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Introduction

Peptides are folded in many different types of helical con-
formations. Not unexpectedly, b-peptides, with their higher
number of backbone single bonds per each amino acid unit,
are known to adopt a variety of helices much larger than
that authenticated for a-peptides.[1,2] Therefore, it is evident
that the efforts of structural biochemists would be facilitated
by the possibility of relying on a large array of physico-
chemical techniques.

In particular, to solve the numerous 3D structural issues
that arise in the study of model a-peptides, the use of
double-labelled electron paramagnetic resonance (EPR)
spectroscopy was explored.[3–7] In this method, nitroxide spin

labels are covalently linked to two a-amino acid side chains
in the peptide. These labels may interact over distances that
are usually larger than those sampled by NOE interactions
in NMR spectroscopy. Thus, double-labelled EPR provides
a unique and complementary view of the local peptide struc-
ture. More specifically, the amino acid 4-amino-1-oxyl-
2,2,6,6-tetramethylpiperidine-4-carboxylic acid (TOAC;[4,8–10]

Scheme 1), with strong helix-promoting characteristics and a
rigidly positioned nitroxide group in the six-membered ring
piperidine structure, was extensively exploited to this
end.[4–7]

We have explored the extension of this approach to b-
peptide foldamers.[11] A model b-hexapeptide, containing
two (3R,4S)-b-TOAC residues[12] combined with four
(1S,2S)-2-aminocyclohexane carboxylic acid (ACHC) resi-
dues (Scheme 1), was synthesised and the preferred confor-
mation (i.e., 314-helix)[1,2] was assessed in particular by con-
tinuous-wave (cw) EPR spectroscopic analysis.[12] Herein,
we have expanded this area by utilising the enantiopure
five-membered ring (3R,4R)-4-amino-1-oxyl-2,2,5,5-tetrame-
thylpyrrolidine-3-carboxylic acid (POAC).[13–16] This b-amino
acid has a backbone chemical structure identical to that of
(1S,2S)-2-aminocyclopentane carboxylic acid (ACPC), the
homo-oligo(b-peptide)s of which[17] are folded in the 2.612-
(also termed 12-) helical conformation in the crystal state
and in secondary-structure supporting solvents. According
to authoritative review reports,[1,2] the two distinct, experi-
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mentally observed, types of helical structures promoted in
b-peptides by the six- and five-membered, cyclic ACHC and
ACPC residues should be attributed to differences in the
degree of flexibility of the ring torsion angle -NH-C-C-CO-.
Terminally protected b-peptide hexamers were chosen for
this study because they are sufficiently long to form stable
12-helices.[1,2] The amino acid sequences of the four b-hexa-
peptides 1–4 investigated are shown in Scheme 2. The two
guest nitroxide-containing probes were inserted at the (i, i+

1), (i, i+2), (i, i+3), and (i, i+4) relative positions, respec-
tively. Peptide synthesis was carried out in solution by using
a segment-condensation approach. Initial evidence of the
overall conformation of the b-hexapeptides was achieved by
FTIR absorption spectroscopic analysis. A preliminary

report of a limited part of this work has already been pub-
lished.[18]

Results and Discussion

Peptide synthesis : The five-membered ring (3R,4R)-POAC
and (1S,2S)-ACPC b-amino acid residues (Scheme 1) were
incorporated into four doubly spin labelled b-hexapeptides,
in which the POAC residues were placed at positions i, i+n
(n=1–4) by using solution-phase synthesis (Scheme 2).

The (3R,4R)-POAC derivatives used were prepared as
previously described.[16] The synthetic strategy employed
was N!C chain elongation of peptide segments protected
with an N-Boc group by using C-activation with 2-(7-aza-
1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluor-
ophosphate (HATU).[19,20] As the nitroxide group of POAC
is sensitive to acidic conditions,[2,6–8,16] N-deprotection of the
Boc group was avoided and the base-labile fluorenyl-9-
methyloxycarbonyl (Fmoc) group was used for temporary
N-protection of the segments.

