, 1:3, to give
the indolide 20 (14.2 g, 60%).

�H (CDCl3) 2.06–2.16 (2H, m, �-CH), 3.06 (1H, dd,
J1 5.5, J2 9.1, CH2-O), 3.18 (1H, dd, J1 5.7, J2 8.8,
CH�2-O), 4.09–4.16 (1H, m, CH-O), 4.26 (1H, t, J 6.9,
Fmoc-CH), 4.32–4.42 (2H, m, Fmoc-CH2), 4.74 (1H,
m, �-H), 5.43–5.48 (1H, NH), 6.79 (1H, d, J 4.0,
indole-CH), 7.21–7.50 (32H, m), 7.63 (1H, d, J 7.5),
7.74 (2H, t, J 7.2), 7.86 (2H, d, J 7.2), 7.97 (1H, d,
J 3.8), 8.47 (1H, d, J 7.8).

�C (CDCl3) 26.0, 30.0, 30.8, 52.9, 59.7, 68.2,
125.6, 126.9, 127.1, 127.3, 127.4, 127.5, 127.9,
128.0, 128.1, 128.2, 128.3, 128.7, 128.8, 128.9,
129.0, 129.2, 129.5, 141.3, 144.7, 147.0, 149.8,
174.8.

m/z (ESMS) 737.2 (M-Trt+Na +, 5%, C47H40-
N2O5Na+ requires 735.3), 243.4 (100), 179.0 (30,
dibenzofulvene).

Fmoc-L-Adi(Trt)2 22

Indolide 20 (8.3 g, 8.7 mmol) in THF (120 mL) and
water (100 mL) was treated with LiOH-hydrate (3.7g,
10 equivalents) and the mixture was stirred for 3 h,
monitoring by TLC (THF-hexane 1:3). The crude
lithium salt 21 was worked up by addition of AcOEt
and water, and the organic solution was washed
with water and brine, dried over Na2SO4 and evapo-
rated. The crude material was dissolved in THF (300
mL) and treated with Fmoc-OSu (3.22 g, 1.1 equiva-
lents). DIEA was added until pH 8–9 (approx. 1.5
mL, 0.9 equivalents), with further DIEA-adjustment
after 1 h to reach pH 8–9. The mixture was stirred
overnight and worked up from AcOEt by washing
with cold 5% citric acid (2× ), water (2× ) and brine.
Upon drying (Na2SO4) and evaporation, the product
was isolated by silica chromatography, eluting ini-
tially with AcOEt-hexane 1:1, followed by AcOEt-
hexane-AcOH 25:25:1. The fractions containing the
desired product were washed with water to remove
AcOH and evaporated to give Fmoc-Adi(Trt)2 22 (3.0
g, 40%).

�H (acetone-d6) 2.28–2.38 (2H, m, �-CH2), 2.85–
2.91 (2H, m, CH2-O), 3.48–3.53 (1H, m, CH-O),
4.19–4.24 (1H, t, J 7.0, Fmoc-CH), 4.32–4.40 (2H,
m, Fmoc-CH2), 4.48–4.54 (1H, m, �-H), 6.53 (1H,
bd, NH), 7.14–7.46 (34H, m), 7.64–7.69 (2H, m),
7.84–7.88 (2H, m).

�C (acetone-d6) 35.6, 47.3, 51.3, 54.8, 66.7, 70.9,
120.1, 125.5, 127.1, 127.2, 127.8, 128.5,
127.7,128.8, 128.9, 129.1, 141.3, 144.1, 144.4,
145.0, 145.2, 156.1, 173.7.

m/z (ESMS) 878.6 (M+Na+, 10%, C58H49NO6-
Na+ requires 878.4), 242.8 (100), 179.0 (50,
dibenzofulvene).
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SOLID-PHASE PEPTIDE SYNTHESIS GENERAL
PROTOCOL

All peptides were synthesized manually in plastic
syringes using preloaded Rink amide linker (RAM)
[21] on TentaGel (0.21 mmol g−1). Three equivalents
of N�-Fmoc amino acids were used and the Fmoc-
protecting group was removed after each cycle by
30% piperidine in N-methylpyrrolidone (NMP). The
amino acids were activated in NMP using DIC (3
equivalents) and HOAt (3 equivalents). The comple-
tion of the acylation reaction was monitored visual
by the use of bromophenol blue [22]. The peptides
were deprotected and cleaved from resin by treat-
ment with 95% aqueous TFA containing 4 equiva-
lents of TIS for 1.5 h. The resins were rinsed with
95% aqueous acetic acid (4× ). TFA and acetic acid
were evaporated and the peptides were precipitated
in diethyl ether and lyophilized overnight.

Synthesis of Peptide 23

The precursor H-Asp(OBut)-Leu-Trp(Boc)-Gln(Trt)-
Lys(Boc)-RAM-TentaGel was assembled as de-
scribed above. Fmoc-Adi(Trt)2 22 (20 mg, 23 �mol)
was coupled to the protected peptide resin (10.5
�mol) using DIC (3.5 �L, 23 �mol) and HOAt (3 mg,
23 �mol), overnight at room temperature. Deprotec-
tion and cleavage as described above gave the crude
peptide 23 (Table 1), tR 11.4 min.

Synthesis of Peptide 24

Fmoc-Adi(Trt)2 22 (100 mg, 115 �mol) was coupled
to the RAM TentaGel (200 mg, 0.23 mmol g−1)

using DIC (17.8 �L, 116 �mol) and HOAt (15.7 mg,
116 �mol). Peptide build-up and deprotection as
described above gave 24 (Table 1), tR 11.5 min.

