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Synthesis of a 24-Membered Cyclic Peptide-Biphenyl Hybrid
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The synthesis of a 24-membered macrocyclic peptide-bi-
phenyl hybrid with four amino acid residues and two bi-
phenyl fragments was performed by a combination of solid-
phase and solution methodologies. The acyclic precursor was
prepared by a solid phase methodology whereas the final

Introduction

Peptides and related compounds are the focus of intense
research activity. These compounds have been used as tools
to study biochemical and biophysical processes,[1] as chiral
catalysts,[2] as building blocks for the preparation of techno-
logical materials,[3] and, mainly, as pharmaceuticals.[4] Al-
though many peptides show biological activity, they are fre-
quently questioned as drugs because of poor absorption,

Figure 1. Generic structures of peptide-biphenyl hybrids of types A–C.
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macrocyclization was carried out by diisopropylcarbodiimide
(DIPCDI) and N-hydroxybenzotriazole (HOBt) in solution.
The target molecule was a moderate inhibitor of µ-calpain.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

lack of transportation across cell membranes, in vivo insta-
bility, and incapacity to achieve a bioactive conformation.
As a result of these drawbacks, many peptide analogues
have been prepared. Two general strategies for the design
of peptide analogues are the insertion of non-peptidic frag-
ments into a peptide chain (either main or side)[5] and the
generation of cyclic structures.[6]

Recently, we have focused on the synthesis, structure, and
properties of peptide-biphenyl hybrids (A–C, Figure 1),
which are derivatives of 1,1�-biphenyl with amino acid or
peptide chains at the positions C(2) and C(2�).[7–10] Since
biphenyl derivatives[11–13] and peptides possess useful char-
acteristics, the combination of the two functionalities has
resulted in the generation of compounds with structural[7]

and biological properties of great interest. Of these, the
most interesting is their capacity to inhibit calpain.[8,9] This
enzyme is a cysteine protease with an active physiological
role,[14] which, when over-activated, causes a variety of
pathological conditions.[15–16]
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Scheme 1. Retrosynthetic analysis of macrocycle 1.

It is well established that the intramolecular tethering of
the N- and C-terminals of peptide chains, generating a mac-
romolecular structure, provides compounds with lowered
conformational flexibility as well as increased stability vs.
peptidases. As a step forward in our research on peptide-
biaryl hybrids, here we have prepared a cyclic analogue of
a peptide-biphenyl hybrid of type C, with the objective to
assess the effect of this structural restriction on its proper-
ties as well as to prove the feasibility of the synthetic strat-
egy. The target model molecule was 1, which was intended
to be prepared by cyclization, in solution, of the lineal pre-
cursor 2 (Scheme 1), which in turn would be synthesized in
the solid-phase mode following an adapted methodology
from that recently developed by our group.[9]

Results and Discussion

Our synthetic plan for the solid-phase synthesis of the
target peptide-biphenyl hybrid is based on a standard strat-
egy for the solid-phase synthesis of peptides,[17] with the
initial amino acid linked to the resin by the C-terminal,
although taking into account that when the biphenyl unit,
which contains two carboxylic moieties, is incorporated, the
chain changes sense.[5c] In our previous synthesis of pep-
tide-biphenyl hybrids, we used methyl ester as temporary
protection of carboxylic acid and a Rink amide linker
bonded to a MBHA-PS-resin, which resulted in primary
amides after resin cleavage. Although the solid-phase syn-
thesis of the target acyclic peptide-biphenyl 2 could be per-
formed in a similar way, two significant modifications were
made. On the one hand, the Wang acid linker (AB) was
used, thereby allowing us to obtain a carboxylic acid after
removal from the resin; and, on the other hand, an orthogo-
nal protection for the carboxylic group was required.

The synthesis is shown in Scheme 2.[18] The MBHA-PS
resin was modified with the AB linker (DIPCDI/HOBt) and
reacted with the first protected amino acid, Fmoc-Val-OH
(DIPCDI/DMAP), to give 3, which was sequentially treated
with piperidine and coupled with Fmoc-Phe-OH (DIPCDI/
HOBt) to afford the dipeptide 4. This dipeptide, in turn,
was N-deprotected (piperidine) to 5 and treated with di-
phenic anhydride (12) (Et3N) to give the peptide-biphenyl
hybrid 6. The next amino acid had to be coupled by the
amino group with a suitable protection at the carboxyl
group. Previously, we found that protection as methyl ester
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was efficient, releasing the free carboxylic acid by basic hy-
drolysis. However, this strategy was not viable in this case
since the link to the resin would also be hydrolyzed. There-
fore, we used the allyl ester as carboxylic protection.