The synthesis and characterisation of hexapeptide 3 and
its synthetic intermediates have already been reported.[16]

For hexapeptide 1, we started from the protected derivative
Fmoc-(3R,4R)-POAC-O-(aR)-Bin (Bin=binaphthol),[16]

which was N-deprotected in CH3CN/Et2NH and coupled
with Boc-(1S,2S)-ACPC-(3R,4R)-POAC-OH[16] with HATU
in the presence of N,N-diisopropyl-N-ethylamine (DIEA) to
afford tripeptide Boc-(1S,2S)-ACPC-(3R,4R)-POAC-
(3R,4R)-POAC-O-(aR)-Bin in 62 % yield (Scheme 3). This
tripeptide ester was saponified with sodium hydroxide in
MeOH/H2O/THF at 50 8C, and the resulting crude product
Boc-(1S,2S)-ACPC-(3R,4R)-POAC-ACHTUNGTRENNUNG(3R,4R)-POAC-OH was

coupled with HCl·H-[(1S,2S)-
ACPC]3-OMe (obtained by N-
deprotection in HCl/dioxane of
Boc-[(1S,2S)-ACPC]3-OMe) to
afford hexapeptide 1.

The hexapeptide 2 was also
synthesised by coupling two tri-
peptide segments. Fmoc-ACHTUNG-TRENNUNG(3R,4R)-POAC-OH[14,16] was

Scheme 1. Chemical structures of the nitroxide spin labelled a- or b-
amino acids TOAC, b-TOAC, and (3R,4R)-4-amino-1-oxyl-2,2,5,5-tetra-
methylpyrrolidine-3-carboxylic acid (POAC) and the b-amino acids
(1S,2S)-2-aminocyclohexane carboxylic acid (ACHC) and (1S,2S)-2-ami-
nocyclopentane-1-carboxylic acid (ACPC).

Scheme 2. POAC/ACPC b-peptides discussed herein. Boc = tert-butyloxycarbonyl.

Scheme 3. Synthetic path for the preparation of the hexapeptides 1, 2, and 4. i) CH3CN/Et2NH (4:1), RT; ii) Boc-(1S,2S)-ACPC- ACHTUNGTRENNUNG(3R,4R)-POAC-OH,
HATU, DIEA, THF, RT; iii) NaOH, MeOH/H2O/THF (1:1:1), 50 8C; iv) HCl·H-[(1S,2S)-ACPC]3-OMe, HATU, DIEA, THF, RT; v) HCl·H-[(1S,2S)-
ACPC]2-OMe, HATU, DIEA, THF, RT; vi) HATU, DIEA, THF, RT; vii) H- ACHTUNGTRENNUNG(3R,4R)-POAC-OMe, HATU, DIEA, THF, RT.
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coupled with HCl·H-[(1S,2S)-ACPC]2-OMe[16] to afford
Fmoc-(3R,4R)-POAC-(1S,2S)-ACPC-(1S,2S)-ACPC-OMe in
62 % yield, which was N-deprotected. Boc-(1S,2S)-ACPC-
(3R,4R)-POAC-OH and HCl·H-(1S,2S)-ACPC-OMe[16] were
coupled to form tripeptide Boc-(1S,2S)-ACPC-(3R,4R)-
POAC-(1S,2S)-ACPC-OMe. Saponification and coupling of
the two segments gave hexapeptide 2 in 47 % yield.

Finally, hexapeptide 4 was formed from pentapeptide
Boc-(1S,2S)-ACPC-(3R,4R)-POAC-[(1S,2S)-ACPC]3-OH
(from the coupling of Boc-(1S,2S)-ACPC-(3R,4R)-POAC-
OH and HCl·H-[(1S,2S)-ACPC]3-OMe followed by saponifi-
cation), and H-(3R,4R)-POAC-OMe[16] in 60 % yield. De-
tailed characterisations of all newly synthesised peptides are
described in the Experimental Section.

Conformational analysis : We performed a preliminary con-
formational analysis of hexapeptides 1–4 in solution by
using FTIR absorption spectroscopy (neither NMR[21] nor
CD[22] spectroscopic techniques could be advantageously ex-
ploited because the peptides are characterised by paramag-
netic and chromophoric nitroxide free radicals).

In the conformationally informative N�H stretching
(amide A) region, peptides 1–4 generally exhibit two bands
in CDCl3, one weaker and located at ñ=3442–3444 cm�1

(associated with “free”, solvated N�H vibrations)[23–27] and
the other, remarkably more intense and broader, in the ñ=

3268–3241 cm�1 range (associated with hydrogen-bonded N�
H vibrations; for a typical spectrum (i.e., peptide 3), see
Figure 1). Moreover, the results of our concentration-de-
pendence (i.e., 1.0–0.1 mm) study (not shown) clearly indi-
cate that there is no evidence for significant self-association
through intermolecular hydrogen bonding; that is, all the
NH groups are either solvated by CDCl3 or, for the most
part, intramolecularly hydrogen bonded. These findings are
typical of medium-length peptides largely folded in well-de-
veloped helical secondary structures.

