
Triazole Appending Agent (TAAG): A New Synthon for Preparing
Iodine-Based Molecular Imaging and Radiotherapy Agents
Alla Darwish,† Megan Blacker,‡ Nancy Janzen,† Stephanie M. Rathmann,† Shannon Czorny,†

Shawn M. Hillier,§ John L. Joyal,§ John W. Babich,§ and John F. Valliant*,†

†Department of Chemistry and Chemical Biology, McMaster University, 1280 Main Street West, Hamilton, Ontario L8S 4L8, Canada
‡Centre for Probe Development and Commercialization, McMaster University, 1280 Main Street West Hamilton, Ontario L8S 4K1,
Canada
§Molecular Insight Pharmaceuticals, 160 Second Street, Cambridge, Massachusetts 02142, United States

*S Supporting Information

ABSTRACT: A new prosthetic group referred to as the
triazole appending agent (TAAG) was developed as a means
to prepare targeted radioiodine-based molecular imaging and
therapy agents. Tributyltin-TAAG and the fluorous analogue
were synthesized in high yield using simple click chemistry and
the products labeled in greater than 95% RCY with 123I. A
TAAG derivative of an inhibitor of prostate-specific membrane
antigen was prepared and radiolabeled with 123I in 85% yield
where biodistribution studies in LNCap prostate cancer tumor
models showed rapid clearance of the agent from nontarget tissues and tumor accumulation of 20% injected dose g−1 at 1 h. The
results presented demonstrate that the TAAG group promotes minimal nonspecific binding and that labeled conjugates can
achieve high tumor uptake and exquisite target-to-nontarget ratios.
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Molecular imaging of cancer using isotopes of iodine is
becoming increasingly attractive because of the ability to

develop isostructural theranostics: agents that can be used for
both diagnosis and treatment.1−4 By simply changing the
isotope of iodine, it is possible to convert an effective positron
emission tomography (PET) or single photon emission
computed tomography (SPECT) imaging agent (based on
124I or 131I/123I, respectively) into a targeted therapeutic
compound (based on 125I or 131I) without altering the structure
of the molecule. Development of these types of agents is
hindered by the limited number of iodine-containing prosthetic
groups that are synthetically accessible, resistant to catabolism,
and can penetrate and be retained in tumors when appended to
the appropriate targeting vector.5−10 The focus to date has
largely been on iodobenzene-derived prosthetic groups, which
do not meet these criteria and are typically lipophilic, thereby
promoting nonspecific binding, particularly when appended to
small molecules.7

Radioiodinated heterocycles are an attractive alternative to
the existing benzene-derived prosthetic groups. Årstad et al.11,12

reported the preparation of trifunctional reagents for multiscale
imaging using both optical and nuclear techniques. 125I triazoles
were formed in situ when a click reaction was performed
between an alkyne-derived fluorophore and an azide-derived
active ester in the presence of NaI. Trigg and Avory in a recent
patent13 described the preparation of 123I-labeled acetylene,
which was “clicked” to form labeled heterocycles. We explored

the feasibility of preparing bifunctional tin-triazoles14−18 that
can be linked to targeting vectors such that the bioconjugates
can be isolated and ultimately radiolabeled and purified in a
single efficient step. The targets included both butyl and
fluorous tin derivatives where the latter is designed to allow for
single step labeling and chemoselective filtration to isolate the
desired product in high effective specific activity.19−21 We
discovered a versatile and stable class of compounds referred to
as the triazole appending agents (TAAGs) that can be used to
develop highly effective probes that clear rapidly from
nontarget tissues and that are able to penetrate tumor cells
when appended to the appropriate vector.
Tributyltinacetylene is commercially available and readily

undergoes a catalyst-free cycloaddition reaction with methyl 2-
azidoacetate (Scheme 1). Heating 1a and the azide in toluene
at reflux afforded the ester 2a in 81% yield where following
chromatographic purification only a single isomer was isolated.
The product is stable for several months when stored in the
freezer and protected from light. The fluorous analogue of 1a
was prepared by treating commercially available tris-
(1H,1H,2H,2H-perfluorooctyl)phenyltin with iodine followed
by ethynyl magnesium bromide. The product 1b can be
isolated or immediately combined with the appropriate azide
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where in the case of methyl 2-azidoacetate, 2b was obtained in
79% yield. There was no notable reactivity difference between
the fluorous and the alkyl tin derivatives.
The methyl esters 2a and 2b were hydrolyzed using aqueous

