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The synthesis of novel NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid) and DOTA (1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid) chelating groups bearing perfluorinated appendages is
described. DOTA and NOTA groups are used in the production of radiopharmaceutical agents for PET
and SPECT imaging (by chelation of radioactive metal ions), as well as MRI contrast agents (by chelation
of lanthanide Ln3+ ions). The novel perfluorinated variants disclosed herein will enhance the synthesis
and purification of such agents, as they are compatible with fluorous purification strategies. Moreover,
the perfluorous tag is anticipated to be detectable by 19F-MRI, suggesting future applications in hybrid
molecular imaging such as PET–MRI.

� 2013 Elsevier Ltd. All rights reserved.
The synthesis of novel NOTA (1,4,7-triazacyclononane-1,4,7-tri-
acetic acid) and DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid) compounds is an important area of research
because of their widespread use as chelating groups in, for exam-
ple, molecular imaging.1 Such chelating groups can be attached
to bioactive molecules and then used to complex lanthanide ions
such as Gd3+ to generate contrast agents for magnetic resonance
imaging (MRI).2 Alternatively, if radioactive metal ions are com-
plexed then radiopharmaceuticals for positron emission tomogra-
phy (PET) or single photon emission computed tomography
(SPECT) imaging are readily accessible.3 In the latter case, the
short-lived radionuclides typically employed in diagnostic PET
and SPECT imaging studies require rapid and efficient methods
for the synthesis and purification of radiopharmaceuticals. With
this goal in mind, we were interested in exploiting fluorous tech-
niques in our radiopharmaceutical manufacturing program, and
the objective of this research was to synthesize chelating groups
bearing perfluorinated tags. However, as there is growing interest
in the use of fluorinated compounds in 19F MRI and magnetic res-
onance spectroscopy (MRS),4 introduction of the proposed perflu-
orous tags could serve a dual purpose as they should also be
detectable by 19F MRI. 19F is the only stable isotope of fluorine
and therefore 100% naturally abundant. Whilst fluorine occurs in
the body, it is localized in bones and teeth and has been shown
to have a very short T2 relaxation time.5 The combination of these
factors means that exogenously administered fluorine containing
compounds can be seen clearly in [19F]MRI scans and there is no
significant interference from background fluorine signals. There-
fore we believe that bioactive molecules tagged with perfluori-
nated chelating groups have the potential to function as a new
class of bimodal agents for PET/19F-MRI or SPECT/19F-MRI depend-
ing upon the choice of radioactive metal ion (Fig. 1).6 In this Letter
we report the initial chemical synthesis of NOTA and DOTA analogs
functionalized with perfluorooctane side chains (C8F17– = Rf), and
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Scheme 1. Reagents and conditions: (a) (COCl)2, DMF (Cat.), DCM; (b) tBuOH, 2,6-lutidine, DCM, �40 �C; (c) (1) KOH, THF; (2) BnBr, DMF; (d) (1). MsCl, NEt3, DCM, 0 �C � rt,
2 h; 2. Cyclen (2 equiv), DCM, rt, �50 �C; (e) tButyl 2-bromoacetate (3 equiv), K2CO3, MeCN, rt; (f) H2, Pd/C, MeOH (20% from 1); (g) (1). C8F17(CH2)3NH2, HATU, DIPEA, DMF, rt,
24 h; (2) F-SPE (88%).

Scheme 2. Reagents and conditions: (a) (1). C8F17(CH2)3NH2, HATU, DIPEA, DMF, rt,
24 h; (2). F-SPE (92%).
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demonstrate their compatibility with fluorous chemistry. Evalua-
tion of bioactive molecules tagged with the new chelating groups
as bimodal agents for hybrid molecular imaging is ongoing, and
will be reported in due course.