There are only a few studies that discuss the IR amide I
(ñ=1700–1600 cm-1) region of b-peptides. MuÇoz-Guerra
and co-workers[28] reported this band at ñ=1654–1656 cm�1

for films of three different poly(b-peptide)s with a-alkyl
side chains. Recently, DeGrado and co-workers[29] showed
that the amide I’ spectrum of a helical b-peptide in D2O is
quite complex because it is characterised by three bands
centred at ñ= 1612, 1624, and 1650 cm�1. Finally, our
ACHC/b-TOAC model hexapeptide mentioned above[12]

shows a main band at ñ= 1654 cm�1 accompanied by weak
shoulders at ñ= 1624 and 1682 cm�1 in CDCl3. All of these
b-peptides are folded in the 14-helix structure. The ACPC/
POAC hexapeptides 1–4 studied in this work exhibit three
bands at ñ= 1686–1688 (weak), 1654–1666 (strong), and
1622–1638 cm�1 (weak) in CDCl3 (spectra not shown). At
this point, by considering the quite different environments
utilised for the IR spectroscopic investigations of the 14-hel-
ical peptides and the absence of reported reference spectra
for 12-helical peptides, any assignment of hexapeptides 1–4
to a specific helix conformation on the basis of their IR ab-
sorption spectra would only be rather hazardous.

The determination of the spin–spin distance in doubly ni-
troxide-labelled molecular systems can be obtained by using
a number of EPR techniques;[30–34] most of them rely on the
measurement of the dipolar interaction between the two
electron spins. Unfortunately, for distances in the range ex-
pected for our peptides (i.e., 8–13 �; see below), the mea-
surement of the dipolar interaction in frozen solution is
hampered by the almost coincident values of electron–elec-
tron dipolar exchange and hyperfine interactions. This phe-
nomenon gives rise to complex cw-EPR spectra in frozen
solution, from which extraction of the dipolar interaction
alone by means of deconvolution or spectral fitting methods
is rather unreliable. On the other hand, all anisotropic inter-
actions are averaged out in fluid solutions, thus leaving only
the exchange interaction to influence the EPR spectrum. Al-
though the exact dependence on the distance of the ex-
change interaction between two electron spins is not easily
obtained, it is however true that in a series of rigid, doubly
labelled molecules the exchange interaction depends solely
on the distance between the two labels, provided that the
solvent and temperature are the same. For this reason, in
our case, liquid-phase EPR spectra offered the best possibil-
ity of determining the relative intramolecular distances be-
tween the two nitroxide probes, although in a qualitative
way.

The cw-EPR spectra of peptides 1–4 in CHCl3 at 295 K
are reported in Figure 2 along with the reference amino acid
derivative Fmoc-POAC-OH at the same temperature. The
spectrum of the amino acid derivative is composed of three
lines due to the hyperfine interaction between the unpaired
electron of the N�O group and the 14N nuclear spin. The
three lines are separated by the hyperfine coupling constant
aN (1.49 mT). Small satellite lines are also present, which are
due to the hyperfine interaction with the 13C nuclear spins
at different positions in the molecule (a13C = 0.495 and
0.890 mT in 4 and 2 equivalent positions, respectively).

Figure 1. FTIR absorption spectra (N�H stretching region) of hexapep-
tide 3 at concentrations A) 1.0 and B) 0.1 mm in CDCl3. Cells with path
lengths of 1.0 and 10 mm, respectively, were used.
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In the case of the doubly spin-labelled peptides 1–4, the
EPR spectra are more complex (solid traces in Figure 2)
and show additional lines that arise from the intramolecular
spin–spin exchange interaction, J, between the unpaired
electrons of the two nitroxide radicals. The well-resolved
lines indicate that the intermolecular J interaction is negligi-
ble. The spectra have been fitted (dashed traces in Figure 2)
to calculate the EPR line positions by using equations re-
ported by Luckhurst[35] with aN = 1.46 mT and J1 = 6.0, J2 =

