
Available online at www.sciencedirect.com
Bioorganic & Medicinal Chemistry Letters 18 (2008) 3436–3439
Efficient synthesis and evaluation of bimodal ligand NETA
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Abstract—The efficient and short synthetic route to the structurally novel bimodal ligand NETA for antibody-targeted radiation
therapy (radioimmunotherapy, RIT) of cancer was developed. The structure of NETA was determined by X-ray crystallography.
The arsenazo-based UV spectroscopic complexation kinetics data suggest that NETA is a promising chelator for use in RIT appli-
cations of 212Bi, 213Bi, and 177Lu.
� 2008 Published by Elsevier Ltd.
Synthetic macrocyclic and acyclic ligands that possess
amino and carboxylate groups as metal-binding moieties
have been employed for biomedical and radiopharmaceu-
tical applications such as magnetic resonance (MR)1 and
positron emission tomography (PET)2 imaging and anti-
body-targeted radiation therapy (radioimmunotherapy,
RIT)3 of cancer. Research efforts have been directed
towards development of the adequate metal binding mac-
rocyclic and acyclic ligand, a critical component for
enhancing the efficacy of the therapeutic and diagnostic
applications.

RIT is a potent cancer therapeutic modality that employs
a tumor-targeting mAb for selective delivery of a cyto-
toxic radioisotope while minimizing exposure of healthy
cells.3 A variety of metallic radionuclides including
177Lu, 212Bi, and 213Bi have been proven effective for
RIT.3 We have recently developed the structurally novel
bimodal ligand NETA for use in RIT.4–7 NETA (2-(4,7-
biscarboxymethyl[1,4,7]triazacyclonona-1-yl-ethyl)car-
bonyl-methylamino]acetic acid) is a hybridized structure
of DOTA (1,4,7,10-tetraazacyclododecane-N,N 0,N00,N000-
tetraacetic acid) and DTPA (diethylenetriaminepentaace-
tic acid), the most frequently explored polyaminocarb-
oxylates. Macrocyclic DOTA forms a stable complex
with various therapeutic metals and is a standard refer-
ence ligand for comparison.8 However, slow formation
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kinetics of DOTA remains a limitation in RIT applica-
tions, particularly involving relatively short-lived radio-
active metals such as 212Bi (t1/2 = 60.6 m) and 213Bi (t1/2 =
45 m).9 Acyclic DTPA rapidly binds to the metals but pro-
duces relatively unstable complexes.10 NETA containing
both macrocyclic and acyclic moieties is proposed to bind
the metal ion more rapidly than DOTA8,11 via dynamic
binding while binding the metal stronger than DTPA10

via three-dimensional binding. NETA complexed with
various metals including lanthanides was very stable in
human serum or mice.4–6 NETA was found to bind
Y(III) within seconds, while macrocyclic DOTA displays
very slow complexation kinetics (>1 h) as determined by a
spectroscopic competing reaction with arsenazo III
(AAIII).4 Great potential of NETA for use in RIT
prompts us to further investigate the ligand in a unique
structural class. Herein, we report the efficient and short
synthetic route to NETA and its evaluation as RIT chela-
tors for 177Lu, 212Bi, and 213Bi therapeutic metals. The
structure of NETA was determined by X-ray crystallo-
graphic analysis.