Synthesis of Peptide 25

The resin-bound, protected precursor H-Asp(OBut)-
Leu - Trp(Boc) - Gln(Trt) - Lys(Boc) - Ams(Boc) - RAM-
Tentagel was coupled with Fmoc-Adi(Trt)2 to give
25, tR 11.8 min, purified by semi-preparative HPLC
(Table 1).

Synthesis of Peptide 26

H-Asp(OBut)-Leu-Trp(Boc)-Gln(Trt)-Lys(Boc)-RAM-
TentaGel was coupled with Fmoc-Ams(Boc) (91,2
mg, 208 �mol) to give 26, tR 12.3 min, purified by
semi-preparative HPLC (Table 1).

Preparation of Peptide 27 and Dimer 28

Peptide 23 (2 mg, 1.8 �mol) was dissolved in 50 mM

phosphate buffer, pH 7.4/DMSO (9:1, v/v) (6 �L) and
NaIO4 (1.4 mg, 6.6 �mol) was added. The reaction
was left for 5 min at room temperature. The alde-
hyde peptide 27 was analysed (tR 11.8 min) (Figure
3(a)) and purified by HPLC and isolated by
lyophilization. Peptide 27 (0.5 mg, 0.62 �mol) was
reacted with 1,10-diamino-tris(ethyleneglycol) (18.5
�g, 0.1 �mol) [23] in 20 mM NaOAc buffer, pH
5.1/DMSO (9:1, v/v) (1.75 �L). The solution was left
for 1 h at 38°C and progress of the reaction was
monitored by MALDI-MS. Dimer 28 showed up as a
single product in analytical HPLC (tR 17.8 min)
along with excess starting material (Figure 3(b)).

Table 1 Expected and Observed Molecular Masses and Yields for Peptide Amides 23–27, Peptide Dimers
28–29 and Cyclic Peptide 30

Compound Structure Molecular Yieldm/z (M+H+),
(%)afound (required)formular

C37H58N10O11 65bAdi-DLWQK-NH223 817.4 (818.9)
DLWQK-Adi-NH2 60b24 817.3 (818.9)C37H58N10O11

25 Adi-DLWQK-Ams-NH2 C40H64N12O13 918.3 (921.0) 55b

26 Ams-DLWQK-NH2 C35H55N11O10 789.1 (789.5) 63b

786.6 (786.9) 4627 Aob-DLWQK-NH2 C36H54N10O10

1716.9 (1716.9) 80c28 (CH2O-Et-ON=Aob-DLWQK-NH2)2 C78H120N22O22

701561.2 (1558.8)C71H107N21O19H2N-KQWLD-Ams=Aob-DLWQK-NH229
30 C39H58N12O11 869.7 (870.0) 37

a Obtained after purification by HPLC.
b Based on the loading of the resin.
c Based on the amount of limiting component (PEG-linker).
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Yield and MALDI-MS data for peptide 27 and peptide
dimer 28 are presented in Table 1.

Preparation of Peptide Dimer 29

Peptide 27 (0.4 mg, 0.51 �mol) and peptide 26 (0.56
mg, 0.71 �mol) were dissolved in 20 mM NaOAc
buffer, pH 5.1/DMSO (9:1, v/v) (1.5 �L). The solution
was left for 1 h at 38°C and the reaction was moni-
tored by MALDI-MS. Crude peptide dimer 29 was
purified by HPLC and characterized by MALDI-MS
(Table 1).

Preparation of Cyclic Peptide 30

Peptide 25 (2 mg, 2.2 �mol) was dissolved in 50 mM

phosphate buffer, pH 7.4/DMSO (9:1, v/v) (10 mL)
and NaIO4 (1.9 mg, 8.8 �mol) was added. The solution
was left 5 min at room temperature and the product
was purified by semi-preparative HPLC. Analytical
HPLC showed a single main peak (tR 11.8 min) and
MALDI-MS confirmed the desired cyclic peptide 30
(Table 1).

RESULTS AND DISCUSSION

The shortest possible side-chain in an amino acid
aldehyde is found in �-formyl glycine 1 (2-amino-3-
oxo-propionic acid) [24].

However, the �-proton in this molecule is quite acidic
and the stereochemical integrity of the amino acid
would surely be problematic during peptide synthe-
sis. We therefore targeted an amino acid with a
side-chain of one more carbon, namely 2-amino-4-
oxo-butyric acid 2, in short Aob. Derivatives of Aob
have previously been reported (under various names
including aspartate semi-aldehyde) [25–28], but
none of these previous seemed suitable for peptide
synthesis. For protection or masking of the Aob

aldehyde function, we considered a number of differ-
ent strategies. In classical organic synthesis, alde-
hydes are often protected as O,O-acetals 3, but this
function has found little use in peptide synthesis.
Depending on their exact structure, O,O-acetals may
not deprotect under standard peptide deprotection
conditions, e.g. concentrated HCl has been used for
peptide acetal deprotection [12]. N,O-acetals are
more labile, and often too labile in themselves. How-
ever, N-Boc-protected N,O-acetals (4) are attractive
[29], since the TFA used for final deprotection in
standard Fmoc-based peptide synthesis will cleave
the Boc-group, thus exposing the N,O-acetal and
allowing it to hydrolyse easily.

Discouragingly, the inherent reactivity of alde-
hydes is pronounced in acidic TFA, and TFA-
promoted reactions of aldehydes with peptide func-
tions are known, e.g. the Pictet–Spengler reaction
[30–32]. Also, cycloadditions in TFA solution of
neighbouring amide groups towards N-terminal pep-
tide aldehydes have been observed, and this side-
reaction could only be eliminated by protecting the
relevant amide groups as e.g. N-methyl amides [33].
Accordingly, generation of peptide aldehyde func-
tions in a step separate from TFA cleavages appear
attractive.

