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α,β-Didehydroamino acids are frequently encountered in
natural peptides with important biological activity. Herein,
we report a mild and convenient method for the preparation
of peptides containing α,β-didehydroamino acids, where
solid-phase techniques are used both for elongation of the

Introduction

α,β-Didehydroamino acids (DDAAs) are frequently en-
countered in naturally occurring peptides with important
biological activity.[1] Although DDAAs are also constitu-
ents of medium size peptides, such as the antibiotics known
as lantibiotics,[2] and of enzymes from plant and bacterial
sources,[3] the majority of them have been found in relatively
low molecular weight peptides of microbial and fungal met-
abolite origin,[1c] or from marine organisms.[4] The presence
of these residues in peptides confers an increased resistance
to enzymatic degradation[5] and restricts the conformational
flexibility of both the backbone and the side chain of the
didehydro residue.[6] The incorporation of DDAAs into
normal bioactive peptides has also become another interest-
ing objective, and consequently the search for suitable
methods for the synthesis of peptides containing DDAAs
[α,β-didehydropeptides (DDP)] has increased considerably
in the last few years.[7]

Even the synthesis of peptides containing DDAAs de-
rived from proteinogenic amino acids, such as ∆Ala (from
Ser or Cys) or α,β-didehydro-α-aminobutyric acid (Dhb,
∆Abu) (from Thr), by activation of the β-hydroxyl or thiol
function and posterior β-elimination, is not a straightfor-
ward process. Preparation of the DDAAs with Nα-carba-
mate protecting groups, which can be relatively easily per-
formed from the corresponding Nα-carbamate amino acids
(Ser, Thr, phenylserine) and activating reagents, such as di-
succinimidyl carbonate (DSC)[8] or di-tert-butyl dicarbonate
(Boc2O)[9] in the presence of base,[10] are not useful as build-
ing blocks for peptide synthesis. Thus, once the Nα-pro-
tecting group is removed, the weak nucleophilicity of the
corresponding enamine function prevents elongation in the
C R N direction.[11,12] Alternatively, the synthesis of N-
acyldidehydroamino acids and their incorporation into the
peptide sequence can be a convenient method for preparing
DDP.[12,13] Furthermore, the formation of the double bond
can be carried out after the peptide sequence has been as-
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peptide chain and formation of the double bond. This bond
is formed through a β-elimination reaction, using a water sol-
uble carbodiimide as the activating reagent of the hydroxyl
function, and catalyzed by CuCl.

sembled.[7,14] Usually, all these processes have to be carried
out in solution and there are very few reports in the literat-
ure describing the solid-phase synthesis of ∆Ala-con-
taining peptides.[15]

The present communication reports on a convenient
method for the solid-phase synthesis of peptides containing
DDAAs, where solid-phase techniques are used for both the
elongation of the peptide chain and the formation of the
double bond. This method is of general applicability to pep-
tides containing common DDAAs, and is not restricted
only to ∆Ala-containing peptides.

Results and Discussion

As model targets, the peptides Ac2Tyr2Gly2Z-
Dhb2Phe2Leu2NH2 (1) and Ac2Val2Phe2Z-
Dhb2Val2NH2 (2) were chosen, with the idea of
starting the study with the most hindered Thr in
order to find conditions of general applicability.
Ac2Tyr(tBu)2Gly2Thr2Phe2Leu2Amide-Linker-resin
and Ac2Val2Phe2Thr2Val2Amide-Linker-resin were
prepared using a standard 9-fluorenylmethoxycarbonyl
(Fmoc)/tert-butyl (tBu) protocol.[16] Aliquots of the first
resin were washed with N,N-dimethylformamide (DMF)
and then used in tests of a variety of reagents for the activa-
tion of the hydroxyl function and posterior β-elimination.
The course of the reaction was followed by amino acid ana-
lysis (AAA) of the hydrolyzed acid because the formation
of the Z-Dhb residue is accompanied by a decrease of the
Thr value in AAA (Table 1).[17]