It was necessary to demonstrate the hypothesized bimo-
dal binding of NETA with various metals by X-ray crys-
tallographic study and measurements of thermodynamic
constants that require significant amount of the chela-
tor. The original synthesis of NETA as previously re-
ported involves eight reaction steps including a
convenient macrocyclization of the readily available
starting materials, ethanol amine and an N-tosyl pro-
tected ditosylate.4 We initially attempted preparation
of NETA in large quantities by modifying the original
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Scheme 1. Modification to original synthesis4 of NETA.
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synthetic route (Scheme 1). We found that the original
synthetic route is quite lengthy and not efficient for
large-scale preparation of NETA. The detosylation
and alkylation reaction steps to produce 2 and 3, respec-
tively, significantly lower an overall yield (<20%) of the
synthetic route (Scheme 1). We observed that prepara-
tion of precursor molecule 1 in large quantities (>30 g)
was practically and efficiently carried out in excellent
yield (>86%). All of the compounds except the first mac-
rocyclization step were isolated after simple work-up or
recrystallization and did not require column chromato-
graphic purification. However, scale-up deprotection
of compound 1 was problematic providing 2 in a low
yield, despite working very well in small scale (<1 g)
and nearly 90% yield. Furthermore, detosylation of 1
in large quantities required tedious work-up involving
stepwise neutralization and extraction generating signif-
icant amount of toxic waste. We found that free amine 2
oxidizes in less than 12 h at both room temperature and
�20 �C as monitored by NMR, while the oxidation can
be prevented by immediately treating 2 with HCl to af-
ford an acidic salt (Scheme 1). The alkylation reaction of
2 as an acidic salt in large quantity produced large
amount of polyalkylated byproducts along with the de-
sired compound 3 in a very poor yield (11%). Optimiza-
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Scheme 2. Short and efficient synthesis of NETA.
tion of the alkylation reaction to exclusively produce 3,
which does not contain a UV chromophore, was quite
challenging. The polar-tailing compound 3 and byprod-
ucts possess concentration-dependent Rf values. There-
fore, TLC analysis of fractions eluted from flash
chromatography on normal phase silica gel is not very
informative in distinguishing the targeted product from
byproducts that possess very similar Rf value(s). This
also makes the desired 3 using flash silica gel (or alu-
mina) column chromatography extremely complicated.
This difficulty in producing NETA analogue 3 in large
quantities prompted us to develop more practical and
short synthetic route.

Since Prep-HPLC or other purification methods are not
helpful for purification of NETA without a strong UV
chromophore, we have attempted different reaction
routes in efforts to develop a synthetic route to NETA
avoiding harsh detosylation and complicated alkylation
reaction steps. An efficient and short method to prepare
NETA is shown in Scheme 2. The key step is the cou-
pling reaction of bisubstituted macrocyclic TACN
(1,4,7-Triazacyclononane) 5 with acyclic N-dialkylated
bromide 6 in an equimolar ratio. The starting material,
bisubstituted TACN (5),12 was efficiently prepared by
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Figure 1. XRD structure of NETA.
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the reaction of TACN 4 with tert-butylbromoacetate. It
was necessary to develop a short and reproducible syn-
thetic route to 5 since the known procedures either in-
volve lengthy and poor total synthetic yield or require
column chromatographic purification of the polar tail-
ing macrocycle.12,13 In the present study, 5 was isolated
from a reaction mixture by pH controlled stepwise neu-
tralization without column chromatography. The best
yield of 5 was obtained from the reaction of TACN
(1 equiv) and tert-butylbromoacetate (2.2 equiv) without
the addition of base. In the presence of base (triethyl-
amine or diisopropylethylamine), the mixture of the de-
sired bisubstituted TACN and trisubstituted and/or
monosubstituted TACN was obtained (supplementary
data, Table 1). The coupling reaction of 5 with 616 pro-
vided the desired product 7 (Scheme 2). Since each of the
precursor molecules was alkylated prior to the coupling
reaction, the formation of polyalkylation byproducts
was minimized. Isolation of tailing polar macrocycle 7,
which can be monitored by HPLC and TLC analysis
due to the presence of the UV chromophore, was
achieved by flash column chromatography eluting with
5–6% CH3OH/CH2Cl2. Most importantly, with the
development of TLC and analytical and preparative
HPLC methods based on benzyl UV chromophore,
the reaction condition could be readily modified if an
improvement of the reaction yield is required. Com-
pound 7 was efficiently prepared in a good and highly
reproducible yield (>60%). Both benzyl and tert -butyl
protection groups in 7 were removed by refluxing 7 in
6 M HCl(aq). The benzyl groups in 7 were also selec-
tively removed by hydrogenation and provided tert -bu-
tyl group containing chelate 8. The partially deprotected
compound 8 may be a useful backbone molecule which
can be selectively reacted with a variety of amino-con-
taining peptides and antibodies to generate a viable che-
lator for biomedical applications. NETA was efficiently
prepared in two steps and large quantities and good
overall yield (61%).

