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a b s t r a c t

An aza-cycloisodityrosine analogue of RA-VII, 3, was designed and synthesized. The key aza-cycloisodi-
tyrosine unit was prepared by copper(II)-acetate-mediated intramolecular phenylamine/arylboronic acid
coupling of dipeptide followed by connection with the tetrapeptide segment to afford a hexapeptide.
Subsequent macrocyclization of the hexapeptide with EDC�HCl and HOOBt under dilute conditions gave
3. Analogue 3 showed significant cytotoxic activity against human promyelocytic leukemia HL-60 cells
and human colon carcinoma HCT-116 cells, but its activity was weaker than that of parent peptide
RA-VII (1).

� 2013 Elsevier Ltd. All rights reserved.
RA-VII (1) is a bicyclic hexapeptide isolated from Rubia cordifolia
L. and Rubia akane Nakai (Rubiaceae).1,2 Its related peptide, bouvar-
din (NSC 259968, 2), was isolated from Bouvardia ternifolia (Cav.)
Schltdl. (Rubiaceae).3 Both structures are characterized by the
incorporation of a unique and strained 14-membered cycloisodity-
rosine unit in the molecule (Fig. 1). These peptides have promising
antitumor activity and peptide 1 had previously undergone phase I
clinical trials as an anticancer drug in Japan.4 The antitumor activ-
ity of these peptides is believed to be due to the inhibition of pro-
tein synthesis through the interaction with eukaryotic
ribosomes.5,6 Peptide 1 has been shown also to induce conforma-
tional changes in F-actin, stabilizing actin filaments and inducing
G2 arrest.7 In this Letter, we describe the synthesis of a novel ana-
logue of RA-VII (1) where the diphenyl ether oxygen of the cyclo-
isodityrosine moiety in 1 is replaced by an amine nitrogen, and
the evaluation of its cytotoxicity.

In the RA series of peptides, the cycloisodityrosine moiety is
considered essential for the expression of the cytotoxic activity.
This moiety not only affects the conformation of the 18-membered
macrocycle of the peptides,8,9 but also appears to participate in the
expression of the activity.10,11 Thus, we sought to investigate the
effect of the electron density of the phenyl rings of the isodityro-
sine moiety on the cytotoxic activity. The electron density of an
aromatic compound is often modulated by introducing an elec-
tron-donating or an electron-withdrawing group on the aromatic
ring. A survey of a limited number of RA analogues having a substi-
tuent on the aromatic rings of the isodityrosine moiety revealed
that the introduction of a hydroxy group at the ea or the eb posi-
tion of Tyr-512 or at the da or the ea position of Tyr-613 reduces
the cytotoxic activity of RA-VII (1). Although such modification in-
creases the electron density of the phenyl ring to which the hydro-
xy group is attached, it is not clear whether the reduction of the
activity is due to changes in the electron density of the phenyl
rings, the steric bulkiness of the introduced hydroxy group, and/
or the polarity of the hydroxy group. It is also known that in RA-
VII (1), the introduction of a hydroxy group at either the ea or
the eb position of the Tyr-5 residue affects the orientation of the
cycloisodityrosine phenyl ring by forming a hydrogen bond be-
tween the hydroxy proton and the methyl ether oxygen of Tyr-
6.12 Those conformational changes in the cycloisodityrosine moi-
ety may be responsible for the reduced activity of those analogues.
To obtain information about the effects of the electron density of
the cycloisodityrosine phenyl rings in peptide 1 on the cytotoxic
activity, we designed an RA-VII analogue in which the diphenyl
ether oxygen of the cycloisodityrosine moiety was replaced by an
amine nitrogen. We considered that this modification would in-
crease the electron density of the phenyl rings of both Tyr-5 and
Tyr-6 residues with minimal structural changes, as the steric de-
mand between 1 and 3 is expected to be almost the same. Compar-
ison of the energy-minimized structure of analogue 3 obtained by
the Monte Carlo conformational search14 with the X-ray crystal
structure of RA-VII (1)11 indicated that their 3D structures were
very similar and almost superimposable (Fig. 2).
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Figure 1. Structures of RA-VII (1), bouvardin (2), and analogue 3.

Scheme 1. Synthesis of boronic acid 11.

Scheme 2. Synthesis of aza-cycloisodityrosine 4.