By using a Weinreb-type linker, C-terminal peptide
aldehydes can be generated via reduction of the
Weinreb amide with various hydride reagents
[34,35]. This chemistry has recently been extended
to side-chain Weinreb-derivatives of aspartic or glu-
tamic acid, thus allowing aldehydes in other posi-
tions than the C-terminal [36]. This chemistry
appears promising, but it has been suggested that
this only works with short peptides [35]. Additionally,
avoidance of side products appears difficult [37].

C-terminal peptide aldehydes may alternatively be
prepared by preparation of an N-protected �-amino
aldehyde and linking this compound as e.g. an
O,N-acetal (oxazolidine) [38]. However, �-amino alde-
hydes and C-terminal peptide aldehydes are often
described as being rather sensitive towards racem-
ization [39].

Numerous oxidative routes to aldehydes are avail-
able and several have been successfully used with
peptides. Ozonolysis of double bonds is a possibility
[40–42], but ozone is reported to destroy tryptophan,
cysteine and methionine, even under the mildest
conditions [35].

Primary alcohols may be oxidized to aldehydes
using a range of reagents [43], but since larger
peptides often have several alcohols (serines and
threonines), general use of this method would require
specialized protection group strategies.
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1,2-Diols 5 and 1,2-amino alcohols are not com-
mon in peptides, and these groups may be selec-
tively oxidized to aldehydes 6 under mild conditions
using sodium periodate. This has been utilized for
peptides with N-terminal serine to give the N-termi-
nal aldehyde [14,44], and similarly for serines
mounted on e.g. a lysine side-chain [15]. The perio-
date oxidation is quick and mild, but it is prob-
lematic with peptides containing cysteine and
methionine residues. Nevertheless, NaIO4 oxidations
on proteins without destruction of cystines (S-S
bridges) [15] and methionines have been reported,
e.g. by using auxiliary methionine as a scavenger
[45]. Furthermore, NaIO4 is known to leave tryp-
tophan unaffected.

The above considerations taken together, we
found 2-amino-4,5-dihydroxy-pentanoic acid 7 (Adi)
to be the most attractive equivalent of an �-amino
acid aldehyde.

Various derivatives of this amino acid have appeared
in the literature, but none of these appear suitable
for solid-phase peptide synthesis [25,46–55]. We
here combine N�-Fmoc-protection of Adi with TFA-
labile protection of the diol, thus allowing standard
Fmoc-based solid-phase peptide assembly and stan-
dard protecting group cleavage, followed by a mild
and fast oxidation step to the peptide aldehyde.

We considered preparation of Adi by Schöllkopf
chemistry and other known methods of asymmetric
synthesis [56], but found commercially available
L-allylglycine to be the most convenient starting
point. Noteworthy, the enzymatic separation of L-
allylglycine from its racemate is very well described

[57]. The 4,5-diol functionality of Adi should expect-
edly be introducible by OsO4-promoted oxidation of
the double bond [25,58,59]. However, two problems
in the planned synthesis were expected. Firstly, the
establishment of the 4-hydroxy group would intro-
duce a new chiral carbon in Adi 7. This is only a
problem in passing, because the chirality of C-4 will
be eliminated on oxidation of the diol to the alde-
hyde. Nevertheless, this point is problematic, be-
cause the peptide diols will be diastereomers if the
chirality cannot be controlled. For analysis and pu-
rification at the peptide diol step, the presence of
closely related diastereomers could be annoying. On
the other hand, larger peptides with a single hydroxy
group in either of two orientations are very closely
related, and we suspected that standard HPLC anal-
ysis would often not separate such diastereomers.

The second problem arises from the tendency of
4-hydroxy carboxylates and their esters to form
lactones. It could thus be expected that simple ester
protection of the carboxyl during amino acid build-
up would be problematic. Nevertheless, since the
route via an ester would be the simplest, this possi-
bility was pursued first (Scheme 1). L-allylglycine 8
was N-protected by use of Fmoc-OSu to give 9
[16,17]. The carboxy function was subsequently pro-
tected as the p-methylbenzyl ester (10), which was
prepared via the caesium carboxylate and p-methyl-
benzyl bromide [60]. Attempts to dihydroxylate the
double bond using a catalytic amount of OsO4 with
N-methyl-morpholine-N-oxide (NMO) in acetone-wa-
ter or dioxane-water looked promising initially (TLC
analysis), but at the reaction end-point the result
was always a mixture of several Fmoc-derivatives,
presumably the diastereomeric diols and their lac-
tones. Furthermore, all attempts to protect the
crude diol with tert-butyl or trityl groups resulted in
further formation of lactone 12, for which reason the
route via the ester was abandoned.

Scheme 1 Undesired lactonification of Adi ester.
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Subsequently, an attempt was made to circum-
vent the lactone problem by reducing the carboxyl
group to the alcohol [61] and protecting the result-
ing Fmoc-allylglycinol 13 as the 2,2-dimethyloxazo-
lidine 14 (Scheme 2) [62]. The allyl oxazolidine
dihydroxylated neatly, but on subsequent attempts
to protect the alcohol groups this material was
unstable.

Attention was then turned to amides as protection
for the carboxy group. Discouraging, deprotection/
cleavage of simple amides require heating in strong
base for prolonged periods. Acyl ephedrides cleave
more easily, due to participation of the ephedrine
hydroxy group [17]. Besides, ephedrides might be
advantageous for the subsequent dihydroxylation
step, because their inherent stereochemistry could
help the dihydroxylation step to favour a particular
stereoisomer. Unfortunately, Fmoc-L-allylglycyl
ephedrides and their acetylated derivatives (15)
were oils, which were difficult to purify.