The structure of NETA as an acidic salt (HCl) was suc-
cessfully determined via X-ray crystallography (Fig. 1).
Crystals of NETA for X-ray analysis were obtained by
slow evaporation of H2O/EtOH/Et 2O in a 1:1:2 ratio.
Two of the carboxylate groups on the macrocyclic back-
bone are protonated (CO2H), while the other two car-
boxylate groups on the acyclic moiety exist as anion
(CO2

�). The C–O bond distances of the protonated
and anionic carboxylates indicate that O5/O6 and
O7/O8 are in a resonance form (CO2

�), while O1/O2 and
O3/O4 have one bond longer than the other (CO2H). It
is interesting to note that hydrogen bonding exists be-
tween the protonated nitrogen atoms N1, N2, and N4 in
both macrocyclic and acyclic moiety and the chlorine
atom Cl1; this may be a good entry point to demonstrate
the proposed bimodal binding hypothesis. Cl1 is bound to
the protonated nitrogens N1, N2, and N4 with respective
bond distances of 3.22, 3.14, and 3.04 Å.

We previously reported that NETA labeled with the
cancer therapeutic metal, 177Lu or 205/6Bi, was extremely
stable in human serum without leaking the radionu-
clide.5 With the promising data, we wanted to further
evaluate NETA for the complexation kinetics with
Lu(III) and Bi(III). The complexation kinetics of NETA
with Lu(III) and Bi(III) was determined using a well-
known spectroscopic competing reaction with AAIII
according to a modification of a previously reported
procedure.7 AAIII is known to form a weak complex
with many different metals, which produce a UV–Vis
absorbance maximum at �652 nm.14 However, uncom-
plexed AAIII absorbs weakly at this wavelength. When
introduced to a solution containing the AAIII–metal
complex, a chelate can compete with AAIII for the me-
tal. The idea is that if the chelate is more capable of
binding the metal than AAIII, the metal will dissociate
from the AAIII complex and form a complex with the
chelate leading to the decrease in the absorbance at
the wavelength. The absorbance (A652) for the Bi(III)–
AAIII or Lu(III)–AAIII complex was measured in the
absence and in the presence of the ligands over 1 h at
rt. The complexation kinetics of NETA with Lu(III)
and Bi(III) was determined at pH 4.5 or 4.0, respec-
tively, as hydrolysis occurs at a higher pH.7,15 The com-
plexation result of the new ligands studied herein was
compared to that of DOTA and DTPA, which are
known to form a complex with metallic radionuclides
with extremely slow and fast kinetics, respectively.7 A
plot of absorbance at 652 nm versus time is shown in
Figures 2 and 3. The data in Figure 2 indicate that
NETA displayed fast complexation kinetics with
Lu(III), while DOTA is sluggish in binding Lu(III). As
expected, DTPA was very fast in binding to Lu(III).
NETA was also shown to instantly bind to Bi(III),
and its complexation with Bi(III) was essentially com-
plete very shortly after the starting point of the measure-
ment (Fig. 3). DOTA consistently exhibited slow
complexation kinetics with Bi(III), and DTPA displayed
very fast complexation kinetics with Bi(III). The kinetics
data indicate that DOTA displayed sluggish complexa-
tion with Lu(III) and Bi(III), and the new ligand NETA
formed a complex with the metals at a much greater rate
than DOTA and a rate comparable to DTPA.
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Figure 2. Plot of absorbance (652 nm) versus time of Lu(III)–AAIII

(d), NETA (�), DOTA (–), and DTPA (D) at pH 4.5 (0.15 M

NH4OAc) and 25 �C.
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Figure 3. Plot of absorbance (652 nm) versus time of Bi(III)–AAIII

(d), NETA (�), DOTA (–), and DTPA (D) at pH 4.0 (0.15 M

NH4OAc) and 25 �C.
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In summary, the efficient and short synthetic route to
the bimodal ligand NETA and partially protected
NETA analogue 8, which allows for their preparation
in large quantities, is described. The structure of NETA
was determined via X-ray crystallographic analysis. The
efficient synthetic route to NETA can be applied to
preparation of various polyazamacrocyclic ligands for
biomedical and radiopharmaceutical applications. The
AA(III)-based spectroscopic complexation kinetics data
suggest that NETA is a viable chelator for use in RIT
applications of 177Lu, 212Bi, and 213Bi.
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