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Uranyl Sequestering Agents: Correlation of Properties and Efficacy with Structure for
UO,*t Complexes of Linear Tetradentate 1-Methyl-3-hydroxy-2(H)-pyridinone Ligands?
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A rational design of uranyl sequestering agents based on 3-hydrok)-pgxidinone ligands has resulted in the

first effective agents for mammalian uranyl decorporation. In this study crystal structures of uranyl complexes
with four of these agents are compared and correlated with the chemical and biological properties. These
hydroxypyridinone ligands bind the uranyl ion in the equator of a pentagonal prism; a solvent molecule fills the
fifth coordination site. The tetradentate ligands are composed of two hydroxypyridonate groups connected by a
diamine linker via amide coupling. The dihedral angles between two pyridinone ring planes in these complexes
differ as the length of linear backbone changes, giving these molecules a ruffled shape. The physical parameters
(such as NMR chemical shifts) of the uranyl complexes with tetradentate Me-3,2-HOPO ligands correlate with
the length of the diamine linker, as does the in vivo activity. The ligands are amides of 3-hydimethyl-2-
(1H)-4-carboxypyridone. For Lthe amine is propane amine. For the tetradentate bis-amides the linker groups
are (L) 1,3-diaminopropane, (1) 1,4-diaminobutane, @ 1,5-diaminopentane. Crystal data: [&{O",-DMF],

space groupC2/c, cell constants:a = 37.430(8) Ab = 7.0808(14) Ac = 26.781(5) A8 = 130.17(3}, V =

5424(2) B, Z= 8. [UO,L3-DMSO0], Pnmg a = 8.4113(1) A = 16.0140(3) Ac = 16.7339(3) AV = 2254.03-

(5) A3, Z = 4. [UO,L4DMSO]-DMSO-H,0:0.5GH12, P21/, a = 26.7382(4) Ab = 7.4472(1) A,c = 31.4876-

(2) A, V = 6209.05(13) & Z = 8. [UO,L>-DMSO]-DMSO, Pnma a = 7.3808(1) A,b = 14.7403(3) Ac =
23.1341(3) AV = 2516.88(8) &, Z = 4.

Introduction Uranium(VI) (UG2") causes kidney damage from chemical
A goal of the research in this laboratory has been the interactions:>¢and internally deposited high specific activity
development of specific chelators for the actinideés.One uranium isotopes can cause bone cantaithough sought for

important application of such agents is chelation therapy to Many years, no synthetic ligand has been able to reduce
remove accidentally incorporated actinides, thereby reducing Significantly the deposition of toxic amounts of uranyl ion in
health hazards caused by internal deposits-particle emitting  tissues, particularly kidney and bote?* Increased handling
radionuclided. Several multidentate ligands prepared in this of uranium in the nuclear fuel cycle worldwide and the threat
laboratory (containing catecholamide (CAM) or hydroxypyri-
dinone (HOPO) metal binding units attached to suitable mo- (8) Durbin, P. W.; Jeung, N.; Jones, E. S.; Weitl, F. L.; Raymond, K. N.

: A . o Radiat. Res1984 99, 85—105.
lecular linkers through amide linkages) are highly effective in (9) White, D. L.- Durbin, P. W.: Jeung, N.: Raymond, K.\ Med. Chem.

animal models for decorporation of Pu(lV), Th(lV), and 1988 31, 11-18.
Am(lll).8-14 (10) Xu, J.; Durbin, P. W.; Kullgren, B.; Raymond, K. N. Med. Chem.
1995 38, 2606-2614.
* To whom correspondence should be addressed. (11) Durbin, P. W.; Kullgren, B.; Jeung, N.; Xu, J.; Rodgers, S. J.;

