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The design and synthesis of chelators for specific binding F9ure 2. Diversity reagent@{1-2} alkynes for the preparation
. . e B i .~ of acrylate chemseA.
of metal ions, especially those classified as “hard” Lewis

acids, are of both pharmacological and environmental in- 4 HN_~ NH, NH, NH, NH, NH,
terest. Extractions of radioactive actinides,such as plutonium , NH, [
and americium, are i i ioacti A2 14 1 16 )

, potentially useful in radioactive waste HN. ) HN
remediatiort. Chelators could also be used medically to carry 3 HN A~

; 99 2 ; : HAN

metal ions, such as ®a®*"Tc, or In" 2 for removal of toxic 4 HN__~_~_NH, j
metal (PW, UY') 3 or for treatment of metabolism disorders N HN 0
(F"). The development of an ideal chelating agent must TN, 7 NH
be the result of a subtle balance of manifold parameters. It ® HN~ o~~~y NH,
is an established fact that the efficiency (binding and 7 HN_~_ ~_~_~_NH, HN~
selectivity) of a ligand depends crucially on an electronic, g uN_~_~_~_~_~ N °
geometric, and steric interplay between the molecule and the NH: H,NH

.. . . .1 9 HN NH
metal center. Moreover, for clinical use, good bioavailability Y

and toxicity properties are essential; they are influenced by 70 HzN\/\O/\/O\/\NHz
the lipophilicity, ionization state, and molecular size of the ¢ HZN\/\/H\/\/\NH
compound.Because of these numerous interrelated variables, 2
combinatorial approaches are of great interest in this field. 72 HzN\></NHz
Furthermore, the diversity of libraries is here an essential /\

asset because of the difficulty in forecasting structure NI VAN L
activity relationships in biological studies. Although some Figure 3. Diversity reagent${1—18}: polyamine scaffolds for
combinatorial approaches to the synthesis of chelating agentghe ligand library.3{17} and3{18} were synthesized by known
have already been described to datmne of them has led ~ Procedures:is

to important structural variations that would allow the

0 o) o]
N . 0 o0
optimization of all parameters detailed above. H,C CH;)—( 9_{ @-{
)J\OJ\ T[ 4 ¢l cl cl
3 4

We report here a modular approach to structurally diverse
multidentate ligands with the aim of synthesizing a library 1 2
that could be screened for diverse applications. Thus, weFigure 4. Diversity reagentgf{ 1-4}: acylating agents for ligand
developed a solution-phase parallel synthesis that allows thdibrary.
incorporation (_)f four sources of diversity. The main feature the Michael addition of the amine scaffcddo the acrylate
of the synthesis is the modular assembly of three chemsets, : " ; )
namely amine scaffol@, acrylateA and acylating agert A. Michael additions of primary amines are rarely used for
(Scheme 1). The amir;e scaffosi (dipodal, tripodal, tet- parallel solution-phase synthesis because of their reversibility
rapodal, ...) determines the architecture and the denticity of and S'ds reactions Iegdmg to m|>§t'ures of polyaqqmon
the ligand. The bifunctionalized acrylate which is prepared products. In our experlmental Condl_tlons, monoadd!tlons
from the two first chemsetsand2, allows the incorporation proceed very selectively, thus allowing further functional-

of chelating moieties on the scaffold. Reagent chemset ization of the corresponding secondary amines with the
. : . acylating agen#l. The obtained chemsstleads to the final
allows modulation of another property of the chelates, in

. o o . .. products6 after a quantitative deprotection step. Chemsets
this case, its lipophilicity. The key step in the synthesis is 1,2, 3, and4 are shown in Figures-4. The combination
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Scheme 1.Modular Synthesis of Multidentate Ligands
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L* and L are respectively protected and unprotected chelating functions. Library size2(2 18 x 4 = 288).

Scheme 2. Synthesis of Mixed Acrylates
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Scheme 3.Reaction of Acrylate#\ with Ethylene Diamine
3{1} and Acetic Anhydrided{ 1}
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Scheme 4.Preparation 06{1,1,11,1}: Chemoselectivity for
Primary Amines

H
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“hard” Lewis acid chelating functions,
(Scheme 2).

in good yields

The reactivity of acrylates on primary amines has been
studied using{ 1} as a model scaffold (Scheme 3). The two
amino sites of3{ 1} undergo very smooth Michael addition
to reagentsA{1,1} or A{2,1} at room temperature. Using
2.1 equiv of these acrylates, the reaction is complete after
30 min, leading cleanly to the product of double monoad-
dition on 3{1}. Acrylates A{1,2} and A{2,2} are less
reactive, but reactions still proceed selectively and in good
yields. After in situ acetylation with A© 4{1}, the
corresponding adducts are easily amenable to purification
using filtration through silica gel.

OBn IR ,N OBn

o o
5{2,1,1,1} - 68%

BnO~ /£\—/}\ ~OBn

5(2,2,1,1} - 72%

a) A{1,1} (2.1 equiv), 25°C, THF, 30 min; (b)A{2,1} (2.1 equiv), 25
°C, THF, 30 min; (c)A{1,2} (2.1 equiv), 25°C, THF, 12 h; (d)A{2,2}
(2.1 equiv), 45°C, THF, 12h; and (e¥{ 1} (5 equiv), 25°C, THF, 15 min.

nucleophiles. Thus, combination of alkynodteith pyridone
derivativel led to four acrylateg\, containing well-known
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Figure 5. Library of chelates6. Michael addition and acylating procedures are given as Supporting Information. Hydrogenation
procedures: (a) f+Pd/C, 253C, DMF, 14 h; (b) 1,4-cyclohexadiene-Pd/C, DMF, 24 h; (c) HCQXH,", Pd/C ,DMF/HO, 25C, 2 h.
Global yields are indicated.