10.0, J3 =7.0 and J4 = 0.4 mT for peptides 1–4, respectively.
The strength of exchange interaction J depends on both the
number of bonds between the unpaired electrons and their
mutual distance. If the nitroxide groups are separated by
many single bonds, the through-bond contribution to the
value of J becomes negligible relative to the through-space
contribution. The latter depends on the conformation of the
biradical molecules and is responsible for the observed
order of exchange constants: J2>J3ffiJ1 @J4

An inspection of molecular models (Figure 3), based on
the structure revealed by X-ray diffraction studies of the
ACPC b-homo-hexapeptide folded in the 12-helix conforma-
tion,[17] shows that the midpoints of the two nitroxide bonds
are separated by about 8.5, 8.0, 8.5, and 13.5 � in peptides
1–4, respectively. This rank order of distances is in excellent
agreement with the best-fit J values mentioned above and
reported in Figure 2. From these results, we conclude that
the ACPC/POAC b-hexapeptides do indeed adopt a 12-
helix conformation at room temperature. As for the thermal
helix stability of our b-peptides, we recorded the cw-EPR
spectra from 270 to 320 K. We did not observe any signifi-
cant variation in the spectral parameters, apart from a slight
decrease in the width of the three narrow lines present in all
of the spectra. This property and the smoothness of the ther-
mal change, both similar to those reported in previous stud-
ies on other b-peptides,[2] indicate a very limited, non-coop-

erative destructuration of the 12-helix of our compounds
under these experimental conditions.

Conclusion

We have prepared a series of host ACPC b-oligopeptides,
each incorporating two guest POAC b-amino acids with a
paramagnetic, stable nitroxide moiety in their cyclic struc-
ture at appropriate relative positions. The synthesis was car-
ried out by employing solution methods that used a C-acti-
vation procedure with HATU.

Our preliminary FTIR absorption spectroscopic analysis
provided general information on the global peptide confor-
mation in CDCl3, namely, that the b-hexamers largely adopt

Figure 2. Experimental (full line) and calculated (dashed line) cw-EPR
spectra of Fmoc-POAC-OH (reference) and the bis-nitroxide labelled
POAC/ACPC hexapeptides 1–4 in CHCl3 at 295 K. Peptide concentra-
tion: 1.0 mm. ref = reference.

Figure 3. Computer-drawn molecular models for the bis-nitroxide-la-
belled POAC/ACPC hexapeptides 1–4 in the 12-helix conformation (top:
view perpendicular to the helix axis; bottom: view parallel to the helix
axis).

Chem. Eur. J. 2010, 16, 11160 – 11166 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 11163

FULL PAPERCharacterisation of b-Peptide Foldamers

www.chemeurj.org


an intramolecularly hydrogen-bonded, nonaggregated helix.
Under the same experimental conditions, the additional re-
sults presented herein, in particular those results that refer
to the exchange interaction J, demonstrate that cw-EPR
measurements of the doubly POAC-labelled b-peptide fol-
damers is an extremely useful approach to probe in detail
the nature of the helical structure formed. Specifically, it is
reassuring that the bulkier, tetramethylated pyrrolidin-N-
oxide moiety of the POAC residue could be easily accom-
modated into the 12-helix typically generated by the struc-
turally related cyclopentyl ACPC b-amino acid.

Experimental Section

Synthesis and characterisation of peptides : Melting points were deter-
mined with a temperature increase of 3 8C min�1 and are uncorrected.
Mass spectrometry (MS) analyses (electrospray ionisation (ESI) mode)
were performed by V. Steinmetz (University of Versailles, France) on a
Hewlett–Packard (Palo Alto, CA) HP5989MS spectrometer. High-resolu-
tion MS analyses (ESI mode) were performed by Dr. G. Evano (Univer-
sity of Versailles, France) on a Waters (Milford, MA) Xevo QToF mass
spectrometer. Optical rotations were measured with an accuracy of 0.3 %
in a 1 dm thermostatted cell. Analytical TLC analysis, preparative TLC,
and column chromatography were performed on silica gel F 254 (Merck,
Darmstadt, Germany), silica gel G-25 (1 mm; Merck), and Kieselgel gel
60 (0.040–0.063 mm; Merck), respectively. The syntheses and characteri-
sations of the compounds HCl·H-(1S,2S)-ACPC-OMe, Boc-[(1S,2S)-
ACPC]2-OMe, Fmoc-(3R,4R)-POAC-OH, H-(3R,4R)-POAC-OMe,
Fmoc-(3R,4R)-POAC-O-(aR)-Bin, Boc- ACHTUNGTRENNUNG(1S,2S)-ACPC- ACHTUNGTRENNUNG(3R,4R)-POAC-
OH, and 3 have already been reported.[16]