(1) This paper is number 39 in the series “Specific Sequestering Agents Raymond, K. N.Hum. Exp. Toxicol1996 15, 352—-360.
for the Actinides”. The previous papers in this series (the most recent (12) Stradling, G. N.; Gray, S. A.; Ellender, M.; Moody, J. C.; Hodgson,

given first) are: Durbin, P. W.; Kullgren, B.; Xu, J.; Raymond, K. A.; Pearce, M.; Wilson, |.; Burgada, R.; Bailly, T. P.; Leroux; Y. G.;
N.; Allen, P. G.; Bucher, J. J.; Edelstein, N. M.; Shuh, D.Health El Manouni, D.; Raymond, K. N.; Durbin, P. Wht. J. Radiat. Biol.
Phys. 1998 75, 34—50; Volf, V.; Burgada, R.; Raymond, K. N.; 1992 62,487—-497.
Durbin; P. W.Int. J. Radiat. Biol.1996 70,765-772; refs 30 and 11 (13) Volf, V.; Burgada, R.; Raymond, K. N.; Durbin, P. \d/.Radiat. Biol
in this paper; Volf, V.; Burgada, R.; Raymond, K. N.; Durbin, P. W. 1993 63, 785-793.
Int. J. Radiat. Biol.1996 70, 109—-114; Stradling, G. N.; Gray, S. (14) Stradling, G. N.; Gray, S. A.; Pearce, M. J.; Wilson, I.; Moody, J. C.;
A.; Pearce, M. J.; Wilson, I.; Moody, J. C.; Hodgson, A.; Raymond, Burgada, R.; Durbin, P. W.; Raymond, K. Num. Exp. Toxicol1995
K. N. NRPB-M534 Report, January, 1995. 14, 165-169.
(2) Durbin, P. W.; Raymond K. NThe Design, Synthesis anddtuation (15) Hodge, H. C. InUranium, Plutonium, Transuranium Elements
of Sequestering Agents Specific for Plutonium(Rfpceedings of The Springer-Verlag: Berlin, Germany, 1973; pp-68.
First Hanford Separation Science Workshop, July-28, 1991, (16) Yuile, C. L. In: Uranium, Plutonium, Transuranium Elements
Richland, WA; Publication PNL-SA-21775, 1993. Springer-Verlag: Berlin, Germany, 1973; pp 16H6.
(3) Raymond, K. N. InEnvironmental Inorganic Chemistry VCH (17) Finkel, M. P.Proc. Soc. Exp. Biol. Medl953,83, 494—498.
Publishers: Deerfield Beach, FL, 1985; pp 3347. (18) Gindler, J. EUranium, Plutonium, Transuranium Elemen@pringer-
(4) Raymond, K. N.; Freeman, G. E.; Kappel, M.Idorg. Chem. Acta Verlag: Berlin, Germany, 1973; pp 69.64.
1984 94, 193-204. (19) Domingo, J. L.; Ortega, A.; Llobet, J. M.; Paternain, J. L.; Corbella,
(5) Franczyk, T. S.; Czerwinski; K. R.; Raymond, K. Bl. Am. Chem. J. Res. Commun. Pathol. Pharmac&b89 64, 161-164.
Soc 1992 114, 8138-8146. (20) Stradling, G. N.; Gray, S. A.; Moody, J. C.; Ellender, Num. Exp.
(6) Walton, P. H.; Raymond, K. Nnorg Chim. Actal996 240, 593. Toxicol. 1991 10, 195-198.
(7) Raymond, K. N.; Smith, W. LStructure Bondindl981, 43, 159— (21) Archimbaud, M.; Henge-Napoli, M. H.; Lillienbaum, D.; Desloges,
186. M.; Montagne, CRadiat. Prot. Dosim1994 53, 327—330.
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CHg CHs CHs
CAMS CAMC Me-3,2-HOPO 2L1-Me-3,2-HOPO (n =1), HoL2
. L . . 3LI1-Me-3,2-HOPO (n =2), H,L®
Qf |nter_n¢_sll contamination o_f military personne_l wounded with PR-Me-3.2-HOPO, HL" 4L1-Me-32-HOPO (n =3), HL*
finely divided depleted uranium shrapnel has stimulated renewed 5LI-Me-3,2-HOPO (n =4), H,L®
interest in the development of uranium chelators suitable for 6LI-Me-3,2-HOPO (n =5), HoL®

human usé2-26 The uranyl ion, a hard Lewis acid, has a high
affinity for hard donor groups. Equatorial pentacoordination
generally results from 5- and 6-membered chelate rings with
bidentate ligands, as in [Ufacac)(H,0)],2” or with a small o NFO/\\NH 0
monodentate ligand, as in [UMMSO)X]?".28 The modest

