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(3,2-HOPO) chelators—reaction of amines with a novel
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Abstract—The preparation of the new electrophilic iminium ester mesylate salt 5 and its reaction with primary and secondary
amines have been investigated. Aniline, t-butylamine, and secondary amines react with 5 via ring opening to give the
corresponding HOPO derivatives in high yields. The usefulness of this methodology has been demonstrated by the preparation of
two new di-HOPO derivatives 19 and 21. This method allows the introduction of the HOPO ligand onto a variety of amine
platforms without the concomitant formation of an amide bond and provides access to HOPO chelators of increased water
solubility. © 2002 Published by Elsevier Science Ltd.

Chelators carrying the dibasic 3-hydroxy-2-pyridinone
(3,2-HOPO) ligand, as well as its positional isomers
(1,2-HOPO and 3,4-HOPO) have been of interest due
to their strong Fe(III) binding properties and potential
applications in the treatment of patients suffering from
iron overload diseases (�-thalassemia also known as
Cooley’s Anemia).1 Polyhydroxypyridinone derivatives
also form strong and stable complexes with Gd(III)
that make them potentially useful as relaxation agents
in magnetic resonance imaging (MRI) applications.2

Several hydroxypyridinones, including di, tri and tetra
HOPO derivatives have also been examined for their
ability to achieve in vivo clearance of actinide ions.3

Such agents may be useful for the treatment of patients
exposed to actinides such as Pu(IV). The incorporation

of 3-hydroxy-2-pyridinone ligands into calix[4]arenes
has been shown to yield useful Th(IV) extractants.4

Chelating resins with hydroxypyridinone ligands have
been investigated for their ability to achieve the separa-
tion of actinides present in radioactive waste streams.5

For both therapeutic and imaging applications, syn-
thetic methods leading to poly HOPO derivatives that
have the requisite water solubility and ability to form
strong complexes with the target cation are needed. The
most common method for the preparation of 3,2- as
well as 1,2-HOPO derivatives involves the coupling of
an amine with an activated carboxylic acid linker on or
attached to the pyridinone ring system.2a,6 One draw-
back of this approach is that the resultant HOPO
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derivatives usually have limited aqueous solubility due
to the presence of the polyamide linkages. The direct
alkylation of 2,3-dihydroxypyridine on a trimesylate
has been reported to yield a tri 3,2-HOPO derivative in
low yields.7 This reaction requires harsh conditions and
the highly polar product was difficult to purify. In
conjunction with our program to develop selective
chelators8 for actinides and trivalent cations such as
Fe(III) and Gd(III), we desired a new method that
would allow the easy incorporation of the 3,2-HOPO
ligand onto a variety of platforms. The initial goal was
to develop an electrophilic reagent that would allow the
ready incorporation of 3,2-HOPO groups onto amines
without formation of an amide linkage in the coupling
step, in turn resulting in chelators with improved water
solubility. In this paper, we disclose a new convenient
method for the preparation of a variety of 3,2-HOPO
derivatives using such a strategy.

The cesium fluoride (10 mol%) assisted Michael reac-
tion of 2,3-dihydroxypyridine (2,3-DHP) 1 with ethyl
acrylate in refluxing acetonitrile gave the corresponding
ester 2 in good yields (Scheme 1).9 Very little of the
desired product 2 was formed when 2,3-DHP was
refluxed with excess ethyl acrylate under neutral or
acetic acid catalysis. Subsequent O-benzylation of 2
using standard conditions (K2CO3/acetonitrile/reflux)
followed by reduction of the ester moiety (BH3·THF,
rt) gave alcohol 3 in 90% yield after chromatography.
Treatment of the alcohol 3 with methanesulfonic anhy-
dride in dichloromethane in the presence of triethyl-
amine led directly to the formation of the desired cyclic
salt 5 (�85–90%) along with some of the intermediate
mesylate 4 (�10–15%), as determined by 1H NMR
spectral analysis. Complete conversion to the cyclic salt
5 could be achieved by stirring the crude product
mixture from the mesylation in chloroform at room
temperature. After trituration with hot ethyl acetate,
the salt 5 was isolated as a pale white solid in 92% yield
in high purity.10