LiOH in greater than 90% yield. Iodination of 3a produced the
reference standard (4a) needed for the radiochemical reactions
in 95% yield. X-ray quality crystals were obtained, and the
structure (Figure 1), which was consistent with the 1H and 13C

NMR data, showed that a single isomer was isolated. The
length of the C−I bond in the triazole was 2.0617(18) Å as
compared to 2.097(9) Å in p-iodobenzoic acid.22 All bond
lengths and angles were comparable to other reported
triazoles.23,24

To test the reactivity and stability of the I-TAAG construct,
3a was treated with Na123I in the presence of peracetic acid.
Using 500 μg of precursor, the desired product 4b was obtained
in >95% radiochemical yield and >99% radiochemical purity.
Reactions were complete within 10 min, and the product was
isolated by semipreparative HPLC.
The log D of 4b was determined to be −2.58 ± 0.01 (at pH

7.4), which is more hydrophilic than p-iodobenzoic acid (log D
of 0.07 at pH 7.4). Compound 4b was stable over 48 h in
solution with no signs of deiodination. A biodistribution study
was performed to assess the extent to which the agent
deiodinates in vivo and binds nonspecifically to key tissues such
as the kidneys and liver. Compound 4b clears all major organs
quickly and collects in the bladder within 30 min (see the
Supporting Information for quantitative data). This, as noted
earlier, is a desirable feature of a prosthetic group being used to
develop targeted imaging and therapy agents.25

As a model vector, we chose a glutamate-urea-lysine
analogue, which is an inhibitor of prostate-specific membrane
antigen (PSMA): a protein that is overexpressed in prostate
cancer.26,27 The glu-urea-lys construct has been derivatized with
different radioisotopes including iodoaryl compounds and was
therefore an attractive agent for assessing the iodotriazole
synthon.28−32 Methyl ester 2a was coupled to tBu protected
glu-urea-lys at 60 °C for 24 h, and the product 5a was isolated

in 73% yield. The fluorous analogue 5b was prepared from the
ester 2b in 77% yield. The iodine standard 7a (Scheme 2) was

prepared by treating 5a with I2 followed by deprotection using
trifluoroacetic acid (TFA) where the product was isolated in
71% yield.
The PSMA-TAAG-tin ligand was radiolabeled using the

same oxidant system as for the free ligand, and the product 7b
was obtained in 85% yield and >99% radiochemical purity. The
log D of the product was determined to be −3.23 ± 0.05 (at
pH 7.4). The compound was administered to male NCr nude
mice containing LNCap tumors, which are known to express
PSMA. At 2 h postinjection, the images showed uptake of the
agent in the kidneys, bladder, and a small amount in the tumor.
At 24 h, the activity was found only in the tumor and in the
thyroid (Figure 2). The thyroid uptake, which was higher than

for 4b, is likely due to catabolism of the agent after prolonged
retention in vivo.33−37

Quantitative biodistribution studies showed that tumor
uptake was over 20% injected dose (ID) g−1 at 1 h, which
could be blocked to less than 2% ID g−1 by administering a
known PSMA blocking agent (PMPA). At 23 h, the agent still
retained 15% ID g−1 in the tumor, and the remaining activity
was in the thyroid (∼10% ID g−1).
The TAAG synthon is versatile in that it can be prepared by

taking a simple tin-alkyne and combining it with virtually any
azide, providing a scope of use that is analogous to 18F-alkynes
used to develop PET agents using click type chemistry.38−40

TAAG conjugates can be readily isolated, fully characterized,
and labeled using robust single step iodination methods, and
the products purified by HPLC or SPE where the former was
used here because of the high polarity of the compounds being
labeled. The results presented here demonstrate that the TAAG

Scheme 1. Synthesis of I-TAAG

Figure 1. ORTEP representation (50% thermal probability ellipsoids)
for I-TAAG (4a).