: ; : ; I OH HO
reduction of body uranium in animals by the injection of X =
bidentate Tiron (4,5-dihydroxy-1,3-benzenedisulfonic acid, di- E\;L ﬁ
sodium salt)}>?° and the favorable stability of the U(VI)- N0 o= N
catechol complex (lo¢{m. = 15.9)8 suggest that multidentate CHs CHs
ligands containing the catecholate functionality or its structural
analogues (such as hydroxypyridinones, HOPOs) as binding
units might be effective for the in vivo chelation of U(VI). Based 5L10-Me-3,2-HOPO, H,L’ R2RCy-Me-3,2-HOPO, H,L®
on the above observations, 10 multidentate ligands, with linear
chain linkers containing sulfocatecholamide [CAM(S)], car- |igands have been determined by single crystal X-ray diffraction.
boxycatecholamide [CAM(C)] or 3-hydroxj-methyl-2-(H)- These are the first fully characterized uranyl-hydroxypyridinone
pyridone (Me-3,2-HOPO) as binding units (Chart 1) were compounds.
designed to match the coordination environment of the uranyl
ion. The ligands were injected into mice at a ligand/uranium Experimental Section
molar ratio_of about 9_0:1. I_Each of these Ii_gar_lc_js reduced whole Synthesis of Tetradentate Me-3,2-HOPO Ligands. Generall
body and kidney uranium, in most cases significantly, compared chemicals were used as received from Aldrich unless otherwise noted.
with U(VI)-injected control mic&®3° This demonstrated that 14 and'3C NMR spectra were obtained on Bruker AMX-300 or DRX-
these multidentate ligands are effective metal binding units for 500 spectrometers and are reported in ppm. Mass spectra and elemental
U(VI) in agueous solution at physiological pH. The linear (CHN) analyses were performed at the Elemental Analysis Facility,
tetradentate ligands were, on average, more effective for College of Chemistry, UC Berkeley. Unless specified, solve_nts were
reducing whole body and kidney uranium than the higher remqved by rotary evaporation. 3-Be;nzyloxy-l-methyl-4-(2-th|oxoth|a-
denticity ligands with branched chains. The animal test results zolidin-1-yl)carbonyl-2(H)-pyridone, bidentate PR-Me-3,2-HOPO (Chart

Co . . 2) were synthesized by using the published general procétilie.
also indicated that both the chain length and substituents Orlstudy the influence of ligand rigidity upon uranyl complexation, a series

the linear aliphatic diamine linker of these tetradentate ligands f tetradentate ligands with different linker lengths, 2LI-Me-3,2-HOPO,

play important roles in toxicity and efficacy for in vivo U(VI)  3LI-Me-3,2-HOPO, 4LI-Me-3,2-HOPO, 5LI-Me-3,2-HOPO, 5LI0-Me-

chelation?9:30 3,2-HOPO, 6LI-Me-3,2-HOPO antt®Cy-Me-3,2-HOPO were syn-
To understand the relationship between the structure and thethesized (Chart 2). _

in vivo U(VI) chelation efficacy of the tetradentate ligands, we ~ 2L1-Me-3,2-HOPOBn. The activated Me-3,2-HOPOBn-4-carbox-

report here the design, syntheses, and characterizations of %Ilc acid, 3-benzyloxy-1-methyl-4-(2-thioxothiazolidin-1-yl)carbonyl-

. . (1H)-pyridoné® (1.08 g, 3 mmol) was dissolved in dichloromethane,
series of tetradentate Me-3,2-HOPO ligands (Chart 2) and thelrand a half equivalent of ethylenediamine (0.1 mL) was added with

uranyl complexes. The solid state structures of four uranyl girring. The solution was stirred until the yellow color of the activated
complexes with bidentate and tetradentate Me-3,2-HOPO thiazolide disappeared. This solution was extracteth it M KOH
solution and loaded onto a flash silica column. Elution with74%6

(22) Madic, C.Radiat. Prot. Dosim1989 26, 15. methanol in dichloromethane yielded the benzyl-protected precursor
(23) ATW-Int. Z. Kernenergiel 996 41, 478-479. (940 mg, 84.6%) as a white, microcrystalline soltd.NMR (300 MHz,
(24) Max, A.; Mason, TATW~-Int. Z. Kernenergiel996 41, 79-84. CDCly): 6 3.26 (t,J = 2.6, (H,, 4H), 3.58 (s, El3, 6H), 5.34 (s, Ely,
(25) Dietz, L. A.Bull. Atomic Scientistd991, 47, 47. 4H), 6.71 (d,J = 7.2 Hz,Hy, 2H), 7.14 (dJ = 7.2 Hz,Hy, 2H), 6.2—