Furthermore, the dihydroxylation step gave hetero-
geneous products, possibly due to migration of the
acetyl group from ephedrine to the Adi 4- and 5-
hydroxy groups.

Acyl indolines (‘indolinides’) are robust towards
nucleophilic attack, and thus expectedly robust to-
wards lactone formation, but they are relatively eas-
ily aromatized by mild oxidants to acyl indoles
(‘indolides’), which cleave under mild conditions
[63,64]. Fmoc-L-allylglycine indolinide 16 was pre-
pared by use of TBTU, HATU [65] or DCC (Scheme
3). This compound was crystalline and easy to han-
dle. A drawback of the indolinide class of com-
pounds is the splittings of NMR signals, due to the
presence of cis/trans rotamers about the CO-N
bond, as is well known from other cyclic secondary
amides e.g. acyl prolines. Encouragingly, 16 under-
went dihydroxylation smoothly, and TLC suggested
two overlapping spots (the expected diastereomers

17a and 17b). From HPLC analysis, the dia-
stereoisomeric ratio was 60:40 (see below). At-
tempts to protect the diol with tert-butyl groups by
reaction with H2SO4 and isobutene resulted in for-
mation of lactone 18. This was not surprising con-
sidering the strongly acidic conditions. However,
tritylation of the diol proceeded smoothly to give 19
using trityl bromide and lutidine in acetonitrile at
reflux. The high temperature was necessary in order
to drive the introduction of two neighbouring trityl
groups to completion. The Fmoc-group was not af-
fected under these weakly basic conditions, even
during heating. Fmoc-Adi(Trt)2-indolinide 19 was
either purified by column chromatography, or the
crude material was used directly in the next step.
Oxidation of the indolinide 19 to indolide 20 was
performed with DDQ in toluene at 80°C [63,66].
This step was somewhat tricky, since longer reac-
tion times resulted in significant cleavage of the
trityl groups. During the redox process, DDQ is
reduced to the dihydroquinone (DDQH), and this
phenolic compound is apparently acidic enough to
initiate trityl-cleavage under the prevailing condi-
tions. Experimentation with addition of base (pyri-
dine or sodium carbonate) resulted in inhibition of
the aromatization reaction. Use of more polar sol-
vents than toluene led to even more trityl cleavage.
Attempts to perform the oxidation using either
manganese-(III)-acetate[67,68] or the milder qui-
none chloranil [64] were unsuccessful. Manganese-
(III)-acetate oxidations are usually performed in hot
acetic acid, but such conditions are incompatible
with the trityl groups, and attempts with this chem-
istry in pyridine or dioxane-sodium acetate gave no
reaction. Luckily, satisfactory results could be
achieved using careful monitoring of the DDQ-
oxidation, although yields were moderate. Curi-
ously, the DDQ-promoted aromatization reaction
worked better on crude 19 than on purified 19.
Crude 19 is contaminated with trityl alcohol and
since trityl radicals and cations are known to pro-
mote aromatizations [69], this finding is not really
surprising. Cleavage of the indolide could be
achieved with LiOH in THF-water, simultaneously
cleaving the Fmoc-group. Attempts to preserve the

Scheme 2 Synthesis of oxazolidine 14.
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Scheme 3 Synthetic route to Fmoc-Adi(Trt)2.

Fmoc-group by using CaCl2-NaOH in isopropanol
[70] during the amide hydrolytic step were not suc-
cessful. The crude Adi(Trt)2 21 was therefore re-
protected using Fmoc-OSu to give 22, which was
purified using column chromatography. The overall
yield of 22 from 9 was 15–20%.

Peptide synthesis with the new building block
suggested that the mentioned problem of Adi
diastereomers could be ignored. All prepared pep-
tides showed up as relatively homogeneous; the
analytical method (HPLC) did not separate the
closely related diastereomers. By HPLC analysis of
Fmoc-Adi-indolinide 17a/17b, with careful optimiz-
ing of the chromatographic gradient, the amino acid
isomers were separated and it was found that dihy-
droxylation with OsO4 gave a product ratio of 60:40
(Figure 1). The absolute configuration of the
diastereomers has not been assigned, but analo-
gies with other dihydroxylations are available
[25,58,59]. Attempts to improve the ratio towards a
single stereoisomer (17a or 17b) by substituting
OsO4 with the known asymmetric dihydroxylation
reagents AD-mix-� and AD-mix-� [19,71] met with
limited success. Product ratios of 65:35 and 80:20
were obtained, respectively. We were not able to

separate 17a and 17b or their later derivatives, on a
preparative scale. Accordingly, we currently use 22
as the diastereoisomeric mixture. Since the result-
ing peptides are more stable at the diol stage than
the aldehyde stage, we usually purify the peptides
at the diol stage, and we have yet to see an Adi

Figure 1 HPLC separation of 17a/17b.
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Figure 2 HPLC profiles of crude peptides 23–24

and 24. The peptides were deliberately made as
amides, in order to hinder lactone formation, which
could otherwise result from peptides with C-termi-
nal Adi residues. For preparation of an end-to-end
cyclic peptide [72,73], Adi was complemented by
O-amino serine (Ams) [9] in peptide 25. As a build-
ing block for peptide hetero dimers, the Ams-
containing 26 was also synthesized. The applied
model peptide sequence Asp-Leu-Trp-Gln-Lys has
been isolated from the ultra-filtrate of a uremic
patient [74]. The peptides were prepared by the
stepwise solid-phase synthesis [75] using Fmoc-
chemistry with DIC-HOAt activation on a Rink resin
[21]. The peptides were deprotected and cleaved
from the resin using 95% TFA containing TIS. Ana-
lytical HPLC gave in each case a single major peak
(Figure 2) and MALDI-MS showed the expected
masses (Table 1). From HPLC purifications, the lin-
ear peptides were obtained in yields of 55–65%.