Thus, the acid 6 was coupled to H-Phe-OAll (PyBOP/
HOAt/DIEA) to provide 7, which, by treatment with a cata-
lytic amount of Pd(PPh3)4 in the presence of PhSiH3,[19]

gave the hybrid 8. This acid was activated with CDI and
treated with excess of 2,2�-biphenyl-1,1�-diamine (13) to
furnish the peptide-biphenyl hybrid 9 with two biphenyl
fragments. The amine 9 was reacted with the anhydride 14
(Et3N) to give an N-protected peptide-biphenyl hybrid 10,
which was deprotected (piperidine) to the amine 11. The
structure and purities of all the reaction products were as-
sessed by a combination of HPLC and MS of the corre-
sponding acid obtained after treatment with TFA used to
remove the solid support. HPLCs of all intermediates 4–11
showed high purities (� 90%). Once the synthetic sequence
in the solid phase was completed, the peptide was removed
from the resin (TFA) to give, after solvent treatment
(CH3CN-H2O) and lyophilization, the target acyclic com-
pound 2 as its trifluoroacetate salt (2·TFA).

With the acyclic precursor 2 in hand, we performed the
key macrocyclization step in solution.[20] Preliminary ex-
periments were performed to determine the most suitable
conditions.[21] We found that the treatment of a 2 mM solu-
tion of 2 in DCM with DIPCDI/HOBt/DIEA gave the
macrocycle 1 in 70% yield, after purification by preparative
HPLC. Overall, the complete synthetic sequence (12 steps)
was done starting from 500 mg of MBHA-PS-resin, with
an initial loading of 0.7 mmol/g, affording 81.8 mg of the
macrocycle 1 in 27% overall yield. The macrocyclic peptide-
biphenyl hybrid 1 was tested as an inhibitor of µ-calpain.
Our results show that this hybrid showed modest inhibitory
capacity, with an IC50 value of 29 µM.[22]

The macrocyclic peptide-biphenyl hybrid compound 1 is
a mixture of atropisomers. Thus, it was observed that, at
room temperature, the HPLC of 1 presents two close broad
peaks center at 10.44 and 10.61 min with identical UV spec-
tra. These two peaks tend to coalesce (10.35 min) on in-
creasing the temperature to 60 °C (Figure 2), which indi-
cates that these peaks correspond to equilibrating conform-
ers. The presence of several conformers was confirmed by
1H NMR (Figure 3b); thus, 1 is a mixture of 4 conformers
in DMSO at 60 °C, probably because of the restricted rota-
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Scheme 2. Synthesis of macrocyclic peptide-biphenyl hybrid 1. (i) (a) DIPCDI (2.0 equiv.), HOBt (2.0 equiv.), DMF, (b) Fmoc-Val-OH
(10.0 equiv.), DIPCDI (10.0equiv.), DMAP (0.1 equiv.), DCM/DMF (9:1); (ii) (a) piperidine/DMF (1:4), (b) Fmoc-Phe-OH (3.0 equiv.),
DIPCDI (3.0 equiv.), HOBt (3.0 equiv.), DMF; (iii) piperidine/DMF (1:4); (iv) 12 (5.0 equiv.), Et3N (5.0 equiv.), DMF; (v) HCl·H-Phe-
OAll (3.0 equiv.), PyBOP (3.0 equiv.), HOAt (3.0 equiv.), DIEA (6.0 equiv.), DMF; (vi) Pd(PPh3)4 (0.1 equiv.), PhSiH3 (10.0 equiv.), DCM;
(vii) (a) CDI (10.0 equiv.), DMF, (b) 13 (5.0 equiv.), DIPCDI (5.0 equiv.), HOBt (5.0 equiv.), DMF; (viii) (a) 14 (3.0 equiv.), Et3N
(3.0 equiv.), DCM, (b) piperidine/DMF (1:4); (ix) TFA/DCM (95:5); (x) DIPCIDI (3.0 equiv.), HOBt (3.0 equiv.), DIEA, (3.0 equiv.),
DCM (2 mM).

tion around the aryl-aryl bond of the biphenyl moieties, as
found in other acyclic peptide-biphenyl hybrids.[7a] How-
ever, the macrocycle 1 showed lower conformational mo-
bility than its acyclic analogue, as inferred from the com-
parison of their 1H-NMR spectra (Figure 3).

Conclusions

The macrocyclic peptide-biphenyl hybrid 1, which con-
tains two fragments of biphenyl and four amino acid resi-
dues, was synthesized in high overall yield by a combination
of solid-phase and solution methodologies, including an ef-
ficient macrocyclization to a 24-membered ring. The pres-
ent strategy provides access to macrocyclic compounds with
amino acid and biaryl fragments which, like the acyclic
counterpart, may show structural, biological, and techno-
logical properties of interest. We are currently working on
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the preparation of other macrocyclic peptide-biphenyl hy-
brids as well as the determination of their conformational
preferences and properties.