Scheme 2. Labelling of a TAAG-Derived PSMA Inhibitor

Figure 2. Fused scintigraphic-CT image (23 h postinjection; 37 MBq
of 7b administered via the tail vein) of NCr nude mice containing an
LNCap tumor. Quantitative biodistribution data can be found in the
Supporting Information.
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group promotes minimal nonspecific binding and that labeled
conjugates can achieve high tumor uptake and produce
exquisite target-to-nontarget ratios. The use of TAAG and
uniquely functionalized analogues provides an alternative to
conventional benzene-derived prosthetic groups and should
facilitate the development of a new generation of radioiodine-
based theranostics.
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(1) Rösch, F.; Baum, R. P. Generator-based PET radiopharmaceu-
ticals for molecular imaging of tumours: on the way to
THERANOSTICS. Dalton Trans. 2011, 40, 6104−6111.
(2) Agdeppa, E. D.; Spilker, M. E. A review of imaging agent
development. AAPS J. 2009, 11, 286−299.
(3) Lammers, T.; Aime, S.; Hennink, W. E.; Storm, G.; Kiessling, F.
Theranostic Nanomedicines. Acc. Chem. Res. 2011, 44, 1029−1038.
(4) Lopci, E.; Chiti, A.; Castellani, M. R.; Pepe, G.; Antunovic, L.;
Fanti, S.; Bombardieri, E. Matched pairs dosimetry: 124I/131I
metaiodobenzylguanidine and 124I/131I and 86Y/90Y antibodies. Eur. J.
Nucl. Med. Mol. Imaging 2011, 38 (Suppl. 1), S28−S40.
(5) Garg, P. K.; Slade, S. K.; Harrison, C. L.; Zalutsky, M. R. Labeling
proteins using aryl iodide acylation agents: influence of meta vs para
substitution on in vivo stability. Nucl. Med. Biol. 1989, 16, 669−673.
(6) Shankar, S.; Vaidyanathan, G.; Affleck, D.; Welsh, P. C.; Zalutsky,
M. R. N-Succinimidyl 3-[131I]Iodo-4-phosphonomethylbenzoate
([131I]SIPMB), a Negatively Charged Substituent-Bearing Acylation
Agent for the Radioiodination of Peptides and mAbs. Bioconjugate
Chem. 2003, 14, 331−341.
(7) Vaidyanathan, G.; Zalutsky, M. R.; DeGrado, T. R. Iodopyridine-
for-Iodobenzene Substitution for Use with Low Molecular Weight