Figure 2. Superposition of the crystal structure of RA-VII (1, red) and the energy-
minimized structure of analogue 3 (blue).
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We synthesized analogue 3 by drawing on our previous suc-
cessful synthesis of related compounds, which is characterized by
the construction of the core cycloisodityrosine unit by the cop-
per(II)-acetate-mediated intramolecular phenol/arylboronic acid
coupling and the macrocyclization of the linear hexapeptide be-
tween the Tyr-6 and D-Ala-1 residues to construct the 18-mem-
bered cyclopeptide ring.11 Key aza-cycloisodityrosine unit 4,
which corresponds to the Tyr-5 and Tyr-6 residues of 3, was syn-
thesized from commercially available chiral amino acids, 3-iodo-
L-tyrosine (5) and 4-nitro-L-phenylalanine (6) (Schemes 1 and 2).
Amino acid 5 was N-protected by a Cbz group (7) and then treated
with paraformaldehyde in the presence of a catalytic amount of p-
toluenesulfonic acid in toluene to give oxazolidinone 8 (Scheme 1).
Reduction of 8 with triethylsilane in a trifluoroacetic acid (TFA)–
chloroform mixture and subsequent treatment of the resulting car-
boxylic acid with (trimethylsilyl)diazomethane in MeCN–MeOH
gave N-methyltyrosine derivative 9. The iodine atom of 9 was
substituted by a pinacolatoboron group by bis(pinacolato)diboron
in the presence of [1,10-bis(diphenylphosphino)ferrocene]dichloro-
palladium(II) (Pd(dppf)Cl2) catalyst and KOAc in dimethyl sulfox-
ide (DMSO), and subsequent treatment of the crude boronic acid
pinacol ester with sodium periodate in acetone–H2O gave boronic
acid 10 in excellent yield. Removal of the Cbz group of 10 gave
amine 11.

N-protected 4-nitro-L-phenylalanine 12, derived from 6, was
coupled with amine 11 using 1-[3-(dimethylamino)propyl]-3-eth-
ylcarbodiimide hydrochloride (EDC�HCl) and 1-hydroxy-7-azaben-
zotriazole (HOAt) in N,N-dimethylformamide (DMF) to afford
dipeptide 13 (Scheme 2). Reduction of the nitro group of 13 with
iron powder and ammonium chloride in acetone gave amine 14,
which was then treated with copper(II) acetate and pyridine in
the presence of 4 Å molecular sieves (MS) in dichloromethane15

to give desired aza-cycloisodityrosine 15 in 22% yield. Use of 4-
(dimethylamino)pyridine or triethylamine in lieu of pyridine as
the additive amine did not improve the yield of 15, although the
former amine significantly enhanced the yield of the C–O coupling
product in the cycloisodityrosine synthesis.16 Treatment of com-
pound 15 with iodomethane and powdered NaOH in CH2Cl2 under
phase-transfer catalysis (n-Bu4NBr) conditions selectively methyl-
ated the N-terminus carbamate nitrogen to give 4.

After removal of the Cbz group, compound 4 was coupled with
tetrapeptide carboxylic acid 16, corresponding to residues 1–4 of 3,
using EDC�HCl and 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotri-
azine (HOOBt) to provide hexapeptide 17 in 51% yield (Scheme 3).
The methyl ester group at the C-terminus and the Boc group at the
N-terminus of peptide 17 were sequentially removed by alkaline
hydrolysis followed by treatment with TFA. The resulting deprotec-
ted hexapeptide was subjected to macrocyclization with EDC�HCl
and HOOBt under dilute conditions (0.0012 M) in DMF at room
temperature for 3 days to afford analogue 317 in 20% yield from 17.

The solution structure of analogue 3 was analyzed by NMR
spectroscopy. The 1H NMR spectrum of analogue 3 was very simi-
lar to that of 1 (Fig. 3 and see Supplementary data Table S1).17 The



Scheme 3. Synthesis of analogue 3.
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1H NMR spectrum of analogue 3 in chloroform-d at 300 K demon-
strated that it consisted of two conformers in a 91:9 ratio. In the
NOESY spectrum, the major conformer (population 91%) showed
NOE correlations between D-Ala-1 Ha/Ala-2 NH, D-Ala-1 Ha/Ala-4
H3b, D-Ala-1 H3b/Ala-2 NH, D-Ala-1 NH/Tyr-6 Ha, Ala-2 Ha/Tyr-3
Figure 3. 1H NMR (600 MHz)
NMe, Tyr-3 Ha/Tyr-3 NMe, Tyr-3 Ha/Ala-4 NH, Ala-4 Ha/Tyr-5
NMe, Ala-4 H3b/Tyr-5 NMe, and Tyr-5 Ha/Tyr-6 Ha (see Supple-
mentary data Fig. S1). These correlations are characteristic of the
major conformer of peptide 1 in solution, adopting a cis amide con-
figuration between Tyr-5 and Tyr-6 and a trans amide configura-
tion at the other five amide bonds and thus adopting the peptide
backbone conformation as depicted in the crystal structure of
RA-VII (1) in Figure 2.8 Accordingly, the structure of the major con-
former of 3 was proved to be almost identical to that of the corre-
sponding conformer of 1 in solution, as expected. The structure of
the minor conformer (population 9%) could not be determined due
to weak signal intensities.

RA-VII (1) and analogue 3 were evaluated for their cytotoxic
activity against human promyelocytic leukemia HL-60 cells and
human colon carcinoma HCT-116 cells.18 Their IC50 values on HL-
60 cells were 0.0025 and 0.018 lg/mL, respectively, and those on
HCT-116 cells were 0.0033 and 0.017 lg/mL, respectively. These
results indicated that as RA-VII (1) and its more electron-rich
aza-analogue 3, which is 5–7 times less cytotoxic than 1, possess
almost the same 3D structures, enhancement of the electron den-
sity of the phenyl rings in Tyr-5 and Tyr-6 may reduce the cyto-
toxic activity of this series of peptides.
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