The reaction of the mesylate salt 5 with primary and
secondary amines was then investigated. At the outset,
there was concern that the desired ring opening reac-
tion of the salt (path A) with amines to yield HOPO
derivatives may compete with attack at the iminium
center (path B) yielding undesired amidines (Scheme 2).
This concern proved quite real. When salt 5 was reacted
with excess amylamine (neat) at room temperature
(condition a, Table 1, entry 1), only one product was

isolated in high purity from the reaction after an
aqueous workup. Careful spectral analysis showed that
the isolated product was the amidine, 7, formed via
path B and not the desired amino HOPO derivative, 6,
expected from path A. For structural verification, a
sample of 6 was prepared via an alternate route.11 The
amidine 712 could be readily distinguished from the
amine derivative 6 by chemical shift differences in their
1H NMR spectra. A number of other experimental
conditions were tried to alter the mode of the ring
opening of 5 with amylamine but with no success. For
example, treatment of salt 5 with 3 equiv. of amylamine
in acetonitrile also gave the amidine product in 93%
yield (condition b, Table 1).

The reaction of salt 5 was then examined with several
primary amines to understand the effects of electronic
and steric factors on the preferred mode of nucleophilic
attack (path A or B) (Table 1). The reaction of salt 5
with benzylamine (conditions a or b) was similar to the
reaction with amylamine and gave only the amidine 8
(Table 1, entry 2). In general, the neat conditions
(condition a) gave amidines of higher purity and hence
the products were easier to purify.

However, it was found that some primary amines were
capable of nucleophilic attack on the salt 5 via path A
to give the desired HOPO derivatives. The sterically
hindered t-butylamine reacted with 5 to give the corre-
sponding HOPO derivative, 9 (Table 1, entry 3) in high
yield. The reaction of salt 5 with aniline also followed
path A and gave high yields of HOPO derivative 10,
but required heating at 60°C (Table 1, entry 4).

The reaction of salt 5 with secondary amines proceeded
via path A to give the corresponding HOPO derivatives
in high yields (Table 1, entries 5–8). In fact ring open-
ing of salt 5 was quite efficient and could be effected
using 1.2 equiv. of the desired amine in the presence of
triethylamine in acetonitrile at 60°C.13 Even sterically
hindered dibenzylamine (Table 1, entry 7) and N-
methylaniline (Table 1, entry 8) were effective nucle-
ophiles and gave the desired products in good yields.

To enlarge the synthetic usage of salt 5, its reaction
with azide anion (ammonia equivalent) has also been
investigated. Ring opening of salt 5 with azide followed
by reduction should lead to a HOPO derivative having
a primary amino group suitable for further attachment
to biomolecules. The reaction of 5 with 1.2 equiv. of
sodium azide in acetonitrile in the presence of 2 equiv.

Scheme 2.
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Table 1. Reaction of amines with mesylate salt 5

of triethylamine gave the desired azido derivative 15 in
88% yield (Eq. (1)). Treatment of azide 15 with
triphenylphosphine in THF at room temperature gave
16 in excellent yield after an aqueous workup. Amine
16 was deprotected using 1:1 conc. HBr/glacial acetic
acid to give HOPO, 17, as its hydrobromide.2b

Finally, the utility of our new methodology has been
demonstrated by the preparation of two new dihy-
droxypyridinone chelators 19 and 21, which are
HOPO analogs of the well known dihydroxamate

siderophore rhodotorulic acid.14 Treatment of piper-
azine (1 equiv.) with the mesylate salt 5 (3 equiv.) in
triethylamine (4 equiv.) in acetonitrile (55°C) led to
the formation of 18 in 93% yield after purification.
Debenzylation with HBr/AcOH (1:1) gave the dihy-
droxypyridinone 19 in 93% yield as its hydrobromide
salt (Eq. (2)).2b Similarly, the diHOPO chelator 21 was
prepared in good yields from N,N �-dimethylpropanedi-
amine in two steps (Eq. (3)). As predicted, both chela-
tors 19 and 21 exhibit good water solubility over a
wide pH range.