Radiopharmaceuticals: Application to m-Iodobenzylguanidine. Bio-
conjugate Chem. 1998, 9, 758−764.
(8) Garg, S.; Garg, P. K.; Zalutsky, M. R. N-Succinimidyl 5-
(trialkylstannyl)-3-pyridinecarboxylates: A new class of reagents for
protein radioiodination. Bioconjugate Chem. 1991, 2, 50−56.
(9) Foulon, C. F.; Alston, K. L.; Zalutsky, M. R. Synthesis and
Preliminary Biological Evaluation of (3-Iodobenzoyl)norbiotinamide
and ((5-Iodo-3-pyridinyl)-carbonyl)norbiotinamide: Two Radioiodi-
nated Biotin Conjugates with Improved Stability. Bioconjugate Chem.
1997, 8, 179−186.
(10) Reist, C. J.; Garg, P. K.; Alston, K. L.; Bigner, D. D.; Zalutsky,
M. R. Radioiodination of internalizing monoclonal antibodies using N-
succinimidyl 5-iodo-3-pyridinecarboxylate. Cancer Res. 1996, 56,
4970−4977.
(11) Yan, R.; El-Emir, E.; Rajkumar, V.; Robson, M.; Jathoul, A. P.;
Pedley, R. B.; Årstad, E. One-Pot Synthesis of an 125I-Labeled
Trifunctional Reagent for Multiscale Imaging with Optical and Nuclear
Techniques. Angew. Chem., Int. Ed. 2011, 50, 6793−6795.
(12) Yan, R.; El-Emir, E.; Rajkumar, V.; Robson, M.; Jathoul, A. P.;
Pedley, R. B.; Årstad, E. One-Pot Synthesis of an 125I-Labeled
Trifunctional Reagent for Multiscale Imaging with Optical and Nuclear
Techniques. Angew. Chem. 2011, 123, 6925−6927.
(13) Avory, M.; Trigg, W. GE Healthcare Limited, WO 2011020907.
(14) Hanamoto, T.; Hakoshima, Y.; Egashira, M. Tributyl(3,3,3-
trifluoro-1-propynyl)stannane as an efficient reagent for the
preparation of various trifluoromethylated heterocyclic compounds.
Tetrahedron Lett. 2004, 45, 7573−7576.
(15) Ito, S.; Hirata, Y.; Nagatomi, Y.; Satoh, A.; Suzuki, G.; Kimura,
T.; Satow, A.; Maehara, S.; Hikichi, H.; Hata, M.; Ohta, H.;
Kawamoto, H. Discovery and biological profile of isoindolinone
derivatives as novel metabotropic glutamate receptor 1 antagonists: A
potential treatment for psychotic disorders. Bioorg. Med. Chem. Lett.
2009, 19, 5310−5313.
(16) Sakamoto, T.; Uchiyama, D.; Kondo, Y.; Yamanaka, H.
Synthesis and reaction of 1-phenyl-4-(trimethylstannyl)-1,2,3-triazoles.
Heterocycles 1993, 35, 1273−1278.
(17) Ito, S.; Satoh, A.; Nagatomi, Y.; Hirata, Y.; Suzuki, G.; Kimura,
T.; Satow, A.; Maehara, S.; Hikichi, H.; Hata, M.; Kawamoto, H.;
Ohta, H. Discovery and biological profile of 4-(1-aryltriazol-4-yl)-
tetrahydropyridines as an orally active new class of metabotropic
glutamate receptor 1 antagonist. Bioorg. Med. Chem. 2008, 16, 9817−
9829.
(18) Ali, H.; vanLier, J. E. Synthesis of radiopharmaceuticals via
organotin intermediates. Synthesis 1996, 4, 423−438.
(19) Donovan, A.; Forbes, J.; Dorff, P.; Schaffer, P.; Babich, J.;
Valliant, J. F. A New Strategy for Preparing Molecular Imaging and
Therapy Agents Using Fluorine-Rich (Fluorous) Soluble Supports. J.
Am. Chem. Soc. 2006, 128, 3536−3537.
(20) Bejot, R.; Fowler, T.; Carroll, L.; Boldon, S.; Moore, J. E.;
Declerck, J.; Gouverneur, V. Fluorous synthesis of 18F radiotracers
with the [18F]fluoride ion: Nucleophilic fluorination as the detagging
process. Angew. Chem., Int. Ed. 2009, 48, 586−589.
(21) Bejot, R.; Fowler, T.; Carroll, L.; Boldon, S.; Moore, J. E.;
Declerck, J.; Gouverneur, V. Fluorous synthesis of 18F radiotracers
with the [18F]fluoride ion: Nucleophilic fluorination as the detagging
process. Angew. Chem. 2009, 121, 594−597.
(22) Nygren, C. L.; Wilson, C. C.; Turner, J. F. C. On the Solid State
Structure of 4-Iodobenzoic Acid. J. Phys. Chem. A 2005, 109, 2586−
2593.
(23) Li, Y.-C.; Qi, C.; Li, S.-H.; Zhan, H.-J.; Sun, C.-H.; Yu, Y.-Z.;
Pang, S.-P. 1,1′-Azobis-1,2,3-triazole: A High-Nitrogen Compound
with Stable N8 Structure and Photochromism. J. Am. Chem. Soc. 2010,
132, 12172−12173.
(24) Domnin, I. N.; Remizova, L. A.; Starova, G. L.; Rominger, F.
Synthesis and properties of 5-alkynyl-1,2,3-triazoles. Russ. J. Org. Chem.
2009, 45, 1678−1682.
(25) Maresca, K. P.; Marquis, J. C.; Hillier, S. M.; Lu, G.; Femia, F. J.;
Zimmerman, C. N.; Eckelman, W. C.; Joyal, J. L.; Babich, J. W. Novel
Polar Single Amino Acid Chelates for Technetium-99m Tricarbonyl-

ACS Medicinal Chemistry Letters Letter

dx.doi.org/10.1021/ml300003v | ACS Med. Chem. Lett. 2012, 3, 313−316315

http://pubs.acs.org
http://pubs.acs.org
mailto:valliant@mcmaster.ca
mailto:www.johnvalliant.ca