DSC (entries 1 and 2) has been used for the formation
of protected Z-Dhb in solution,[8] and a ∆Ala-containing
peptide in the solid phase.[15a] (Diethylamino)sulfur trifluo-
ride (DAST) (entry 3) was found to convert alcohols into
fluorides in solution[18] and has been used for the dehydra-
tion of Thr in solution.[19] None of these three experiments
led to a significant decrease of the value of Thr in AAA.
The experiments corresponding to entries 4 and 5 in Table 1
were carried out in two steps with the idea of forming first
the tosyl derivative and then carrying out the β-elimination.
HPLC of the cleaved product after the first step showed, in
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Table 1. Study of the formation of Ac2Tyr(tBu)2Gly2Z-
Dhb2Phe2Leu2Amide-Linker-resin from the corresponding Thr
derivative

Entry Reagents (equiv.) Solvent Time Thr:AA[a]

(h)

1 DSC (25) DIEA (25) DMF 21 0.72
2 DSC (25) DABCO (25) DMF 21 0.76
3 DAST (50) DIEA(50) DMF 23 0.61
4 (i) Tos2O (25) pyridine/DMF 3.3 0.77

(ii) DABCO (50) 47
5 (i) TosCl (25) pyridine/DMF 3.3 0.83

(ii) DABCO (50) 47
6 PPh3 (50) DEAD (50) THF 32 0.10
7 EDC (50) CuCl (15) DCM/DMF (1:1) 24 0.30

[a] AAA gives a value of Thr with respect to the rest of the amino
acids (AA). Due to the decomposition of Thr during acid hydro-
lysis, the value of Thr in the initial peptide respect to the rest of
the AAs is 0.78 (average value). Peptide-resins were hydrolyzed in
12  aqueous HCl2propionic acid (1:1), at 155 °C for 90 min.

both cases, a major single peak that co-eluted with the one
corresponding to the peptide without the tosyl group.[20]

Although the AAA of Thr in the experiment corresponding
to entry 6 in Table 1 (Mitsunobu conditions)[21] gave a low
number indicating the disappearance of Thr, and the ES-
MS showed a small signal corresponding to the desired pep-
tide, the HPLC showed multiple peaks. Finally, 3-(39-di-
methylaminopropyl)-1-ethylcarbodiimide hydrochloride
(EDC),[22] which was used for dehydration in solution of a
residue of Thr in a fragment of Nisin,[23] and more recently
for the preparation of a lantibiotic precursor containing a
∆Ala residue,[24] showed a decrease of the value of Thr, a
clean reaction by HPLC, and the correct mass in the ES-
MS.[25]

With these results in mind, we performed a complete
study using EDC and taking as a substrate the sequence
corresponding to peptide 2, where the residue of Thr is next
to the hindered Val residue.

The first experiment (entry 1, Table 2) confirmed the re-
sults outlined in Table 1 (entry 7). If the same reaction is
left for 2 weeks (entry 2) the HPLC shows exclusively the
DDP. Experiments corresponding to entries 3 and 4 differ
in that in entry 4 after each day (total 6 days) the resin was
filtered off and washed with DMF before adding fresh EDC
and CuCl. This protocol slows down the reaction. In experi-
ments 5214 (Table 2), the amount of EDC/CuCl, solvent,
and temperature are studied. The conclusions are: (i) a large
excess of both reagents is necessary (entry 1 vs. entry 5); (ii)
a larger amount of CuCl is more important than a larger
amount of EDC (entry 6 vs. entries 1 and 7; and entry 12
vs. entry 5), although the amount of EDC should be clearly
superior to that of CuCl (entry 13 vs. entry 6); (iii) DCM
is a better solvent than DMF (entry 8 vs. entries 1 and 9);
(iv) a higher temperature does not improve yields (entries
10 and 11 vs. entry 9); (v) the conditions of choice are 100
and 60 equiv. of EDC and CuCl, respectively, DCM/DMF
or DCM as a solvent, and 25 °C (entries 6 and 14).[26] In
all cases the ES-MS spectra showed that the residual Thr
residue was left in the form of O-alkylisourea. In order both
to accelerate and complete the reaction, several experiments
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Table 2. Study of the formation of Ac2Val2Phe2Z-
Dhb2Val2Amide-Linker-resin from the corresponding Thr deriv-
ative[a]

Entry Equiv. Solvent Temp. Thr:AA[b]

EDC:CuCl

1 100:30 DCM/DMF (1:1) 25 °C 0.37[c]