(1)

(2)
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(3)

In conclusion, the mesylate salt 5 is a convenient
reagent for the incorporation of the 3,2-HOPO moiety
onto a variety of amine platforms. This methodology
leads to HOPO derivatives without concomitant forma-
tion of an amide linkage and hence leads to chelators
with better aqueous solubility. It is clear that the elec-
tronic and steric nature of the primary amine determine
the site of the reaction of 5 (path A versus path B),
while secondary amines react predictably via path A
leading to the desired HOPO derivatives. The commer-
cial availability of a number of aromatic polyamines
and secondary polyamines should allow access to a
structurally diverse group of HOPO chelators using this
strategy. The preparation of two new dihydroxypyridi-
none analogs 19 and 21 clearly demonstrates the poten-
tial of this methodology.
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Houpert, P.; Durbin, P. W.; Raymond, K. N. Int. J.
Radiat. Biol. 2000, 76, 113; (f) Xu, J.; Radkov, W.;
Ziegler, M.; Raymond, K. N. Inorg. Chem. 2000, 39,
4156; (g) Stradling, G. N.; Hengé-Napoli, M.-H.; Paquet,
F.; Poncy, J.-L.; Fritsch, P.; Taylor, D. M. Radiation
Protection Dosimetry 2000, 87, 19.

4. Lambert, T. N.; Dasaradhi, L.; Huber, V. J.; Gopalan, A.
S. J. Org. Chem. 1999, 64, 6097.

5. (a) Zhao, P.; Romanovski, V. V.; Whisenhunt, D. W., Jr.;
Hoffman, D. C.; Mohs, T. R.; Xu, J.; Raymond, K. N.
Solvent Extraction and Ion Exchange 1999, 17, 1327; (b)
Feng, M.; van der Does, L.; Bantjes, A. J. Appl. Polym.
Sci. 1995, 56, 1231.

6. (a) Rai, B. L.; Khodr, H.; Hider, R. C. Tetrahedron 1999,
55, 1129; (b) Meyer, M.; Telford, J. R.; Cohen, S. M.;
White, D. J.; Xu, J.; Raymond, K. N. J. Am. Chem. Soc.
1997, 119, 10093.

7. Sun, Y.; Motekaitis, R. J.; Martell, A. E. Inorg. Chim.
Acta 1998, 281, 60.

8. (a) Gopalan, A.; Huber, V.; Koshti, N.; Jacobs, H.;
Zincircioglu, O.; Jarvinen, G.; Smith, P. In Separations of
f Elements; Nash, K. L.; Choppin, G.R., Eds. Synthesis
and Evaluation of Polyhydroxamate Chelators for the
Selective Actinide Ion Sequestration. Plenum: New York,
1995; pp.77–98; (b) Koshti, N.; Huber, V.; Smith, P.;
Gopalan, A. S. Tetrahedron 1994, 50, 2657; (c) Koshti, N.
M.; Jacobs, H. K.; Martin, P. A.; Smith, P. H.; Gopalan,
A. S. Tetrahedron Lett. 1994, 35, 5157.

9. Clark, J. H. Chem. Rev. 1980, 80, 429.
10. Methanesulfonic anhydride (2.5 g, 14.4 mmol) was added

portionwise to a solution of HOPO alcohol 3 (2.5 g, 9.6
mmol) in dry CH2Cl2 (10 mL) and triethylamine (1.95 g,
19.3 mmol) at 0°C under N2. The reaction was stirred at
0°C for 1 h and then at rt for 1 h. The CH2Cl2 was
removed under reduced pressure. The residue was dis-
solved in CHCl3 and stirred overnight at rt. The solvent
was removed in vacuo and the residue was triturated with
hot ethyl acetate (4×25 mL). The resulting solid was dried
in vacuo to give 5 as a pale white solid (3.0 g, 92%): mp
108–110°C; IR (neat) 3436, 1639 cm−1; 1H NMR (200
MHz, CDCl3) � 2.52 (m, 2H), 2.69 (s, 3H), 4.87 (t, J=5.5
Hz, 2H), 4.98 (t, J=6.0 Hz, 2H), 5.21 (s, 2H), 7.28 (t,
J=7.4 Hz, 1H), 7.37–7.44 (m, 5H), 7.62 (dd, J=8.3 and
1.2 Hz, 1H), 8.22 (dd, J=6.6 and 1.3 Hz, 1H). Anal.
calcd for C16H19NO5S: C, 56.96; H, 5.68; N, 4.15; found:
C, 56.63; H, 5.56; N, 4.19%.

