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a b s t r a c t

131Iodine-labelled (meta-iodobenzyl)guanidine ([131I]-mIBG) and busulfan [butane-1,4-diylbis(methane-
sulfonate)] are well-established pharmaceuticals in neuroblastoma therapy. We report the design, syn-
thesis, and testing of hybrid molecules—mBBG and pBBG—which combine key structural features of
(meta-iodobenzyl)guanidine and busulfan: they contain a benzylguanidine moiety for accumulating in
neuroblastoma cells via the noradrenaline transporter and, in the meta- or para-position, respectively,
one of the two identical alkylating motives of busulfan for killing cells. Uptake and toxicity of hybrids
mBBG and pBBG in human neuroblastoma cells compared favorably to their ancestors [131I]-mIBG and
busulfan.

� 2014 Elsevier Ltd. All rights reserved.

Neuroblastoma is a malignant tumor of the sympathetic nervous
system in childhood with a poor prognosis in stage IV.1 It
usually originates from the adrenal gland. It is the most abundant
extracranial solid tumor in childhood making up for 8–10% of all
cancers and for 15% of the corresponding mortality.2 Approxi-
mately 1.1 children out of 100,000 under the age of 15 are diag-
nosed with neuroblastoma. 90% of those who are diagnosed are
younger than 10 years, one third is diagnosed in the first year of
life.1,3

A majority of the cytotoxic drugs currently used in cancer ther-
apy acts non-specifically. Such chemotherapeutics4 often cause
severe side effects and/or long-term damages. The latter are espe-
cially severe concerning the treatment of infants. The aim of our
project is to develop cytotoxic compounds with a higher specificity
than their predecessors. This objective shall be reached by target-
ing a particular structure in neuroblastoma cells, namely the nor-
adrenaline transporter. A substance with an enhanced specificity
for such cells of the sympathetic nervous system is (meta-iodoben-
zyl)guanidine (mIBG) [formula: Scheme 1].

An mIBG equipped with a radiolabel was first synthesized by
Wieland et al. in 1979.5 In 1984/1985 radio-labelled mIBG was
introduced independently both in Heidelberg6 and Tübingen7 for
scintigraphic imaging of neuroblastoma. Following this discovery
[123I]-mIBG (b+-emitter, s1/2 = 13 h) has been used around the
world as a routine diagnosis of neuroblastoma and also for an
ensuing therapy. The major therapeutical agent, which was devel-
oped from the mentioned discovery and which has been used ever
since, is [131I]-mIBG (b�-emitter, s1/2 = 8.0 d).8 Radio-labelled ana-
logs of [131I]-mIBG containing iodine-1259 (b+-emitter, s1/2 = 59 d)
or astatine-21110 (mainly a-emitter, s1/2 = 7.2 h) were prepared as
well. They represent therapeutical alternatives for special manifes-
tations of neuroblastoma.9,10

The uptake of mIBG in neuroblastoma cells is the basis for the
aforementioned activities. It was first described in one of our lab-
oratories in cell culture experiments.11 Later it was shown that this
uptake occurs via the noradrenaline transporter.12 mIBG was also
shown to be taken up by OCT-expressing cells (OCT: organic cat-
ionic transporter).13 This process is a well known side effect in
scintigraphy of neuroblastoma.8a,14 Very recently, it turned out
that the uptake of mIBG in OCT-expressing cells can be reduced
by glucocorticoids.15

Even nonradioactive benzylguanidines—which would not per se
be expected to affect cell life [exceptions: a nitro-substituted mIBG
(Ref. 16) and unsubstituted mIBG (Refs. 17–19; see also the next
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paragraph]—should be modifiable so that they kill neuroblastoma
cells. Such a concept has been pursued by at least two groups:20

Vaidyanathan et al. developed modified—yet always iodine-
containing—analogues of mIBG,21 such as the octapeptide 121f

[Scheme 1]. Its cytotoxic effect is most likely due the redox active
SAS bond. Ludeman et al. proposed ‘A Method for Treating Neuro-
blastoma’ based on a sizable number of mIBGs.22 Each of these
molecules contains an electrophile—in substituents of widely var-
ied structures [e.g., Scheme 1 (c)]—for attacking the mitochondrial
glutathione of tumor cells. Without an exception the Ludeman
compounds display an iodine-substituent in an unvaried mIBG
substructure.16,22