Experimental Section

General Methods: 4-Methylbenzhydrylamine resin VHL (0.7 mmol/
g, 100–200 mesh), AB handle and Fmoc-amino acids were pur-
chased from NovaBiochem (Läufelfingen, Switzerland). Dimethyl-
formamide (DMF), dichloromethane (DCM) and tetrahydrofuran
(THF) were purchased from SDS (Peypin, France) and used as
received. Analytical HPLC was carried out on a Waters® 2695 Sep-
arations Module instrument, including a Waters® 996 Photodiode
Array Detector with UV detection from 210 to 500 nm. Linear gra-
dients of CH3CN and H2O were run at 1 mL/min flow rate, from
100:0 (0.1% of TFA in H2O: 0.1% of TFA in CH3CN) to 0:100
(0.1% of TFA in H2O: 0.1% of TFA in CH3CN) over 10 or 15 min,
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Figure 2. Crude product, HPLC analysis (a) at room temperature and (b) at 60 °C; purified macrocycle 1, (c) HPLC analysis at room
temperature; (d) mass spectrum.

with a Symmetry® C-18 column (5.0 µm, 4.6 mm�150 mm). All
HPLC-MS spectra were obtained on a Micromass ZQ mass spec-
trometer in electrospray positive ionization (ES+) mode in-line with
a Waters® 2795 HPLC system (Separations module, AllianceTM)
and Waters® 2487 Dual absorbance Detector (PDA). Linear gradi-
ents of CH3CN and H2O were run at a flow rate of 0.5 mL/min,
from 100:0 (0.1% of HCOOH in H2O:CH3CN) to 0:100 (0.1% of
HCOOH in H2O:CH3CN) over 10 or 15 min, with a X-Terra® C-
18 column (5.0 µm, 4.0�50 mm). All reactions were performed in
polypropylene syringes (10 mL), each fitted with a polyethylene po-
rous disc. Ninhydrine tests were performed in the reactions involv-
ing resin-bonded amines[23] and the reactions involving resin-
bonded carboxylic acids were monitored by the malachite green
test,[24] and when necessary, the coupling reaction was repeated un-
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til a negative test was obtained. IR spectra were measured in a
Perkin–Elmer Spectrum One FT-IR spectrometer; the frequencies
in the IR spectra are shown in cm–1. 1H NMR spectra were mea-
sured in Bruker DRX-600, Varian UNITY 500 and Varian INOVA
300 spectrometers. Chemical shifts (δ) are reported in parts per
million and the coupling constants are indicated in Hz. 1H-NMR
spectra were referenced to the chemical shift of either TMS (δ =
0.00 ppm) or the residual proton in the deuterated solvent. MS
analyses were recorded in Hewlett–Packard 1100 MSD (ESI) spec-
trometers. Combustion analyses were performed in a Carlo–Erba
EA 1180-Elemental Analyzer by E. Barbero (CSIC). Optical rota-
tions were determined in a Perkin–Elmer 241 MC polarimeter at
room temperature (ca. 295 K). Melting points were measured on a
Kofler hot-stage apparatus.
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Figure 3. 1H-NMR spectra (600 MHz, [D6]DMSO) of acyclic peptide-biphenyl hybrid 2·TFA at 60 °C (a) and of macrocycle 1 at 50 °C
(b).

Incorporation of the AB Acid Linker into the PS-MBHA Resin
(preparation of MBHA-AM): After washing the PS-MBHA resin
(500 mg, 0.35 mmol) with DCM (5� 1 min), TFA 40% / DCM (1�

1 min, 1� 30 min), DCM (5� 1 min), 10% DIEA / DCM (3�

3 min) and DCM (5� 1 min), a solution of the AB handle
(137.2 mg, 0.7 mmol) and HOBt (94.6 mg, 0.7 mmol) in DMF was
added, followed by DIPCDI (108.4 µL). The mixture was stirred
overnight.

Sequential Coupling of MBHA-AM with Fmoc-Amino Acids and
Removal of Fmoc Group (preparation of 5): The resin was washed
with DCM (5� 1 min) and DMF (5� 1 min) and sequentially
treated with solutions of DIPCDI (2.0 equiv.) and HOBt
(2.0 equiv.), and with a solution of Fmoc-Val-OH (10.0 equiv.), and
left to react for 2.5 hours. The Fmoc group was then removed from
the resin by treatment with piperidine/DMF (1:4) (2� 15 min). The
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next Fmoc-aa-OH (Fmoc-Phe-OH) was introduced by reaction
with a solution of Fmoc-Phe-OH (3.0 equiv.), DIPCDI (3.0 equiv.)
and HOBt (3.0 equiv.) for 2.5 h. The Fmoc-protecting group was
removed with piperidine/DMF (1:4) (2� 15 min) to give amine 5,
which was used in the next step.

Incorporation of the First Biphenyl Fragment (preparation of 6): The
peptidyl resin 5 was swollen in DMF. Diphenic anhydride (12,
5.0 equiv.) dissolved in the minimum amount of DMF was then
added followed by Et3N (5.0 equiv.). The mixture was shaken at
room temperature for over 2.5 h and the solvent was removed by
filtration. The resin was washed with DMF (5� 1 min), DCM (5�

1 min) and dried in vacuo.