11. An authentic sample of 6 was prepared by conversion of
the alcohol 3 to the corresponding chloride (PPh3, CCl4)
followed by its reaction with neat amylamine at rt. Spec-
tral data for 6: 1H NMR (200 MHz, CDCl3) � 0.89 (t,
J=6.7 Hz, 3H), 1.22–1.39 (m, 4H), 1.42–1.58 (m, 2H),
1.90–2.04 (m, 2H), 2.39 (br s, 1H), 2.61 (unres q, 4H),
4.07 (t, J=6.8 Hz, 2H), 5.11 (s, 2H), 6.02 (t, J=7.2 Hz,
1H), 6.64 (dd, J=7.4 and 1.6 Hz, 1H), 6.95 (dd, J=6.9
and 1.7 Hz, 1H), 7.29–7.46 (m, 5H).



T. N. Lambert et al. / Tetrahedron Letters 43 (2002) 7379–7383 7383

12. Spectral data for 7: 1H NMR (200 MHz, CDCl3) � 0.82
(t, J=6.8 Hz, 3H), 1.10–1.30 (m, 4H), 1.44–1.62 (m,
2H), 1.78–1.90 (m, 2H), 3.47 (t, J=5.4 Hz, 2H), 3.78 (t,
J=7.6 Hz, 2H), 4.06 (t, J=5.9 Hz, 2H), 4.88 (s, 2H),
5.65 (t, J=7.1 Hz, 1H), 6.25 (dd, J=7.0 and 1.2 Hz, 1H),
6.64 (dd, J=6.9 and 1.4 Hz, 1H), 7.34–7.41 (m, 5H).

13. A solution of salt 5 (0.206 g, 0.610 mmol), N-methyl-
benzylamine (0.089 g, 0.732 mmol) and triethylamine
(0.123 g, 1.22 mmol) in acetonitrile (3 mL) was heated
at 60°C for 2 days under N2. The reaction was then
diluted with dichloromethane (50 mL) and washed with
saturated NaHCO3 (50 mL). The aqueous layer was
extracted once more with dichloromethane (25 mL). The
combined organic extracts were dried (Na2SO4), the sol-

vent removed in vacuo and the excess N-methylbenzyl-
amine removed via vacuum distillation to give 12 as a
colorless oil (0.206 g, 93%). IR (neat) 1606, 1652 cm−1;
1H NMR (200 MHz, CDCl3) � 1.91–2.05 (m, 2H), 2.20
(s, 3H), 2.41 (t, J=6.6 Hz, 2H), 3.48 (s, 2H), 4.04 (t,
J=6.9 Hz, 2H), 5.11 (s, 2H), 5.94 (t, J=7.1 Hz, 1H),
6.62 (dd, J=7.4 and 1.6 Hz, 1H), 6.85 (dd, J=6.9 and
1.7 Hz, 1H), 7.24–7.46 (m, 10H). Anal. calcd for
C23H26N2O2: C, 76.20; H, 7.15; N, 7.73; found: C,
75.82; H, 7.23; N, 7.59%.

14. (a) Scarrow, R. C.; White, D. L.; Raymond, K. N. J.
Am. Chem. Soc. 1985, 107, 6540; (b) Barclay, S. J.;
Huynh, B. H.; Raymond, K. N. J. Chem. Soc., Dalton
Trans. 1995, 2565.


	New methodology for the preparation of 3-hydroxy-2-pyridinone (3,2-HOPO) chelatorsreaction of amines with a n...
	Acknowledgements
	References