Mild periodate oxidation [8], using 3.6 equivalents
of NaIO4 in 10% DMSO pH 7.4 phosphate buffer for
5 min at room temperature, converted the Adi
residue into the 2-amino-4-oxo-butyrate residue
(Aob) (Scheme 4). Analytical HPLC showed the oxi-
dations to proceed cleanly giving 27.

The peptide dimers 28 and 29 were prepared by
ligation chemistry (Scheme 4). The unprotected and
oxidized peptide 27 was dimerized on 1,10-diamino-
tris(ethyleneglycol) [23,76] at pH 5 for 1 h at 38°C,
to form 28. In order to drive this type of dimer

peptide that separates into the diastereomers in the
HPLC analysis. As mentioned above, on going to the
aldehyde stage the problem disappears (the 4-
carbon becomes achiral), but since peptide alde-
hydes can be expected to be more unstable than
peptide diols, we prefer purifying and storing pep-
tides at the diol stage and using the aldehydes
immediately after formation.

Three Adi-containing peptide amides were synthe-
sized, Table 1, 23–25. The Adi residue was placed
either at the N- or C-terminus of the peptides 23

Scheme 4 Oxime ligation with formation of peptide dimers.
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Figure 3 HPLC profiles of crude peptide 27 (a), crude peptide dimer 28 (b, with excess starting material on the left), crude
cyclic peptide 30 (c) and purified cyclic peptide 30 (d).

formation to completion, it was necessary to use an
excess of peptide 27. Analytical HPLC (Figure 3(b))
thus shows excess starting material 27 along with
the product 28 (Table 1). The requirement for ex-
cess peptide is a drawback for this type of dimer,
even though the excess starting material could be
recycled. A different type of dimer (29, Scheme 4)
was obtained from the reaction of the peptide build-

ing blocks 26 and 27 in stochiometric amounts
(Table 1). Finally, the end-to-end cyclic peptide 30
was formed from the unprotected linear peptide
precursor 25 by intramolecular ligation (Scheme 5).
Upon oxidation of 25, the intra-molecular reaction
happened rapidly to give 30 in 37% isolated yield
(Figure 3(d) and Table 1).

CONCLUSION

A new amino acid derivative with a short side-chain
masked aldehyde has been prepared and protected
in a manner suitable for standard peptide synthe-
sis. Fmoc-Adi(Trt)2 thus enables the insertion of a
masked aldehyde at any position in a given peptide,
without use of multi-dimensional protection
schemes. The peptide diol function can be con-
verted to the aldehyde by NaIO4 oxidation, circum-
venting release of reactive aldehydes in TFA. Two
peptide dimers and a cyclic peptide have been pre-
pared by oxime chemoselective ligation. Since alde-
hyde electrophiles can be used in a number of other
reactions, Fmoc-Adi(Trt)2 should be applicable in
the construction of other peptide isosteres and
mimetics.

Acknowledgements

We wish to thank Randi Dyrnesli for excellent tech-
nical assistance and Helle Demuth for recording of
ESMS spectra.Scheme 5 Peptide cyclization by oxime ligation.

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 7: 537–551 (2001)



AN AMINO ACID DERIVATIVE WITH A MASKED SIDE-CHAIN ALDEHYDE 549

REFERENCES

1. Tam JP, Yu QT, Miao ZW. Orthogonal ligation strate-
gies for peptide and protein. Biopolymers 1999; 51:
311–332.

2. Kochendoerfer GG, Kent SB. Chemical protein synthe-
sis. Curr. Opin. Chem. Biol. 1999; 3: 665–671.

3. Schnolzer M, Kent SB. Constructing proteins by dove-
tailing unprotected synthetic peptides: Backbone-
engineered HIV protease. Science 1992; 256: 221–
225.

4. Vilaseca LA, Rose K, Werlen R, Meunier A, Offord RE,
Nichols CL, Scott WL. Protein conjugates of defined
structure-synthesis and use of a new carrier molecule.
Bioconj. Chem. 1993; 4: 515–520.

5. Kurth M, Pelegrin A, Rose K, Offord RE, Pochon S,
Mach JP, Buchegger F. Site-specific conjugation of a
radioiodinated phenethylamine derivative to a mono-
clonal-antibody results in increased radioactivity local-
ization in tumor. J. Med. Chem. 1993; 36: 1255–1261.

6. Dawson PE, Muir TW, Clark-Lewis I, Kent SB. Synthe-
sis of proteins by native chemical ligation. Science

1994; 266: 776–779.
7. Tam JP, Lu Y-A, Yu Q. Thia zip Reaction for synthesis

of large cyclic peptides: Mechanisms and applications.
J. Am. Chem. Soc. 1999; 121: 4316–4324.

8. Rose K. Formation of homogeneous artificial proteins.
J. Am. Chem. Soc 1994; 116: 30–33.

9. Spetzler JC, Hoeg-Jensen T. Preparation and applica-
tion of O-amino-serine, Ams, a new building block in
chemoselective ligation chemistry. J. Peptide Sci. 1999;
5: 582–592.