Boc-(1S,2S)-ACPC-(3R,4R)-POAC-(3R,4R)-POAC-O-(aR)-Bin : Fmoc-
(3R,4R)-POAC-O-(aR)-Bin (21 mg, 0.03 mmol) was dissolved in CH3CN
(2 mL) and Et2NH (0.5 mL) was added. The mixture was stirred at room
temperature for 3 h and evaporated in vacuo. Boc-(1S,2S)-ACPC- ACHTUNG-TRENNUNG(3R,4R)-POAC-OH (25 mg, 0.06 mmol) and THF (1 mL) were added to
the resulting crude product containing H-(3R,4R)-POAC-O-(aR)-Bin
(not isolated). The solution was cooled on an ice bath and HATU
(25 mg, 0.066 mmol) and DIEA (0.01 mL) were added. The mixture was
stirred at room temperature for 42 h and concentrated under reduced
pressure. The residue was taken up in CH2Cl2 and the organic phase was
washed successively with HCl (0.5 m), H2O, and saturated NaHCO3 solu-
tion; dried over MgSO4; filtered; and evaporated in vacuo. The residue
was purified by preparative TLC on silica gel with CH2Cl2/MeOH
(92.5:7.5) as the eluant to give the tripeptide (16 mg, 62 %) as a solid.
Rf = 0.71 (CH2Cl2/MeOH 90:10); m.p. 133–135 8C; [a]25

589 =++92 (c =0.10
in CH2Cl2); MS: m/z (%): 886.5 [M+ Na]+ ; HRMS: m/z calcd for
C49H61N5O9Na: 886.4367; found: 886.4327.

Boc-[(1S,2S)-ACPC]3-OMe : Sodium hydroxide (60 mg) was added to a
solution of Boc-[(1S,2S)-ACPC]2-OMe (70 mg, 0.2 mmol) in THF (5 mL),
MeOH (2 mL), and H2O (1 mL). The mixture was heated on a water
bath at 55 8C for 2 h and concentrated under reduced pressure, diluted
with H2O (3 mL), and neutralised by careful addition of HCl (0.5 m). The
solution was extracted with CH2Cl2 (3 � ). The combined extracts in
CH2Cl2 were dried over MgSO4, filtered, and evaporated in vacuo to give
crude Boc-[(1S,2S)-ACPC]2-OH as a solid. HATU (80 mg, 0.21 mmol)
and DIEA (0.05 mL) were added to an ice-cold solution of this residue
and HCl·H-(1S,2S)-ACPC-OMe (43 mg, 0.24 mmol) in THF (4 mL). The
mixture was stirred at room temperature for 18 h and evaporated in
vacuo. The residue was taken up in CH2Cl2 and the organic phase was
washed successively with HCl (0.5 m), H2O, and saturated NaHCO3 solu-
tion; dried over MgSO4; filtered; and evaporated in vacuo. The crude
product was purified by column chromatography on silica gel with
CH2Cl2/MeOH (95:5) as the eluant to give the tripeptide as a solid
(85 mg, 91 %). Rf =0.28 (CH2Cl2/MeOH 95:5); m.p. 207–208 8C; [a]25

589 =

+ 55 (c= 0.26 in CH2Cl2); MS: m/z (%): 488.3 [M+Na]+ ; HRMS:
m/z calcd for C24H39N3O6Na: 488.2737; found: 488.2746.

Boc-(1S,2S)-ACPC-(3R,4R)-POAC-(3R,4R)-POAC-[(1S,2S)-ACPC]3-
OMe (1): 1) Tripeptide Boc-[(1S,2S)-ACPC]3-OMe (9 mg, 0.02 mmol)
was dissolved in CH2Cl2 (1.5 mL), the solution was cooled on an ice bath,
and HCl in dioxane (0.3 mL, 4 m) was added. The solution was magneti-
cally stirred at 0 8C for 30 min and at room temperature for 1 h, then
evaporated in vacuo at 30 8C. The residue was repeatedly triturated in
CH2Cl2 and the suspension evaporated in vacuo to give crude HCl·H-
[(1S,2S)-ACPC]3-OMe.