The use of spermiding{ 11} illustrates the chemoselec- monium formate, were used. The latter was found to be the
tivity for primary amines of the reaction. In the reaction of most efficient.

2.1 equiv of the acrylatA{ 1,1}, and after the acylating step Following the methodologies outlined above, we synthe-
with 4{1}, 5{1,1,11,1} is obtained as the single product sized a library of 45 chelates (Figure 5). All of these mole-
(Scheme 4). cules, except those containing tripodal or tetrapodal scaffolds

The benzyl protective groups are removed by catalytic 3{16—18}, were prepared in 3-mL-well microplates using
hydrogenation using 5% Pd/C, affording the target chelatesfast purification protocols by filtration through silica (normal
in high purities and good yields. Three different sources of and reverse-phase) cartridges. Members of chefbate
hydrogen, namely KHgas, 1,4-cyclohexadiene, and am- been characterized bYH NMR analysis, which revealed
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estimated>85% purity in each case and yields ranging from  (2) (a) Malin, R.; Steinbrecher, R.; Jannsen, J.; Semmler, W.;
48 (5{1,1,18,1) to 95%. After the quantitative deprotection Noll, B.; Johannsen, B.; Fromel, C.; Héne, W.; Schneider-
step, ligandss are obtained with good purities. However, Mergener, J.J. Am. Chem. Sod995 117, 11821-11822.
for handling reasons, the ligands were dissolved in methanol (b) Guo, Z.; Sadler, P. Angew. Chem1999 111, 1610-

L " . S 1630;Angew. Chem., Int. Ed. Endl999 38, 1512-1531.
and precipitated by addition of diethyl ether. The precipitation (c) Sun, Y. Martell, A. E.. Welch, M. Jretrahedror 991,

step affords compoundsas solids (from 10 to 40 mg), but 47, 8863-8868.
in some cases, this is the reason for poor yields (Figure 5). (3) (a) Xu, J.; Kullgren, B.; Durbin, P. W.; Raymond, K. BL
Each chemse8 member has been characterizedByNMR Med. Chem1995 38, 2606-2614. (b) White, D. L.; Durbin,
analysis, which revealed estimate&5% purity in all cases. P. W.; Raymond, K. NJ. Med. Chem198§ 31, 11-18.
Mass spectral analysis of all products afforded molecular (c) Neu, M. P.; Matonic, J. H.; Ruggiero, C. E.; Scott, B. L.
ors except fo6(11170) S(LLIG, 6(1132) and A Cheriond 112 160¢ 1505 angew. Crem,
. 1 H 1 . ] . ’ - ’ - 1
fjrii'&‘?}’ however,"H NMR analysis confirms the struc- P.; Gopalan, A. STetrahedron1994 50, 2657-2664. (e)
) . . Xu, J.; Radkow, E.; Ziegler, M.; Raymond, K. Nhorg.
In conclusion, we have developed a modular synthesis Chem.200Q 39, 4156-4164. (f) Whisenhunt, D. W., Jr.:
of new multidentate metal ligands, allowing the incorporation Neu, M. P.; Hou, Z.; Xu, J.; Hoffman, D. C.; Raymond, K.
of four sources of diversity. This synthetic strategy allows N. Inorg. Chem.1996 35, 4128-4136. (g) Uhlir, L. C.;
modulation of the architecture, denticity, nature of the Durbin, P. W.; Jeung, N.; Raymond, K. N. Med. Chem.
chelating functions, and lipophilicity of chelates. The general 1993 36, 504-509.

value of the approach was demonstrated by synthesis and (4) (&) Liu, Z. D.; Hider, R. CMed. Res. Re 2001, 22, 26—
64. (b) Crisponi, G.; Nurchi, V. M.; Silvagni, R.; Faa, G.

characterization of 45 highly structurally diverse compounds. Polyhedron1999 18, 3219-3226. (c) Miller, M. J.Chem
Thus, the developed methodology opens a rather general Re}./ 1989 89 1563-1579. ' T '
access to a broad variety of new ligands. The binding of (5) (a) Liu, Z. D.'; Hider, R. CCoord. Chem. Re 2002 232,

these molecules to “hard” metals, including iron(iii), pluto- 151—-171. (b) Andersen, OChem. Re. 1999 99, 2683
nium(iv), and uranium(vi), is under investigation. All of these 2710.
results will be reported separately. (6) (a) Karunaratne, V.; Hoveyda, H. R.; Orvig, Tetrahedron

Lett. 1992 33, 1827-1830. (b) Bergbreiter, D. E.; Koshti,
N.; Franchina, J. G.; Frels, J. Bingew. Chem200Q 112
1081-1084;Angew. Chem., Int. EQ00Q 39, 1040-1042.
(c) Francis, M. B.; Finney, N. S.; Jacobsen, E. N.Am.

Supporting Information Available. General Experi-
mental Section with characterization data (NMR, MS) for

chemsetd\, 5, and6. Spectral reproduction for chemgkt Chem. Soc1996 118 8983-8984. (d) Burger, M. T.; Still
and representative spectral reproduction for chensatsd W. C.J. Org. Chem1995 60, 7382-7383. (e) Opatz, T.;
6. This material is available free of charge via the Internet Liskamp, R. M. J.J. Comb. Chen2002 4, 275-284.
at http://pubs.acs.org. (7) Koshti, N. M.; Jacobs, H. K.; Martin, P. A.; Smith, P. H.;
Gopalan, A. STetrahedron Lett1994 35, 5157-5160.
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