10. Lang I, Donze N, Garrouste P, Dumy P, Mutter M.
Chemoselectively addressable hCan building-blocks in
peptide synthesis-L-homocanaline derivatives. J. Pep-
tide Sci. 1998; 4: 72–80.

11. Sarubbi E, Seneci PF, Angelastro MR, Peet NP, Denaro
M, Islam K. Peptide aldehydes as inhibitors of HIV
protease. FEBS Letts 1993; 319: 253–256.

12. Liu CF, Tam JP. Peptide segment ligation strategy
without use of protecting groups. Proc. Nat. Acad. Sci.
USA 1994; 91: 6584–6588.

13. Botti P, Pallin TD, Tam JP. Cyclic peptides from linear
unprotected peptide precursors through thiazolidine
formation. J. Am. Chem. Soc. 1996; 118: 10 018–
10 024.

14. Rademann J, Meldal M, Bock K. Solid-phase synthesis
of peptide isosters by nucleophilic reactions with N-
terminal peptide aldehydes on a polar support tailored
for solid-phase organic chemistry. Chem. Eur. J. 1999;
5: 1376.

15. Tuchscherer G, Lehmann C, Mathieu M. New protein
mimetics: The zinc finger motif as a locked-in tertiary
fold. Ang. Chem. Int. Ed. 1998; 37: 2990–2993.

16. Oppolzer W, Lienard P. Nondestructive cleavage of N-
acylsultams under neutral conditions-preparation of
enantiomerically, pure Fmoc-protected �-amino acids.
Helv. Chim. Acta 1992; 75: 2572–2582.

17. Myers AG, Gleason JL, Yoon T, Kung DW. Highly
practical methodology for the synthesis of D-�-amino
acids and L-�-amino acids, N-protected �-amino acids,
and N-methyl-�-amino acids. J. Am. Chem. Soc. 1997;
119: 656–673.

18. Amberg W, Bennani YL, Chadha RK, Crispino GA,
Davis WD, Hartung J, Jeong KS, Ogino Y, Shibata T,
Sharpless KB. Syntheses and crystal structures of the
cinchona alkaloid derivatives used as ligands in the
osmium-catalyzed asymmetric dihydroxylation of
olefins. J. Org. Chem. 1993; 58: 844–849.

19. Kolb HC, Vannieuwenhze MS, Sharpless KB. Catalytic
asymmetric dihydroxylation. Chem. Rev. 1994; 94:
2483–2547.

20. Dickmann S, Crockett A. Reactions of Xanthydrol. IV.
Determination of Tryptophane in blood plasma and in
proteins. J. Biol. Chem. 1956; 220: 957–963.

21. Rink H. Synthesis of protected peptide fragments
using a trialkoxy-diphenylmethyl ester resin. Tetrahe-
dron Lett. 1987; 28: 3787–3790.

22. Eichler J, Bienert M, Stierandova A, Lebl M. Evalua-
tion of cotton as a carrier for solid-phase peptide syn-
thesis. Peptide Res. 1991; 4: 296–307.

23. Shtamburg VG, Dmitrenko AA, Pleshkova AP, Prity-
kin LM. Preparation of alpha,omega-di(N-alkoxy-
N �,N � - dimethyl - carbamoylaminohydroxy) - oligooxaal-
kanes via alcoholysis of �,�-di(N-chloro-N �,N �-
dimethylcarbamoylaminohydroxy)oligooxaalkanes.
Zhurn. Org. Khim. 1993; 29: 1762–1771.

24. Nomoto S, Shimoyama A, Shiraishi S, Sahara D. Un-
der-flame oxidation of amines and amino acids in an
aqueous solution. Biosci. Biotech. Biochem. 1996; 60:
1851–1855.

25. Fushiya S, Nakatsuyama S, Sato Y, Nazae S. Synthesis
of nicotianamine and a related compound, derivatives
of azetidine-2-carboxylic acid. Heterocycles 1981; 15:
819–822.

26. Jackson RFW, Rettie AB, Wood A, Wythes MJ. Reduc-
tion of 4-oxo alpha-amino acids as a route to 4-
hydroxylated �-amino acids-concise approaches to the
synthesis of clavalanine, erythro-4-hydroxyornithine
and (+ )-bulgecinine. J. Chem. Soc. Perkin Trans.
1994: 1719–1726.

27. Coulter CV, Gerrard JA, Kraunsoe JAE, Moore DJ,
Pratt AJ. (S)-Aspartate semi-aldehyde-synthetic and
structural studies. Tetrahedron 1996; 52: 7127–7136.

28. Han YL, Chorev M. A novel, one-pot reductive alkyla-
tion of amines by S-ethyl thioesters mediated by tri-
ethylsilane and sodium triacetoxyborohydride in the
presence of palladium on carbon. J. Org. Chem. 1999;
64: 1972–1978.

29. Agami C, Couty F, Lequesne C. N-Boc 2-acyloxazolidi-
nes-useful precursors to enantiopure 1,2-diols via
highly diastereoselective nucleophilic additions. Tetra-
hedron 1995; 51: 4043–4056.

30. Li XF, Zhang LS, Hall SE, Tam JP. A new ligation
method for N-terminal tryptophan-containing peptides
using the Pictet–Spengler reaction. Tetrahedron Lett.
2000; 41: 4069–4073.

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 7: 537–551 (2001)



SPETZLER AND HOEG-JENSEN550

31. Lorsbach BA, Kurth MJ. Carbon-carbon bond forming
solid-phase reactions. Chem. Rev. 1999; 99: 1549–
1581.

32. Li XF, Zhang LS, Zhang W, Hall SE, Tam JP. Solid-
phase synthesis of 1,2,3,4-tetrahydro-�-carboline-
containing peptidomimetics. Organic Lett. 2000; 2:
3075–3078.