2) Sodium hydroxide (20 mg) was added to a solution of Boc-(1S,2S)-
ACPC-(3R,4R)-POAC-(3R,4R)-POAC-O-(aR)-Bin (12 mg, 0.014 mmol)
in THF (1 mL), MeOH (0.4 mL), and H2O (0.2 mL). The mixture was
heated for 3 h at 50 8C, diluted with H2O, and concentrated under re-
duced pressure. The resulting aqueous solution was washed twice with di-
ethyl ether and neutralised by careful addition of HCl (0.5 m). The solu-
tion was extracted three times with CH2Cl2. The combined extracts in
CH2Cl2 were dried over MgSO4, filtered, and evaporated in vacuo to give
crude Boc-(1S,2S)-ACPC-[(3R,4R)-POAC]2-OH. HATU (5 mg,
0.013 mmol) and DIEA (0.01 mL) were added to an ice-cold solution of
this residue and HCl·H-[(1S,2S)-ACPC]3-OMe (6 mg, 0.015 mmol) in
THF (1 mL). The mixture was stirred at room temperature for 72 h and
evaporated in vacuo. The residue was taken up in CH2Cl2 and the organic
phase was washed successively with HCl (0.5 m), H2O, and saturated
NaHCO3 solution; dried over MgSO4; filtered; and evaporated in vacuo.
The crude product was purified by preparative TLC on silica gel with
CH2Cl2/MeOH (92.5:7.5) as the eluant to give hexapeptide 1 as a solid
(6 mg, 30 % for two steps). Rf =0.48 (CH2Cl2/MeOH 90:10); m.p. 211–
213 8C; [a]25

589 =++ 83 (c =0.21 in CH2Cl2); MS: m/z (%): 965.9 [M +Na]+ ;
HRMS: m/z calcd for C48H78N8O11Na: 965.5688; found: 965.5719.

Boc-(1S,2S)-ACPC-(3R,4R)-POAC-(1S,2S)-ACPC-OMe : HATU (50 mg,
0.13 mmol) and DIEA (0.02 mL) were added to an ice-cold solution of
Boc- ACHTUNGTRENNUNG(1S,2S)-ACPC- ACHTUNGTRENNUNG(3R,4R)-POAC-OH (50 mg, 0.12 mmol) and HCl·H-
(1S,2S)-ACPC-OMe (27 mg, 0.15 mmol) in THF (3 mL). The mixture
was stirred at room temperature for 24 h and evaporated in vacuo. The
residue was taken up in CH2Cl2 and the organic phase was washed suc-
cessively with HCl (0.5 m), H2O, and saturated NaHCO3 solution; dried
over MgSO4; filtered; and evaporated in vacuo. The crude product was
purified by preparative TLC on silica gel with CH2Cl2/MeOH (95:5) as
the eluant to give the tripeptide as a solid (46 mg, 68%). Rf =0.46
(CH2Cl2/MeOH 95:5); m.p. 184–186 8C; [a]25

589 =++103 (c =0.20 in
CH2Cl2); MS: m/z (%): 560.4 [M +Na]+ ; HRMS: m/z calcd for
C27H45N4O7Na: 560.3186; found: 560.3187.

Fmoc-(3R,4R)-POAC-[(1S,2S)-ACPC]2-OMe : The dipeptide Boc-
[(1S,2S)-ACPC]2-OMe (36 mg, 0.10 mmol) was dissolved in CH2Cl2

(2 mL), the solution was cooled on an ice bath, and HCl in dioxane
(0.4 mL, 4m) was added. The solution was magnetically stirred at room
temperature for 3 h and evaporated in vacuo at 30 8C. The residue was
repeatedly triturated in CH2Cl2 and the suspension evaporated in vacuo.
Fmoc-(3R,4R)-POAC-OH (36 mg, 0.085 mmol), HATU (34 mg,
0.09 mmol), and THF (2 mL) were added successively to the resulting
crude product HCl·H-[(1S,2S)-ACPC]2-OMe. The resulting suspension
was cooled to 0 8C and DIEA (0.02 mL) was added. The reaction mixture
was magnetically stirred from 0 8C to room temperature for 24 h and
evaporated in vacuo. The residue was taken up in CH2Cl2 and washed
successively with HCl (0.5 m), H2O, and saturated NaHCO3 solution;
dried over MgSO4; filtered; and evaporated in vacuo. The crude product
was purified by chromatography on a preparative TLC plate of silica gel
with CH2Cl2/MeOH (95:5) as the eluant to afford the tripeptide as a
solid (35 mg, 62%). Rf =0.31 (CH2Cl2/MeOH 95:5); m.p. 104–106 8C;
[a]25