(26) U.S. General Accounting Offic@peration Desert Storm: Army not 7.4 (m arom H, 10H), 8.02 (s, br, B\ 2H). 13C NMR(500 MHz,

Adequately Prepared to Deal with Depleted Uranium Contamination .
GAO/NSIAD-93-90; U.S. General Accounting Office: Washington, CDCL): 0 37.5, 39.0, 74.4, 104.5, 128.4, 128.5, 128.7, 130.1, 131.9,

DC, 1993. 135.9, 146.1, 159.3, 163.5.
(27) Frasson, E.; Bombieri, G.; Panattoni,@ord. Chem. Re 1966 1, 2LI1-Me-3,2-HOPO (H,L?). In a round-bottom flask, 900 mg of 2LI-
145. Me-3,2-HOPOBnN was dissolved in a 1:1 mixture of glacial acetic acid

(28) Halr__fOWﬁer']d’ J.M; KepDerIt. D-_I':-§ Patrick, J. M.; White, A. H.;Lincoln,  and concentrated hydrochloric acid (30 mL), and the mixture was stirred
S. F.J. Chem. Soc., Dalton Tran$983 393-396. at room temperature for 2 days. The reaction mixture was evaporated

29) Durbin, P. W.; Kull , B Xu, I R d, K. Radiat. Prot. : .
(29) D(lnjsr:irlnn. 1994 53 ;ogi%r(])& ! aymon adiat. 7o to dryness, and the residue was suspended in methanol (50 mL). The

(30) Durbin, P. W.; Kullgren, B.; Xu, J.; Raymond, K. Mealth Phys. white precipitate was filtered and dried in a vacuum oven to yield a
1997 72, 865-879. white powder (550 mg, 90%). Anal. Calcd (found) fokeB1sN4Og
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(362.35): C, 53.03 (53.11); H, 5.00 (5.12); N, 15.46 (15.29)NMR
(300 MHz, DMSO#dg): 6 3.44 (s, NGH3, NCH,, 10H), 6.48 (dJ =
7.2 Hz,Ha, 2H), 7.18 (d,J = 7.0 Hz, Hy, 2H), 8.57 (s,br, W, 2H),
11.47 (br, @4, 2H). **C NMR (500 MHz, DMSO¢l): 6 36.82, 38.66,
102.62, 117.17, 127.72, 147.54, 158.03, 165.75. MEAB, NBA):
363.2 (MH").

3LI-Me-3,2-HOPOBN.The benzyl-protected ligand was synthesized
by a procedure similar to that of 2LI-Me-3,2-HOPOBN, except 1,3-

Xu and Raymond

6LI-Me-3,2-HOPOBN. This compound was prepared by a procedure

similar to that of 2LI-Me-3,2-HOPOBN, except 1,6-hexanediamine was
used instead of ethylenediamine. It was obtained as a pale yellow oil,
yield 89%.'H NMR (300 MHz, CDC}): 6 1.09 (m, br, 2H, NCH
CH,CHy), 1.212 (t, br, 4H,) = 6.4 Hz, NCHCH,), 3.176 (q, 4HJ =

6.4 Hz, NCHCH,), 3.604 (s, 6H, NCH3), 5.357 (s, 4H, benzyCH,),
6.813 (d, 2H,J = 7.2 Hz, HOPO ring H), 7.123 (d, 2H,= 7.2 Hz,
HOPO ring H), 7.277.45 (m, 10H, benzyl arom H), 7.897 (t, 28,

diaminopropane was used instead of ethylenediamine. Separation and= 5.0, amide H)**C NMR (500 MHz, CDC}): 26.2, 28.5, 37.3, 39.3,

purification were performed as 2LI-Me-3,2-HOPOBN. It was obtained
as a pale yellow oil, yield 82%6H NMR (300 MHz, CDC}): 6 1.316
(gin, 2H,J = 6.7 Hz, NCHCH,), 3.093 (q, 4H,) = 6.4 Hz, NHCH,),
3.606 (s, 6H, NCH), 5.405 (s, 4H, benzyCH,), 6.751 (d, 2HJ = 7.2
Hz, HOPO ring H), 7.111 (d, 2H] = 7.2 Hz, HOPO ring H), 7.27
7.44 (m, 10H, benzyl arom H), 7.957 (t, 38l,= 5.6 Hz, amide H).
13C NMR (500 MHz, CDCY): 28.4, 36.4, 38.9, 74.1, 104.7, 128.4,
128.5, 128.7, 130.5, 131.8, 136.2, 146.0, 159.4,163.4. MBAB,
NBA): 557.3 (MH").