2[d] 100:30 DCM/DMF (1:1) 25 °C 0.04
3[e] 100:30 DCM/DMF (1:1) 25 °C 0.16
4[f] 100:30 DCM/DMF (1:1) 25 °C 0.24
5 50:15 DCM/DMF (1:1) 25 °C 0.43
6 100:60 DCM/DMF (1:1) 25 °C 0.29
7 200:60 DCM/DMF (1:1) 25 °C 0.31
8 100:30 DCM 25 °C 0.31
9 100:30 DMF 25 °C 0.56
10[g] 100:30 DMF 37 °C 0.56
11[g] 100:30 DMF 60 °C 0.60
12 50:30 DCM/DMF (1:1) 25 °C 0.34
13 100:90 DCM/DMF (1:1) 25 °C 0.31
14 100:60 DCM 25 °C 0.29

[a] The reactions were carried out for 3 days, unless otherwise
stated. 2 [b] See footnote (a) in Table 1. 2 [c] This experiment was
carried in triplicate with values of Thr:AA of 0.37, 0.37, and 0.38,
respectively. 2 [d] The reaction was carried out for 2 weeks. 2 [e]

The reaction was carried out for 6 days with a single addition of
reagents. 2 [f] The reaction was carried out for 6 days, but every
day the resin was filtered off and washed with DMF before adding
fresh EDC and CuCl. 2 [g] Due to the low boiling point of DCM,
experiments at higher temperature were carried out in DMF.

similar to entry 6 were carried out in the presence of base
(DIEA or DBU).[27] Both amino acid analysis and HPLC
showed that the reaction after 3 days has taken place to the
same extent as in the absence of base.

The experiment corresponding to entry 2 (Table 2) was
repeated on a larger scale (32 µmol),[28] and the crude pep-
tide, obtained by treatment of the peptide resin with TFA/
H2O (95:5), showed (Figure 1) essentially 100% conversion
by HPLC. The NMR spectrum of the purified product by
medium pressure liquid chromatography showed a single set
of signals, confirming that a single isomer was formed. The
configuration Z of the Dhb residue was assigned based on
the chemical shift of the olefinic proton (δ 5 6.64) when
compared with data published in the literature,[29] and the
presence of a NOESY signal between the H of the amide
Phe-Dhb and the β-CH3 of the Dhb. The dehydration
reaction was repeated using Ac2Val2Phe2-allo-
Thr2Val2Amide-Linker-resin as a substrate and, again, a
single product was obtained, which co-eluted in HPLC with
the one formed from the Thr peptide and showed a similar
NMR spectrum. This suggests that the β-elimination reac-
tion does not follow a E2 mechanism, but rather a mono-
molecular E1 or E1cb mechanism with the formation of the
thermodynamically most stable isomer.[30]

The same method was applied to -Ser and ,-
phenylserine {PheSer, β-hydroxyphenylalanine [(β-
OH)Phe]} containing tetrapeptides to give, with good pur-
ity, the ∆-Ala and Z-∆-Phe tetrapeptides, respectively.[31,32]

In the second case, a single product was again obtained,
which was assigned the configuration Z on account of the
UV spectra showing maxima at 276 nm and 273 nm with
CH3CN and EtOAc as solvent, respectively.[33] This result
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Figure 1. HPLC chromatogram of crude cleavage of
Ac2Val2Phe2Thr2Val2NH2 (a) and Ac2Val2Phe2(Z)-
Dhb2Val2NH2 (b); reverse-phase C-18 columns (Kromasil C18,
4.6 3 250 mm, 10 µm, Akzo Nobel) were used for the analysis with
elution by a linear gradient over 30 min of 0.036% TFA in ACN
and 0.045% TFA in H2O from 1:9 to 1:0, flow rate 1.0 mL/min

confirms those obtained with Thr derivatives, where only
the thermodynamically more stable isomer is obtained.

Conclusions

A mild and convenient method for the solid-phase pre-
paration of peptides containing α,β-didehydroamino acids
has been described. The double bond is formed through a
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β-elimination reaction, using EDC as the activating reagent
for the hydroxyl function in the presence of CuCl. This
method is of general applicability to peptides containing
common DDAA. This method has been applied success-
fully to the solid-phase synthesis of Kahalalide F, which is
a marine cyclic depsipeptide, which contains thirteen amino
acids including a (Z)-Dhb and 5-methylhexanoic acid at the
N-terminus.
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