Potential chelating groups must have a site for attaching a bioac-
tive molecule as well as a site for attachment of the perfluorous tag
(Fig. 1). Initial investigations focused upon two strategies for the
Scheme 4. Reagents and conditions: (a) K

Scheme 3. Reagents and conditions: (a) K2CO3, MeCN, 50 �C, overnight (48%); (b) BF3�E
R = tBu; 51%, R = Bn); (d) bromo acetic acid, NaOH, THF/H2O, rt, overnight (43%); (e) 1M
introduction of a perfluorous group along with a point of attach-
ment for a bioactive molecule. In the first approach, chelating
groups were prepared initially and the perfluorous functionality
was introduced as the last step using commercially available 3-
(perfluorooctyl)propylamine (4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-
heptadecafluoroundecylamine, Sigma–Aldrich) (Scheme 1). Thus,
R-DOTA-AMP (2) was prepared in 6-steps and 20% overall yield
from (S)-5-oxotetrahydrofuran-2-carboxylic acid (1) as previously
described by Levy et al.7 With gram quantities of R-DOTA-AMP
(2) in hand, we initially attempted to couple it with 3-(perfluoro-
octyl)propylamine under standard peptide coupling conditions
(N,N0-dicyclohexylcarbodiimide or 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide), but the reaction proved sluggish and difficult
to purify. A much faster and cleaner coupling reaction proceeded
when O-(7-azabenzotriazol-1-yl)-N,N,N0,N0-tetramethyluronium
hexafluorophosphate (HATU) was used as the activating agent.
Purification of the crude reaction mixture by fluorous solid-phase
extraction (F-SPE) provided the perfluorinated analog of DOTA (3)
in 88% yield.8 In the case of the corresponding NOTA-analog,
commercially available starting material 4 (ChemTek) was treated
2CO3, MeCN, 50 �C, overnight (60%).

t2O, MeCN, 50 �C, 22 h (65%); (c) a-bromo ester, K2CO3, MeCN, rt, overnight (67%,
NaOH (aq), THF, 55 �C, 6 h (100%).
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in an analogous fashion to yield a perfluorinated analog of NOTA (5)
in 92% yield (Scheme 2).

The second approach utilized perfluorous epoxide 7 to
introduce the perfluorous tag at the start of the synthesis. Thus,
treatment of commercially available cyclen (6) with perfluorinated
epoxide 7 in the presence of potassium carbonate or boron
trifluoride etherate yielded DOTA intermediate 8 in 48% or 65%
yield, respectively, (Scheme 3).9 DOTA derivative 8 was allowed
to react with a-bromo esters to generate the tert-butyl- and ben-
zyl-protected perfluorinated analogs of DOTA 9a and 9b in 67%
and 51% yield, respectively. Alternatively, 8 could be coupled
directly with bromo acetic acid to provide the fully deprotected
chelating group 10 in 43% yield.10 These compounds were all frag-
ile white powders most readily purified by fluorous solid-phase
extraction (F-SPE) and isolated by lyophilization. Treating NOTA
11 with epoxide 7 also yielded the expected perfluorinated-NOTA
intermediate 12 in 60% yield. Surprisingly however, analogous
coupling reactions between NOTA-intermediate 12 and a-bromo
esters did not yield the desired products, although there is no obvi-
ous explanation for the decomposition products formed instead
(Scheme 4).

Finally, with a range of protected perfluorinated-chelating
groups in hand, conditions were explored for removal of the ester
protecting groups as the final step. Initial efforts focused upon
acid-mediated hydrolysis but this was quickly found to be ineffec-
tive and resulted in elimination of the perfluorous tag (and other
decomposition products) in the case of trifluoroacetic acid (TFA),
or recovery of starting material in the case of HCl. Therefore atten-
tion was turned to ester saponification using sodium hydroxide
which, in the case of protected-intermediates 9a and 9b, provided
perfluorinated-DOTA analog 10 in 67–100% yield (Scheme 3).

In conclusion, syntheses of novel NOTA and DOTA chelating
groups bearing perfluorinated appendages have been developed.
All compounds were characterized by NMR spectroscopy, elemen-
tal analysis, and/or high-resolution mass spectrometry, and gram
quantities are available for evaluation in hybrid molecular imaging
applications.
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