589 =++71 (c=0.21 in CH2Cl2); MS: m/z (%): 682.4 [M +Na]+ ; HRMS:
m/z calcd for C37H47N4O7Na: 682.3342; found: 682.3360.

Boc-(1S,2S)-ACPC-(3R,4R)-POAC-(1S,2S)-ACPC-(3R,4R)-POAC-
[(1S,2S)-ACPC]2-OMe (2): 1) Sodium hydroxide (20 mg) was added to a
solution of Boc-(1S,2S)-ACPC- ACHTUNGTRENNUNG(3R,4R)-POAC-(1S,2S)-ACPC-OMe
(34 mg, 0.063 mmol) in THF (2 mL), MeOH (1 mL), and H2O (0.5 mL).
The mixture was heated on a 50 8C bath for 3 h, diluted with H2O, and
concentrated under reduced pressure. The resulting aqueous solution was
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neutralised by careful addition of HCl (0.5 m). The solution was extracted
with CH2Cl2 (3 � ). The combined extracts in CH2Cl2 were dried over
MgSO4, filtered, and evaporated in vacuo to give the crude product Boc-
(1S,2S)-ACPC-(3R,4R)-POAC-(1S,2S)-ACPC-OH.

2) Et2NH (0.6 mL) was added to Fmoc- ACHTUNGTRENNUNG(3R,4R)-POAC-[(1S,2S)-ACPC]2-
OMe (33 mg, 0.05 mmol) dissolved in CH3CN (2.4 mL). The mixture was
stirred at room temperature for 3 h and evaporated in vacuo. The crude
product Boc-(1S,2S)-ACPC-(3R,4R)-POAC-(1S,2S)-ACPC-OH (26 mg,
0.05 mmol) in THF (2 mL) was added to the resulting crude product con-
taining H-(3R,4R)-POAC-[(1S,2S)-ACPC]2-OMe (not isolated). The solu-
tion was cooled on an ice bath and HATU (20 mg, 0.052 mmol) and
DIEA (0.01 mL) were added. The mixture was stirred at room tempera-
ture for 48 h and concentrated under reduced pressure. The residue was
taken up in CH2Cl2 and the organic phase was washed successively with
HCl (0.5 m), H2O, and saturated NaHCO3 solution; dried over MgSO4;
filtered; and evaporated in vacuo. The residue was purified by prepara-
tive TLC on silica gel with CH2Cl2/MeOH (95:5) as the eluant to give
hexapeptide 2 as a solid (22 mg, 47%). Rf =0.18 (CH2Cl2/MeOH 95:5);
m.p. 213–215 8C; [a]25

589 =++142 (c=0.21 in CH2Cl2); MS: m/z (%): 965.6
[M+ Na]+ ; HRMS: m/z calcd for C48H78N8O11Na: 965.5688; found:
965.5719.

Boc-(1S,2S)-ACPC-(3R,4R)-POAC-[(1S,2S)-ACPC]3-OMe : Tripeptide
Boc-[(1S,2S)-ACPC]3-OMe (37 mg, 0.08 mmol) was dissolved in CH2Cl2