Based Radiopharmaceuticals with Enhanced Renal Clearance:
Application to Octreotide. Bioconjugate Chem. 2010, 21, 1032−1042.
(26) Nan, F.; Bzdega, T.; Pshenichkin, S.; Wroblewski, J. T.;
Wroblewska, B.; Neale, J. H.; Kozikowski, A. P. Dual Function
Glutamate-Related Ligands: Discovery of a Novel, Potent Inhibitor of
Glutamate Carboxypeptidase II Possessing mGluR3 Agonist Activity. J.
Med. Chem. 2000, 43, 772−774.
(27) Kozikowski, A. P.; Nan, F.; Conti, P.; Zhang, J. H.; Ramadan, E.;
Bzdega, T.; Wroblewska, B.; Neale, J. H.; Pshenichkin, S.; Wroblewski,
J. T. Design of Remarkably Simple, Yet Potent Urea-Based Inhibitors
of Glutamate Carboxypeptidase II (NAALADase). J. Med. Chem. 2001,
44, 298−301.
(28) Maresca, K. P.; Hillier, S. M.; Femia, F. J.; Keith, D.; Barone, C.;
Joyal, J. L.; Zimmerman, C. N.; Kozikowski, A. P.; Barrett, J. A.;
Eckelman, W. C.; Babich, J. W. A series of halogenated heterodimeric
inhibitors of prostate specific membrane antigen (PSMA) as
radiolabeled probes for targeting prostate cancer. J. Med. Chem.
2009, 52, 347−357.
(29) Chen, Y.; Foss, C. A.; Byun, Y.; Nimmagadda, S.; Pullambhatla,
M.; Fox, J. J.; Castanares, M.; Lupold, S. E.; Babich, J. W.; Mease, R.
C.; Pomper, M. G. Radiohalogenated Prostate-Specific Membrane
Antigen (PSMA)-Based Ureas as Imaging Agents for Prostate Cancer.
J. Med. Chem. 2008, 51, 7933−7943.
(30) Foss, C. A.; Mease, R. C.; Fan, H.; Wang, Y.; Ravert, H. T.;
Dannals, R. F.; Olszewski, R. T.; Heston, W. D.; Kozikowski, A. P.;
Pomper, M. G. Radiolabeled Small-Molecule Ligands for Prostate-
Specific Membrane Antigen: In vivo Imaging in Experimental Models
of Prostate Cancer. Clin. Cancer Res. 2005, 11, 4022−4028.
(31) Hillier, S. M.; Maresca, K. P.; Femia, F. J.; Marquis, J. C.; Foss,
C. A.; Nguyen, N.; Zimmerman, C. N.; Barret, J. A.; Eckelman, W. C.;
Pomper, M. G.; Joyal, J. L.; Babich, J. W. Preclinical Evaluation of
Novel Glutamate-Urea-Lysine Analogues That Target Prostate-
Specific Membrane Antigen as Molecular Imaging Pharmaceuticals
for Prostate Cancer. Cancer Res. 2009, 69, 6932−6940.
(32) Hillier, S. M.; Kern, A. M.; Maresca, K. P.; Marquis, J. C.;
Eckelman, W. C.; Joyal, J. L.; Babich, J. W. 123I-MIP-1072, a small-
molecule inhibitor of prostate-specific membrane antigen, is effective
at monitoring tumor response to taxane therapy. J. Nucl. Med. 2011,
52, 1087−1093.
(33) Stanbury, J. B. Deiodination of the iodinated amino acids. Ann.
N.Y. Acad. Sci. 1960, 86 II, 417−439.
(34) Won, C. M. Kinetics of degradation of levothyroxine in aqueous
solution and in solid state. Pharm. Res. 1992, 9, 131−137.
(35) Dumont, F.; Slegers, G. Synthesis and in vivo evaluation of 7-
chloro-5-[123I]iodo-4-oxo-1,4-dihydroquinoline-2-carboxylic acid. Appl.
Radiat. Isot. 1997, 48, 1173−1177.
(36) Al Hussainy, R.; Verbeek, J.; van der Born, D.; Braker, A. H.;
Leysen, J. E.; Knol, R. J.; Booij, J.; Herscheid, J. D. M. Design,
Synthesis, Radiolabeling, and in Vitro and in Vivo Evaluation of
Bridgehead Iodinated Analogues of N-{2-[4-(2-Methoxyphenyl)-
piperazin-1-yl]ethyl}-N-(pyridin-2-yl)cyclohexanecarboxamide (WAY-
100635) as Potential SPECT Ligands for the 5-HT1A Receptor. J. Med.
Chem. 2011, 54, 3480−3491.
(37) Choi, T. H.; Ahn, S. H.; Kwon, H. C.; Choi, C. W.; Awh, O. D.;
Lim, S. M. In vivo comparison of IVDU and IVFRU in HSV1-TK gene
expressing tumor bearing rats. Appl. Radiat. Isot. 2004, 60, 15−21.
(38) Marik, J.; Sutcliffe, J. L. Click for PET: Rapid preparation of
[18F]fluoropeptides using CuI catalyzed 1,3-dipolar cycloaddition.
Tetrahedron Lett. 2006, 47, 6681−6684.
(39) Li, Z.-B.; Wu, Z.; Chen, K.; Chin, F. T.; Chen, X. Click
Chemistry for 18F-Labeling of RGD Peptides and microPET Imaging
of Tumor Integrin αvβ3 Expression. Bioconjugate Chem. 2007, 18,
1987−1994.
(40) Glaser, M.; Årstad, E. “Click Labeling” with 2-[18F]-
Fluoroethylazide for Positron Emission Tomography. Bioconjugate
Chem. 2007, 18, 989−993.

ACS Medicinal Chemistry Letters Letter

dx.doi.org/10.1021/ml300003v | ACS Med. Chem. Lett. 2012, 3, 313−316316