Coupling with HCl·H-Phe-OAll (preparation of 7): The resin 6 with
the free carboxylic functionality was swollen in DMF and then
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DIEA (3.0 equiv.), PyBOP (3.0 equiv.) and HOAt (3.0 equiv.), dis-
solved in the minimum amount of DMF, were added. The mixture
was shaken for 5 min and then a solution of HCl·H-Phe-OAll
(3.0 equiv.) and DIEA (3.0 equiv.) in DMF was added. The reac-
tion mixture was stirred at room temperature for 2.5 h and the
resin was then filtered and washed with DMF (5� 1 min).

Removal of the Allyl Group (preparation of 8): The peptide resin 7
was washed with DCM (5� 1 min), Ar was passed through the
resin, a solution of PhSiH3 (10.0 equiv.) in DCM was added and
the resin was manually stirred. Then, a solution of Pd(PPh3)4

(0.10 equiv.) in DCM was added and the reaction was shaken for
10 min. The peptide resin was washed with DMC (8� 30 s) and the
process was repeated once to assure completeness of the reaction to
obtain the acid 8.

Incorporation of the Second Biphenyl Fragment (preparation of 9).
Activation of the Carboxylic Acid: The resin-linked acid 8 was
swollen in DMF and a solution of CDI (10.0 equiv.) in DMF was
added. The mixture was shaken at room temperature over 2.5 h to
assure complete activation of the acid. The resin was then filtered,
washed with DMF (5� 1 min) and DCM (5� 1 min) and dried in
vacuo.

Coupling with Biphenyl-2,2�-diamine (13): The activated resin was
swollen in DMF and then a solution of 13 (5.0 equiv.) in DMF
was added followed by DIPCDI (5.0 equiv.) and HOBt (5.0 equiv.),
dissolved in the minimum amount of DMF. The mixture was
shaken for over 2 h at room temperature. The resin was finally
filtered, washed with DMF (5� 1 min), DCM (5� 1 min) and
dried in vacuo to give 9, which was used in the next step.

Synthesis of (S,S,S,S)-2-{2-[(2�-{1-[2�-(2-Aminopropionylamino)bi-
phenyl-2-ylcarbamoyl]-2-phenylethylcarbamoyl}biphenyl-2-carbonyl)-
amino]-3-phenylpropionylamino}-3-methylbutyric Acid (2). Prepara-
tion of the Symmetric Anhydride 14: DCC (3.0 equiv.) was added to
a solution of Fmoc-Ala-OH (6.0 equiv.) in DCM and the reaction
mixture was stirred at room temperature for over 30 min. The DCU
formed was filtered off and the resulting solution was used in the
next step.