33. Groth T, Meldal M. N-terminal peptide aldehydes as
electrophiles in combinatorial solid phase synthesis of
novel peptide isosteres. J. Comb. Chem. 2001; 3: 45–
63.

34. Fehrentz JA, Paris M, Heitz A, Velek J, Winternitz F,
Martinez J. Solid-phase synthesis of C-terminal pep-
tide aldehydes. J. Org. Chem. 1997; 62: 6792–6796.

35. Paris M, Pothion C, Goulleux L, Heitz A, Martinez J,
Fehrentz JA. Synthesis of peptide aldehydes on solid
support. React. Func. Pol. 1999; 41: 255–261.

36. Paris M, Douat C, Heitz A, Gibbons W, Martinez J,
Fehrentz JA. Post-synthesis modification of aspartyl or
glutamyl residue side-chains on solid support. Tetra-
hedron Lett. 1999; 40: 5179–5182.

37. Paris M, Pothion C, Heitz A, Martinez J, Fehrentz JA.
Synthesis of N-chain and side-chain protected as-
partyl and glutamyl aldehyde derivatives-reinvestiga-
tion of the reduction of Weinreb amides. Tetrahedron

Lett. 1998; 39: 1341–1344.
38. Ede NJ, Eagle SN, Wickham G, Bray AM, Warne B,

Shoemaker K, Rosenberg S. Solid phase synthesis of
peptide aldehyde protease inhibitors. Probing the pro-
teolytic sites of hepatitis C virus polyprotein. J. Peptide

Sci. 2000; 6: 11–18.
39. Guillaumie F, Kappel JC, Kelly NM, Barany G, Jensen

KJ. Solid-phase synthesis of C-terminal peptide alde-
hydes from amino acetals anchored to a backbone
amide linker (BAL) handle. Tetrahedron Lett. 2000; 41:
6131–6135.

40. Namikoshi M, Sun FR, Choi BW, Rinehart KL,
Carmichael WW, Evans WR, Beasley VR. Seven more
microcystins from Homer-lake cells—application of
the general-method for structure assignment of pep-
tides containing �,�-dehydroamino acid unit(s). J. Org.
Chem. 1995; 60: 3671–3679.

41. Paris M, Heitz A, Guerlavais V, Cristau M, Fehrentz
JA, Martinez J. Synthesis of peptide aldehydes on solid
support using ozonolysis. Tetrahedron Lett. 1998; 39:
7287–7290.

42. Pothion C, Paris M, Heitz A, Rocheblave L, Rouch F,
Fehrentz JA, Martinez J. Use of ozonolysis in the syn-
thesis of C-terminal peptide aldehydes on solid sup-
port. Tetrahedron Lett. 1997; 38: 7749–7752.

43. Page P, Bradley M, Walters I, Teague S. Solid-phase
synthesis of tyrosine peptide aldehydes. Analogues of
(S)-MAPI. J. Org. Chem. 1999; 64: 794–799.

44. Gaertner HF, Offord RE, Cotton R, Timms D, Camble
R, Rose K. Chemoenzymatic backbone engineering of
proteins—site-specific incorporation of synthetic pep-
tides that mimic the 64–74-disulfide loop of granulo-

cyte-colony-stimulating factor. J. Biol. Chem. 1994;
269: 7224–7230.

45. Gaertner HF, Offord RE. Site-specific attachment of
functionalized poly(ethylene glycol) to the amino-termi-
nus of proteins. Bioconj. Chem. 1996; 7: 38–44.

46. DeBernardo S, Tengi JP, Sasso GJ, Weigele M.
Clavalanine, a new clavam antibiotic from Strepto-
myces clavuligerus. 4. A stereorational synthesis. J.
Org. Chem. 1985; 50: 3457–3462.

47. Jackson RFW, Wood A, Wythes MJ. An approach to
the synthesis of enantiomerically pure hydroxylated
�-amino acids using zinc homoenolate chemistry. Syn-
lett 1990: 735–736.

48. Ariza J, Font J, Ortuno RM. An efficient and concise
entry to (− )-4,5-dihydroxy-D-threo-L-norvaline. For-
mal synthesis of clavalanine. Tetrahedron Lett. 1991;
32: 1979–1982.

49. Schmidt U, Meyer R, Leitenberger V, Lieberknecht A,
Griesser H. The synthesis of biphenomycin B. J. Chem.
Soc. Chem. Commun. 1991: 275–277.

50. Schmidt U, Meyer R, Leitenberger V, Stabler F,
Lieberknecht A. Total synthesis of the biphenomycins;
II. Synthesis of protected (2S,4R)-4-hydroxyornithines.
Synthesis 1991: 409–413.

51. Ariza J, Diaz M, Font J, Ortuno RM. Stereoselective
synthesis of 4,5-dihydroxy-D-erythro- and 4,5-dihy-
droxy-D-threo-L-norvaline from D-ribonolactone. Tetra-
hedron 1993; 49: 1315–1326.

52. White RL, Smith KC, DeMarco AC. Biosynthesis
of 5-hydroxy-4-oxo-L-norvaline in Streptomyces

akiyoshiensis. Can. J. Chem. 1994; 72: 1645–1655.
53. Shin C, Nakamura Y, Yamada Y, Yonezawa Y,

Umemura K, Yoshimura J. Syntheses of 2-[(1S,3S)-
1 - amino - 3 - carboxy - 3 - hydroxypropyl] - thiazole - 4-
carboxylic acid and the tripeptide skeleton of nosihep-
tide containing the acid. Bull. Chem. Soc. Jpn 1995;
68: 3151–3160.