(2 mL), the solution was cooled on an ice bath, and HCl in dioxane
(0.5 mL, 4m) was added. The solution was magnetically stirred at 0 8C for
30 min and at room temperature for 1 h, then evaporated in vacuo at
30 8C. The residue was repeatedly triturated in CH2Cl2 and the suspen-
sion evaporated in vacuo to give crude HCl·H-[(1S,2S)-ACPC]3-OMe. A
solution of Boc- ACHTUNGTRENNUNG(1S,2S)-ACPC- ACHTUNGTRENNUNG(3R,4R)-POAC-OH (42 mg, 0.102 mmol)
in THF (3 mL) was added. The resulting solution was cooled on an ice
bath and HATU (43 mg, 0.112 mmol) and DIEA (0.03 mL) were added.
The mixture was stirred at room temperature for 24 h and concentrated
under reduced pressure. The residue was taken up in CH2Cl2 and the or-
ganic phase was washed successively with HCl (0.5 m), H2O, and saturat-
ed NaHCO3 solution; dried over MgSO4; filtered; and evaporated in
vacuo. The residue was purified by preparative TLC on silica gel with
CH2Cl2/MeOH (92.5:7.5) as the eluant to give the pentapeptide as a solid
(32 mg, 55%). Rf =0.46 (CH2Cl2/MeOH 92.5:7.5); m.p. 93–95 8C; [a]25

589 =

+94 (c =0.65 in CH2Cl2); MS: m/z (%): 782.5 [M+Na]+; HRMS: m/z
calcd for C39H63N6O9Na: 782.4554; found: 782.4586.

Boc-(1S,2S)-ACPC-(3R,4R)-POAC-[(1S,2S)-ACPC]3-(3R,4R)-POAC-
OMe (4): Sodium hydroxide (10 mg) was added to a solution of Boc- ACHTUNG-TRENNUNG(1S,2S)-ACPC- ACHTUNGTRENNUNG(3R,4R)-POAC-[(1S,2S)-ACPC]3-OMe (23 mg, 0.03 mmol)
in THF (1.5 mL), MeOH (0.7 mL), and H2O (0.3 mL). The mixture was
heated for 6 h at 50 8C, diluted with H2O, and concentrated under re-
duced pressure. The resulting aqueous solution was washed with CH2Cl2

and neutralised by careful addition of HCl (0.5 m). The solution was ex-
tracted with CH2Cl2 (3 � ). The combined extracts in CH2Cl2 were dried
over MgSO4, filtered, and evaporated in vacuo to give crude Boc- ACHTUNGTRENNUNG(1S,2S)-
ACPC- ACHTUNGTRENNUNG(3R,4R)-POAC-[(1S,2S)-ACPC]3-OH. HATU (12.5 mg,
0.033 mmol) and DIEA (0.01 mL) were added to an ice-cold solution of
this residue and H- ACHTUNGTRENNUNG(3R,4R)-POAC-OMe (7 mg, 0.033 mmol) in THF
(2 mL). The mixture was stirred at room temperature for 72 h and evapo-
rated in vacuo. The residue was taken up in CH2Cl2 and the organic
phase was washed successively with HCl (0.5 m), H2O, and saturated
NaHCO3 solution; dried over MgSO4; filtered; and evaporated in vacuo.
The crude product was purified by preparative TLC on silica gel with
CH2Cl2/MeOH (95:5) as the eluant to give hexapeptide 4 as a solid
(17 mg, 60 %). Rf =0.21 (CH2Cl2/MeOH 95:5); m.p. 216–218 8C; [a]25

589 =

+76 (c =0.21 in CH2Cl2); MS: m/z (%): 965.7 [M+Na]+; HRMS: m/z
calcd for C48H78N8O11Na: 965.5688; found: 965.5719.

IR spectroscopy : The FTIR absorption spectra were recorded on a
Perkin–Elmer (Norwalk, CT) 1720 X FTIR spectrophotometer, nitrogen-
flushed, equipped with a sample-shuttle device, at a nominal resolution
of 2 cm�1 with an average of 100 scans. Cells with path lengths of 0.1, 1.0,
and 10 mm (with CaF2 windows) were used. Spectrograde CDCl3 (99.8 %
D) was purchased from Aldrich (St. Louis, MO). Solvent (baseline) spec-
tra were recorded under the same conditions.

EPR spectroscopy: Solutions of hexapeptides 1–4 in chloroform (1 mm)
were placed in EPR quartz tubes (i.d. =2 mm), which were connected to
a vacuum line. After gaseous oxygen was removed from the solutions by
repeated freeze/pump/thaw cycles, the tubes were sealed. The EPR spec-
tra were recorded on a Bruker (Karlsruhe, Germany) ER 200D X-band
spectrometer (�9.4 GHz). Sample temperature was regulated by a nitro-
gen-flow cryostat controlled by a Bruker BVT 2000 unit. EPR spectra
were acquired with a field modulation amplitude of 0.05 mT and micro-
wave power of 1 mW.
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