The simplest nonradioactive mIBG is the parent compound
itself, namely mIBG. Intriguingly, it is active against neuroblastoma
cells: associated effects are a sharp decrease of the ATP/ADP ratio18

and aberrances in glycolysis and oxidative phosphorylation.17–19

Recently, the HR-NBL123 trial of the European SIOP24 Neuroblas-
toma Group demonstrated that busulfan [4;25 formula: Scheme 2
(a)] and melphalan (={4-[N,N-bis(2-chloroethyl)amino]phenyl}ala-
nine) combined make an excellent myeloablative therapy for high-
risk neuroblastoma.26 It is superior to the so-called ‘CEM protocol’,
which is combined treatment with carboplatin, etoposide, and
melphalan. The ‘CEM protocol’ represented the recommended neu-
roblastoma therapy before it was replaced by the combination
busulfan (4)/melphalan.27

What we hoped would turn out to be anti-neuroblastoma
agents were hybrids of the alkylating motive of busulfan [4;25 for-
mula: Scheme 2 (a)] and a benzylguanidine. The alkylating group
should be installed in the benzene ring such that a meta- (mBBG)
or para-substituted benzylguanidine (pBBG) results [formulas:
Scheme 2 (b)]. We hoped that the respective hybrid molecules
(mBBG and pBBG) would combine the cytotoxicity of busulfan
with the ability of (meta-iodobenzyl)- or (para-iodobenzyl)guani-
dines of intruding neuroblastoma cells by means of the noradren-
aline transporter. Neither mBBG nor pBBG contains an iodine
atom. This makes our design novel compared to the Ludeman sys-
tems22 and simpler: introducing two substituents into benzene (as
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Scheme 2. The bifunctional alkylating agent busulfan (425) (a). Our concept for a
specific therapy of neuroblastoma (b): hybrid molecules pBBG and mBBG
composed of the alkylating motive of busulfan (4) and of the common benzylgua-
nidine motive both of pIBG and mIBG.

b) K2CO3, DMF

c) SnCl4 or F3C-CO2H ("TFA")

SMe

NBoc

BocHN

O
S
Me

OO
O

S
Me

O O

6

busulfan (4)

mBBG"•HCl" (92%)

OH

OH

O
O
S
Me

O O

O
O
S
Me

O O

mBBG"•TFA" (quant.)
pBBG"•HCl" (74%) pBBG"•TFA" (quant.)

meta-5
para-5

meta-7 (88%)
para-7 (72%)

meta-8 (77%)
para-8 (63%)

[a]

[b]

a) DMF

N
H

NH

H2N"HX "

N
H

BocHN

NBoc

N
H

BocHN

NBoc

H2N

Scheme 3. Synthesis of the hybrid molecules pBBG and mBBG by deprotection of
the N,N0-Boc-protected precursors para-8 or meta-8 either by HCl or by TFA in the
final step. Conditions: (a) 5 (1.0 equiv), 6 (1.1 equiv), DMF, room temperature,
16–24 h; 88% (meta-7), 72% (para-7). (b) 7 (1.0 equiv), 4 (3.0–3.1 equiv), K2CO3

(5.1–5.2 equiv), DMF, room temperature, 20 h; 63% (para-8), 77% (meta-8). (c) SnCl4

(2.0–2.4 equiv), EtOAc, room temperature, 3 h; 92% (mBBG’’�HCl’’)[a], 74%
(pBBG’’�HCl’’)b. (c) F3CCO2H (TFA)/CH2Cl2 1:1 (v:v), room temperature, 1.5 h; quant.
aDifferent batches contained 0–20% of an SN2 product, in which the methanesul-
fonate group was replaced by an unknown nucleophile.[36] bContained 9% of a
SN2-product where the methane sulfonate group was replaced by an unknown
nucleophile.[36]
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Scheme 1. Benzylguanidine motives in mIBG (a), in octapeptide 121f (b), and in the
iodine-containing alkylating agents 222 and 322 (c).
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