54. Ukaji Y, Taniguchi K, Sada K, Inomata K. Enantiose-
lective and diastereoselective synthesis of isoxazoli-
dines by asymmetric 1,3-dipolar cycloaddition of ni-
trones. Chem. Lett. 1997; 6: 547–548.

55. Kremminger P, Undheim K. Asymmetric synthesis
of unsaturated and bis-hydroxylated (S,S)-2,7-
diaminosuberic acid derivatives. Tetrahedron 1997;
53: 6925–6936.

56. Calmes M, Daunis J. How to build optically active
�-amino acids. Amino Acids 1999; 16: 215–250.

57. Cox RJ, Sherwin WA, Lam LKP, Vederas JC. Synthesis
and evaluation of novel substrates and inhibitors of
N-succinyl-ll-diaminopimelate aminotransferase from
Escherichia coli. J. Am. Chem. Soc. 1996; 118: 7449–
7460.

58. Hallinan KO, Crout DH, Errington W. Simple synthesis
of L-vinylglycine and D-vinylglycine (2-aminobut-3-
enoic acid) and related amino-acids. J. Chem. Soc.
Perkin Trans. 1994: 3537–3543.

59. Berkowitz DB, Pedersen ML. Free �-oxiranyl amino
acids. J. Org. Chem. 1995; 60: 5368–5369.

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 7: 537–551 (2001)



AN AMINO ACID DERIVATIVE WITH A MASKED SIDE-CHAIN ALDEHYDE 551

60. Wang SS, Gisin BF, Winter DP, Makofske R, Kulesha
ID, Tzougraki C, Meienhofer J. Facile synthesis of
amino acid and peptide esters under mild conditions
via cesium salts. J. Org. Chem. 1977; 42: 1286–1290.

61. Kokotos G, Noula C. Selective one-pot conversion of
carboxylic acids into alcohols. J. Org. Chem. 1996; 61:
6994–6996.

62. Sawamura M, Nakayama Y, Kato T, Ito Y. Gold(I)-cata-
lyzed asymmetric aldol reaction of N-methoxy-N-
methyl-alpha-isocyanoacetamide (�-isocyano Weinreb
amide)—an efficient synthesis of optically active beta-
hydroxy-alpha-amino aldehydes and ketones. J. Org.
Chem. 1995; 60: 1727–1732.

63. De-Oliveira B, Barrett AG, Barton DH, Girijavallabhan
M, Jennings RC, Kelly J, Papadimitriou VJ, Turner JV,
Usher NA. Transformations of penicillin. Part 8. Prepa-
ration of 2-acetylceph-3-em derivatives from carboxy-
protected penicillin S-oxides. J. Chem. Soc. Perkin

Trans. 1977: 1477–1500.
64. Nicolaou KC, Baran PS, Zhong YL, Fong KC, He Y,

Yoon WH, Choi HS. Total synthesis of the CP
molecules CP-225,917 and CP-263,114-Part 2: Evolu-
tion of the final strategy. Angew. Chem. Int. Ed. 1999;
38: 1676–1678.

65. Carpino LA, Elfaham A, Albericio F. Racemization
studies during solid-phase peptide-synthesis using
azabenzotriazole-based coupling reagents. Tetrahedron

Lett. 1994; 35: 2279–2282.
66. Hutchings RH, Meyers AI. An oxazoline-mediated syn-

thesis of the pyrrolophenanthridine alkaloids and
some novel derivatives. J. Org. Chem. 1996; 61: 1004–
1013.

67. Ketcha D. The manganese(III) acetate oxidation of N-
protected indolines. Tetrahedron Lett. 1988; 29: 2151–
2154.

68. Izumi T, Kohei K, Murakami S. Manganese(III) acetate
oxidation of 1-acetylindole derivatives. J. Hetero.
Chem. 1993; 30: 1133–1136.

69. Fu PP, Harvey RG. Dehydrogenation of polycyclic hy-
droaromatic compounds. Chem. Rev. 1978; 78: 317–
361.

70. Pascal R, Sola R. Preservation of the Fmoc protective
group under alkaline conditions by using CaCl2—
applications in peptide synthesis. Tetrahedron Lett.
1998; 39: 5031–5034.

71. Takahata H, Kubota M, Momose T. New synthesis of
all the 4 isomers of 2-(2-hydroxypropyl)pyrrolidines via
iterative asymmetric dihydroxylation to cause enan-
tiomeric enhancement. Tetrahedron Asymm. 1997; 8:
2801–2810.

72. Pallin TD, Tam JP. Cyclization of totally unprotected
peptides in aqueous solution by oxime formation. J.
Chem. Soc. Chem. Commun 1995: 2021–2022.

73. Wahl F, Mutter M. Analogs of oxytocin with an oxime
bridge using chemoselectively addressable building
blocks. Tetrahedron Lett. 1996; 37: 6861–6864.

74. Niese D, Gilsdorf K, Hiester E, Dressen P, Michels S,
Dengler HJ. Immuno-modulating properties of the
uremic pentapeptide H-Asp-Leu-Trp-Gly-Lys-OH. Klin.
Wochenschr. 1986; 64: 642–647.

75. Merrifield RB. Solid phase peptide synthesis I. The
synthesis of a tetrapeptide. J. Am. Chem. Soc. 1963;
85: 2149–2154.

76. Jones DS, Hammaker JR, Tedder ME. A convenient
synthesis of N-(tert-butyloxycarbonyl)aminooxy
ethers. Tetrahedron Lett. 2000; 41: 1531–1533.

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 7: 537–551 (2001)