Coupling with the Symmetric Anhydride, Removal of the Fmoc
Group and Cleavage from the Resin: The resin 9 with the free amino
functionality was swollen in DCM and the solution of the symmet-
ric anhydride, previously prepared, was added, followed by Et3N
(3.0 equiv.). The mixture was shaken for 4.5 h. The resin was finally
filtered, washed with DCM (5� 1 min) and dried in vacuo to fur-
nish 10. The resin was then washed with DMF (5� 1 min) and
treated with piperidine/DMF (1:4) (2� 15 min) to give the amine
11. Cleavage was accomplished by treatment of the resin 11 with
TFA/DCM (95:5) for over 2 h. The filtrate was collected, concen-
trated to dryness and the resulting residue was dissolved in the
minimum amount of CH3CN. Water was then added and after ly-
ophilization compound 2 was obtained as the trifluoroacetate salt.
1H NMR (600 MHz, [D6]DMSO, 60 °C): δ = 9.31 (broad s, 1 H,
NH-biph.), 8.85 (s, 1 H, NH-biph.), 8.59 (broad s, 1 H, NH-Phe1;
1 H, NH-Phe2), 8.02 (broad s, 1 H, NH2-Ala), 7.96 (broad s, 1 H,
NH-Val), 7.47 (m, 1 H, Harom.), 7.39 (m, 2 H, Harom.), 7.27–7.10
(m, 21 H, Harom.), 6.89 (m, 2 H, Harom.), 4.60 (m, 1 H, CHα-Phe),
4.33 (m, 1 H, CHα-Phe), 4.14 (m, 1 H, CHα-Val), 3.83 (m, 1 H,
CHα-Ala), 2.92 [m, 1 H, C(HαHβ)-Phe1; 1 H, C(HαHβ)-Phe2], 2.69
[m, 1 H, C(HαHβ)-Phe1; 1 H, C(HαHβ)-Phe2], 2.01 [m, 1 H,
CH(CH3)2-Val], 1.09 (m, 3 H, CH3-Ala), 0.85 [d, J = 6.9, 3 H,
C(CH3)2-Val], 0.83 [d, J = 6.9, 3 H, C(CH3)2-Val]. ESI-MS: m/z =
872.93 ([MH]+, 100%). C52H52N6O7 (873.01) calcd. C 71.54, H
6.00; N 9.63; found: C 71.36, H 5.88, N 9.44.
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Synthesis of Macrocycle 1: A solution of 2·TFA (134.9 mg,
0.14 mmol) in dry DCM (70 mL, 2 mM) was sequentially treated
with DIPCDI (64 µL, 3.0 equiv.), HOBT (56 mg, 3.0 equiv.), and
DIEA (70 µL, 3.0 equiv.). The mixture was stirred at room tem-
perature overnight. The solvent was then removed to give a crude
product, which was purified by HPLC to give 81.8 mg (70% yield,
27% overall yield for the whole 12-steps sequence) of macrocycle
1. White solid; m.p. 165–168 °C. [α]D = +40 (c = 0.02, MeOH). IR
(KBr): ν̃ = 3416, 3057, 3028, 2963, 2927, 1646, 1518, 1439, 1201,
1174, 753, 699. 1H NMR (500 MHz, 27 °C, CDCl3, mixture of
atropisomers): δ = 9.24 (br. d, J = 8.4), 8.80 (br. s), 8.69 (br. s),
8.10–7.85 (m), 7.65–6.90 (m), 6.85 (m), 6.75 (m), 6.58 (br. d, J =
6.9), 6.40 (br. s), 6.16 (br. s), 6.09 (br. s), 6.02 (br. d, J = 6.8), 5.96
(br. d, J = 7.8), 5.79 (br. d, J = 6.3), 5.55 (m), 4.94 (m), 4.79 (m),
4.65 (m), 4.52 (m), 4.45–4.25 (m), 4.09 (m), 3.90 (m), 3.82 (br. t, J
= 6.3), 3.70 (br. t, J = 5.2), 3.63 (br. d, J = 8.3), 3.50 (br. d, J =
6.8), 3.47 (br. d, J = 5.4), 3.40 (br. t, J = 5.1), 3.16 (m), 3.01 (m),
2.99–2.83 (m), 2.77–2.51 (m), 2.29 (m), 1.93 (m), 1.32 (d, J = 7.2),
1.27 (d, J = 6.9), 1.22 (d, J = 5.4), 1.17 (d, J = 7.2), 0.97 (d, J =
7.3), 0.92–0.77 (m), 0.73 (d, J = 6.5), 0.71 (d, J = 5.7), 0.66 (d, J
= 6.9), 0.60 (d, J = 7.5), 0.49 (dd, J = 6.8, 2.3). 1H NMR (300 MHz,
40 °C, CD3CN, mixture of atropisomers): δ = 8.77 (s), 8.68 (br. d,
J = 9.3), 8.27 (m), 8.16 (m), 8.05 (m), 7.92 (d, J = 8.1), 7.84 (dd, J
= 7.8, 1.2), 7.70 (m), 7.62 (td, J = 7.7, 1.4), 7.55–6.93 (m), 6.89
(m), 6.87–6.76 (m), 6.68 (m), 6.60 (br. d, J = 7.8), 6.53 (m), 6.39
(m), 4.67 (td, J = 9.3, 4.4), 4.58–4.42 (m), 4.34 (m), 4.11 (m), 3.78
(m), 3.67 (t, J = 5.4), 3.35 (m), 3.12 (t, J = 6.1), 2.76 (d, J = 3.8),
2.71 (d, J = 4.4), 2.57 (dd, J = 14.2, 9.7), 2.30 (d, J = 9.3), 2.25
(dd, J = 9.3, 3.3), 1.32 (m), 1.23 (d, J = 7.3), 1.13 (d, J = 4.9), 1.10
(d, J = 8.8), 0.95–0.85 (m), 0.83–0.74 (m), 0.71 (d, J = 5.8), 0.64
(d, J = 6.9). 1H NMR (600 MHz, [D6]DMSO, 50 °C, mixture of
atropisomers): δ = 9.48 (d, J = 7.9, 1 H, NH-Phe2), 9.42 (d, J =
8.7, 1 H, NH-Phe1), 8.98 (s, 1 H, NH-biph.), 8.42 (s, 1 H, NH-
biph.), 8.25 (broad d, 1 H, NH-Ala), 7.76 (d, J = 7.8, 1 H, Harom),
7.71 (d, J = 7.8, 1 H, Harom), 7.61 (t, J = 7.5, 1 H, Harom), 7.65 (d,
J = 8.3, 1 H, NH-Val), 7.45–7.35 (m, 5 H, Harom.), 7.29–7.18 (m,
6 H, Harom.), 7.15–7.06 (m, 7 H, Harom.), 6.96 (d, J = 7.4, 1 H,
Harom), 6.89 (d, J = 7.4, 1 H, Harom), 6.54 (m, 2 H, Harom), 6.19 (d,
J = 7.5, 1 H, Harom), 4.61 (m, 1 H, CHα-Phe1), 4.33 (m, 1 H, CHα-
Val), 4.17 (m, 1 H, CHα-Phe2), 3.78 (m, 1 H, CHα-Ala), 2.60 [m,
1 H, C(HαCHβ)-Phe1; 1 H, C(HαCHβ)-Phe2], 2.13 [m, 1 H,
C(HαCHβ)-Phe1], 1.95 [m, 1 H, C(HαCHβ)-Phe2; 1 H, CH(CH3)2-Val],
1.19 (d, J = 7.0, 3 H, CH3-Ala), 0.58 [d, J = 6.8, 3 H, C(CH3)2-Val],
0.52 [d, J = 6.8, 3 H, C(CH3)2-Val]. ESI-MS: m/z = 855.3 ([MH]+,
100%). C52H50N6O6 (854.99) calcd. C 73.05, H 5.89, N 9.83; found:
C 73.28, H 5.91, N 9.63.