3LI-Me-3,2-HOPO (H,L3). The above protected ligand was depro-
tected following the procedure used for 2LI-Me-3,2-HOPOBN. It was
obtained as a white solid, yield 89%. Anal. Calcd (found) for
Ci17H20N4O6 (376.375): C, 54.25 (54.17); H, 5.35 (5.49); N, 14.88
(14.59).*H NMR (300 MHz, DMSO¢k): 6 1.757 (t, 2H,~NCH,CH,),
3.327 (q, 4H, NHEH,), 3.469 (s, 6H, NCH3), 6.503 (d, 2HJ = 7.2
Hz, HOPO ring H), 7.193 (d, 2H] = 7.2 Hz, HOPO ring H), 8.483
(s,br, 2H, amide H), 11.7 (s, br, 2H, phenol FfC NMR (500 MHz,
DMSO-de): 28.8, 36.8,39.0, 102.4, 116.9, 127.6, 148.1, 158.0, 165.9.
MS (+FAB, NBA): 377.2 (MH).

4L1-Me-3,2-HOPOBN. The benzyl protected ligand was synthesized
by a procedure similar to that of 2LI-Me-3,2-HOPOBN, except 1,4-

74.5, 128.4, 128.5, 128.6, 130.2, 131.9, 135.9, 146.1, 159.1, 162.7.
MS (+FAB, NBA): 599.4 (MH").

6LI-Me-3,2-HOPO (H,L5). The above protected ligand was depro-
tected following the procedure used for 2LI-Me-3,2-HOPOBN. It was
obtained as a white solid, yield 83%. Anal. Calcd (found) for
CooH26N4060.25H0 (422.96): C, 56.79 (57.03); H, 6.31 (6.41)); N,
13.24 (12.95)*H NMR (300 MHz, DMSO#ds): 6 1.32 (s,br, 4H, NCht
CH.CH;), 1.501 (t, br, 4H,J = 6.4, NCHCH,), 3.258 (g, 4H,) = 6.5,
NCHy), 3.452 (s, 6H, KCH3), 6.502 (d, 2H,J = 7.2 Hz, HOPO ring
H), 7.183 (d, 2H, = 7.3 Hz, HOPO ring H), 8.455 (t, br, 2H,= 5.4
Hz, amide H), 11.8 (s, br, phenol HFC NMR (500 MHz, DMSO-
de): 26.0, 28.8, 36.8, 39.0, 102.4, 117.0, 127.7, 148.0, 158.0, 165.6.
MS (+FAB, NBA): 419.2 (MH").

5LI0-Me-3,2-HOPOBN. The benzyl protected ligand was synthe-
sized by a procedure similar to that of 2LI-Me-3,2-HOPOBN, except
2-aminoethyl ether was used instead of ethylenediamine. It was obtained
as a white crystalline soild, yield 79%H NMR (300 MHz, CDC}):
0 3.245 (t, 4HJ = 4.8 Hz, OCH,), 3.309 (t, 4HJ = 4.8 Hz, NHCH,),
3.593 (s, 6H, KCH3), 5.271(s, 4H, benzyl-8;), 6.739(d, 2HJ = 7.2
Hz, HOPO ring H), 7.125 (d, 2H] = 7.2 Hz, HOPO ring H), 7.28
7.45 (m, 10H, benzyl arom H), 8.052 (t, 28,= 4.3 Hz, amide H).