Acknowledgments
This work was partially supported by Ministerio de Ciencia y Tec-
nología (MCyT) (BQU2003-00089 and 2002-02047), Ministerio de
Educacíon y Ciencia (MEyC) (CTQ2004-01978), and the Fundació
Parc Científic de Barcelona (Barcelona Science Park Foundation).
We thank Mercedes Alonso (CSIC) for determining the biological
activity of 1 and Mónica Luengo (Barcelona Science Park, Univer-
sity of Barcelona) for assistance in the HPLC purification.

[1] a) I. L. Karle, Acc. Chem. Res. 1999, 32, 693–701; b) R. B. Hill,
D. P. Raleig, A. Lombardi, W. F. DeGrado, Acc. Chem. Res.
2000, 33, 745–754; c) L. Serrano, Adv. Protein Chem. 2000, 53,
49–85; d) F. Huang, R. R. Hudgins, W. M. Nau, J. Am. Chem.
Soc. 2004, 126, 16665–16675; e) E. Biron, F. Otis, J.-C. Meillon,
M. Robitaille, J. Lamothe, P. Van Hove, M.-E. Cormier, N.
Voyer, Bioorg. Med. Chem. 2004, 12, 1279–1290.



Cyclic Peptide-Biphenyl Hybrid FULL PAPER
[2] a) E. R. Jarvo, S. J. Miller, Tetrahedron 2002, 58, 2481–2495;

For recent developments, see; b) G. Carrea, S. Colonna, D. R.
Kelly, A. Lazcano, G. Ottolina, S. M. Roberts, Trends Biotech-
nol. 2005, 23, 507–513; c) M. S. Taylor, E. N. Jacobsen, Angew.
Chem. Int. Ed. 2005, 44, 6700–6704; d) E.-K. Shin, H. J. Kim,
Y. Kim, Y. Kim, Y. S. Park, Tetrahedron Lett. 2006, 47, 1933–
1935; e) Y. Zhao, J. Rodrigo, A. H. Hoveyda, M. L. Snapper,
Nature 2006, 443, 67–70.

[3] a) N. Voyer, Top. Curr. Chem. 1997, 184, 1–37; b) X. Zhao, S.
Zhang, Trends Biotechnol. 2004, 22, 470–476; c) V. Zorbas,
A. L. Smith, H. Xie, A. Ortiz-Acevedo, A. B. Dalton, G. R.
Dieckmann, R. K. Draper, R. H. Baughman, I. H. Musselman,
J. Am. Chem. Soc. 2005, 127, 12323–12328; d) A. B. Sanghvi,
K. P. H. Miller, A. M. Belcher, C. E. Schmidt, Nat. Mater.
2005, 4, 496–502; e) L. Crespo, G. Sanclimens, M. Pons, E.
Giralt, M. Royo, F. Albericio, Chem. Rev. 2005, 105, 1663–
1681; f) J. Sander, G. A. M. Wezenberg, A. E. Rowan, J. L. M.
Cornelissen, D. Seebach, R. J. M. Nolte, Chem. Eur. J. 2006,
12, 2778–2786; g) M. Reches, E. Gazit, Curr. Nanoscience 2006,
2, 105–111.

[4] a) V. J. Hruby, G. Li, M. Haskell-Luevano, M. Shenderovich,
Biopolymers 1997, 43, 219–248; b) A. Giannis, F. Rübsam, Adv.
Drug Res. 1997, 29, 1–77; c) S. Lien, H. B. Lowman, Trends
Biotechnol. 2003, 21, 556–562; d) R. Polt, M. Dhanasekaran,
C. M. Keyari, Med. Res. Rev. 2005, 25, 557–585.

[5] For some reviews, see: a) J. P. Schneider, J. W. Kelly, Chem. Rev.
1995, 95, 2169–2187; b) S. Hanessian, G. McNaughton-Smith,
H.-G. Lombart, W. D. Lubell, Tetrahedron 1997, 53, 12789–
12854; c) M. D. Fletcher, M. M. Campbell, Chem. Rev. 1998,
98, 763–796; d) S. A. W. Gruner, E. Locardi, E. Lohof, H.
Kessler, Chem. Rev. 2002, 102, 491–514; e) J. A. Patch, A. E.
Barron, Curr. Op. Chem. Biol. 2002, 6, 672–677; f) D. Seebach,
A. K. Beck, D. J. Bierbaum, Chem. Biodiv. 2004, 1, 1111–1239.
For recent reports, see; g) Y. Fu, J. Bieschke, J. W. Kelly, J. Am.
Chem. Soc. 2005, 127, 15366–15367; h) P. Wipf, J. Xiao, S. J.
Geib, Adv. Synth. Catal. 2005, 347, 1605–1613; i) M. R. Wood,
K. M. Schirripa, J. J. Kim, B.-L. Wan, K. L. Murphy, R. W.
Ransom, R. S. L. Chang, C. Tang, T. Prueksaritanont, T. J.
Detwiler, L. A. Hettrick, E. R. Landis, Y. M. Leonard, J. A.
Krueger, S. D. Lewis, D. J. Pettibone, R. M. Freidiger, M. G.
Bock, J. Med. Chem. 2006, 49, 1231–1234; j) W. Yang, W. Lu,
Y. Lu, M. Zhong, J. Sun, A. E. Thomas, J. M. Wilkinson, R. V.
Fucini, M. Lam, M. Randal, X.-P. Shi, J. W. Jacobs, R. S. Mc-
Dowell, E. M. Gordon, M. D. Ballinger, J. Med. Chem. 2006,
49, 839–842; k) S. Hanessian, G. Yang, J.-M. Rondeau, U. Neu-
mann, C. Betschart, M. Tintelnot-Blomley, J. Med. Chem.
2006, 49, 4544–4567.

[6] a) H. Kessler, Angew. Chem. Int. Ed. Engl. 1982, 21, 512–523;
b) Y. Singh, N. Sokolenko, M. J. Kelso, L. R. Gahan, G. Ab-
benante, D. P. Fairlie, J. Am. Chem. Soc. 2001, 123, 333–334;
c) P. Li, P. P. Roller, Curr. Top. Med. Chem. 2002, 2, 325–341;
d) R. M. van Well, L. Marinelli, K. Erkelens, G. A.
van der Marel, A. Lavecchia, H. S. Overkleeft, J. H. van Boom,
H. Kessler, M. Overhand, Eur. J. Org. Chem. 2003, 2303–2313;
e) E. Mann, H. Kessler, Org. Lett. 2003, 5, 4567–4570; f) J. S.
Davies, J. Peptide Sci. 2003, 9, 471–501; g) J. C. Jiménez, B.
Chavarría, A. López-Macía, M. Royo, E. Giralt, F. Albericio,
Org. Lett. 2003, 5, 2115–2118; h) W. S. Horne, C. M. Wiethoff,
C. Cui, K. M. Wilcoxen, M. Amorin, M. R. Ghadiri, G. R.
Nemerow, Bioorg. Med. Chem. 2005, 13, 5145–5153; i) M.
Amorín, L. Castedo, J. R. Granja, Chem. Eur. J. 2005, 11,
6543–6551; j) S. E. Gibson, C. Lecci, Angew. Chem. Int. Ed.
2006, 45, 1364–1377; k) Y. Che, G. R. Marshall, J. Med. Chem.
2006, 49, 111–124.

[7] a) E. Mann, A. Montero, M. A. Maestro, B. Herradón, Helv.
Chim. Acta 2002, 85, 3624–3638; b) B. Herradón, A. Montero,
E. Mann, M. A. Maestro, CrystEngComm 2004, 6, 512–521.

[8] a) A. Montero, E. Mann, A. Chana, B. Herradón, Chem. Bio-
div. 2004, 1, 442–457; b) A. Montero, M. Alonso, E. Benito,
A. Chana, E. Mann, J. M. Navas, B. Herradón, Bioorg. Med.

Eur. J. Org. Chem. 2007, 1301–1308 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 1307

Chem. Lett. 2004, 14, 2753–2757; c) B. Herradón, E. Benito,
A. Chana, E. Mann, A. Montero, Spanish Patent Application
200301125 (May 14, 2003); PCT Application ES2004/070034.

[9] A. Montero, F. Albericio, M. Royo, B. Herradón, Org. Lett.
2004, 6, 4089–4092.

[10] For reports on related compounds, see: a) V. Brandmeier, M.
Feigel, Tetrahedron 1989, 45, 1365–1376; b) V. Brandmeier, M.
Feigel, M. Bremer, Angew. Chem. Int. Ed. Engl. 1989, 28, 486–
488; c) V. Brandmeier, W. H. B. Sauer, M. Feigel, Helv. Chim.
Acta 1994, 77, 70–85; d) C. Weigand, M. Feigel, C. Landgrafe,
Chem. Commun. 1998, 679–680; e) M. Amine, Z. Atmani,
A. A. El Hallaoui, M. Giorgi, M. Pierrot, M. Réglier, Bioorg.
Med. Chem. Lett. 2002, 12, 57–60; f) S. Peukert, J. Brendel, B.
Pirard, A. Brüggemann, P. Below, H.-W. Kleemann, H. Hem-
merle, W. Schmidt, J. Med. Chem. 2003, 46, 486–498.

[11] a) P. J. Hajduk, M. Bures, J. Praestgaard, S. W. Fesik, J. Med.
Chem. 2000, 43, 3443–3447; b) H. Yin, G. Lee, K. A. Sedey, O.
Kutzki, H. S. Park, B. P. Orner, J. T. Ernst, H.-G. Wang, S. M.
Sebti, A. D. Hamilton, J. Am. Chem. Soc. 2005, 127, 10191–
10196; c) A. M. Petros, J. Dinges, D. J. Augeri, S. A. Baumeis-
ter, D. A. Betebenner, M. G. Bures, S. W. Elmore, P. J. Hajduk,
M. K. Joseph, S. K. Landis, D. G. Nettesheim, S. H. Rosen-
berg, W. Shen, S. Thomas, X. Wang, I. Zanze, H. Zhang, S. W.
Fesik, J. Med. Chem. 2006, 49, 656–663.

[12] a) C. Lazar, M. D. Wand, R. P. Lemieux, J. Am. Chem. Soc.
2002, 124, 1353–1358; b) Y. Lin, B. J. Dahl, B. P. Branchaud,
Tetrahedron Lett. 2005, 46, 8359–8362; c) T. Muraoka, K. Kin-
bara, T. Aida, Nature 2006, 440, 512–515.

[13] a) M. McCarthy, P. J. Guiry, Tetrahedron 2001, 57, 3809–3844;
b) R. Noyori, Angew. Chem. Int. Ed. 2002, 41, 2008–2022.

[14] a) H. Sorimachi, S. Ishiura, K. Suzuki, Biochem. J. 1997, 328,
721–732; b) D. E. Goll, V. F. Thompson, H. Li, W. Wei, J.
Cong, Phys. Rev. 2003, 83, 731–801.

[15] a) Y. H. Huang, K. K. W. Wang, Trends Mol. Med. 2001, 7,
355–362; b) S. K. Ray, E. L. Hogan, N. L. Banik, Brain Res.
Rev. 2003, 42, 169–185; c) R. A. Nixon, Ageing Res. Rev. 2003,
2, 407–418; d) S. Biswas, F. Harris, S. Dennison, J. Singh, D. A.
Phoenix, Trends Mol. Med. 2004, 10, 78–84; e) M. Zatz, A.
Starling, New Engl. J. Med. 2005, 352, 2413–2423.

[16] For overviews on inhibitors of calpain, see: a) K. K. W. Wang,
P. Yuen, Adv. Pharmacol. 1996, 37, 117–152; b) I. O. Donkor,
Curr. Med. Chem. 2000, 7, 1171–1188; c) A. T. Neffe, A. D.
Abell, Curr. Op. Drug Discov. Devel. 2005, 8, 684–700; d) M. E.
Saez, R. Ramirez-Lorca, F. J. Moron, A. Ruiz, Drug Discovery
Today 2006, 11, 917–923.

[17] a) P. Lloyd-Williams, F. Albericio, E. Giralt, Chemical Ap-
proaches to the Synthesis of Peptides and Proteins, CRC Press,
Boca Raton, 1997; b) M. Goodman, A. Felix, L. Moroder, C.
Toniolo (Eds.), Synthesis of Peptides and Peptidomimetics, Thi-
eme, Stuttgart, 2002.

[18] a) All the amino acids are of the -series, and the abbreviations
are based on the standard three-letter code; b) The reagents
and solvents are abbreviated as follows: AB = Wang acid linker,
All = allyl, CDI = 1,1�-carbonyldiimidazole, DIEA = N,N�-
diisopropylethylamine, DIPCDI = N,N�-diisopropylcarbodiim-
ide, DMAP = 4-(dimethylamino)pyridine, DCM = dichloro-
methane, DMF = N,N-dimethylformamide, DPPA = diphenyl
phosphorazidate, EDC = 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide, Fmoc = 9-fluorenylmethoxycarbonyl, HOAt =
1-hydroxy-7-azabenzotriazole, HOBt = 1-hydroxybenzotri-
azole, MBHA = 4-methylbenzhydrylamine, PS = polystyrene,
PyBOP = (benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate, TFA = trifluoroacetic acid.

[19] N. Thieriet, J. Alsina, E. Giralt, F. Guibé, F. Albericio, Tetrahe-
dron Lett. 1997, 38, 7275–7278.

[20] Previous computational (simulated annealing and molecular
dynamics simulations using MMFF94 force field) conforma-
tional analysis on the acyclic precursor 2 showed that confor-
mations with close enough terminal NH2 and CO2H groups



A. Montero, F. Albericio, M. Royo, B. HerradónFULL PAPER
(the distance between the two ends varies from 3.28 to 5.47 Å)
were quite abundant.

[21] EDC/HOBt/DIEA and DPPA/NaHCO3 also gave the target
compound, although the DIPCDI/HOBt method gave the
macrocycle 1 with higher purity.

[22] As previously reported,[8] a spectrofluorimetric method using
labeled-casein as substrate was used to determine the biological
activity of 1.

www.eurjoc.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2007, 1301–13081308

[23] E. Kaiser, R. L. Colescott, C. D. Bossinger, P. I. Cook, Anal.
Biochem. 1970, 34, 594–598.

[24] M. E. Attardi, G. Porcu, M. Taddei, Tetrahedron Lett. 2000,
41, 7391–7394.

Received: September 23, 2006
Published Online: January 17, 2007