diaminopropane was used instead of ethylenediamine. It was obtained*C NMR (500 MHz, CDC}): 37.2, 39.1, 68.3, 74.5, 102.4, 116.9,

as a white crystalline solid, yield 87%+ NMR (300 MHz, CDC¥):
0 1.140 (s,br, 4H—NCH,CH,), 3.110 (d,br, 4H,) = 5.6 Hz, NHCy),
3.606 (s, 6H, KCH3), 5.365 (s, 4H, benzyGH;,), 6.801 (d, 2HJ = 7.2
Hz, HOPO ring H), 7.129 (d, 2H] = 7.2 Hz, HOPO ring H), 7.27
7.44 (m, 10H, benzyl arom H), 7.849 (t, 2B,= 5.2 Hz, amide H).
13C NMR (500 MHz, CDCY): 26.6, 37.2, 39.0, 74.5, 104.5, 128.3,
128.4, 128.5, 130.0, 131.8, 135.7, 146.0, 159.1, 162.5. M=AB,
NBA): 571.2 (MH).

4L1-Me-3,2-HOPO (H,L4). The above protected ligand was depro-
tected following the procedure used for 2LI-Me-3,2-HOPOBN. It was
obtained as a white solid, yield 89%. Anal. Calcd (found) for
Ci1sH22N406-0.5H:,0 (399.41): C, 54.13 (54.17); H, 5.80 (5.59); N,
14.02 (13.89)!H NMR (300 MHz, DMSO¢g): ¢ 1.541 (s,br, 2H,
—NCH:CHj,), 3.308 (s,br, 4H, N=H,), 3.463(s, 6H, NEH;s), 6.515
(d, 2H,J = 7.3 Hz, HOPO ring H), 7.187 (d, 2H,= 7.3 Hz, HOPO
ring H), 8.483 (t,br, 2H,) = 5.3 Hz, amide H)}C NMR (500 MHz,
DMSO-de): 26.4, 36.8,38.7,102.3,116.9, 127.7, 148.0, 158.0, 165.7.
MS (+FAB, NBA): 391.3 (MH).

5LI-Me-3,2-HOPOBN. The benzyl protected ligand was synthesized
by a procedure similar to that of 2LI-Me-3,2-HOPOBN, except 1,5-

127.6, 148.1, 158.0, 1651. MS-FAB, NBA): 587.3 (MH").
5LI0-Me-3,2-HOPO (H,L"). The above protected ligand was

deprotected following the procedure used for 2LI-Me-3,2-HOPOBN.
It was obtained as a white solid, yield 79%. Anal. Calcd (found) for
CigH22N4O7 (406.40): C, 53.19 (53.38); H, 5.48 (5.59); N, 13.72
(13.62).*H NMR (300 MHz, DMSO¢k): 6 3.327 (t, br, 4H, OCKCH,),
3.404(s, 6H, N@i3), 3.488(q,J = 5.4, NCH,), 6.452 (d, 2HJ = 7.3
Hz, HOPO ring H), 7.107 (d, 2H] = 7.3 Hz, HOPO ring H), 8.483
(t, br, 2H,J = 5.5 Hz, amide H)XC NMR (500 MHz, DMSO¢l):
36.8, 38.9, 68.5,102.7, 117.1, 127.7, 147.3, 158.1, 165.2.MRB,
NBA): 407 (MH™).

R2RCy-Me-3,2-HOPOBN. The benzyl-protected ligand was syn-
thesized by coupling the activated Me-3,2-HOPO acid with enantio-
merically pure R 2R-cis-diaminocyclohexane. The protected ligand was
obtained as a pale yellow oil, yield 83%4 NMR(300 MHz, CDC}):

0 0.76 (m, HGH, 2H), 1.15 (m, HE, 2H), 1.57 (m, HE, 2H), 1.77
(s, HCH, 1H), 1.82 (s, HEI, 1H), 3.55 (s, €5, 6H), 3.67 (m, HE,
2H), 5.41 (s, benzyl 8,, 2H), 6.66 (dJ = 7.2 Hz,H,, 2H), 7.01 (d,
J = 7.2 Hz,Hy, 2H), 7.2-7.5 (m, aromH, 10 H), 7.93 (d, N, 2H).
13C NMR(500 MHz, CDC}): ¢ 23.98, 31.20, 37.11, 52.62, 73.86,

diaminopropane was used instead of ethylenediamine. It was obtained104.27, 128.10, 128.19, 128.62, 129.96, 131.53, 136.03, 145.78, 159.03,

as a pale yellow oil, yield 73%H NMR (300 MHz, CDC}): 6 1.064
(m,br, 2H, NCHCH,CHy), 1.207 (qgin,br, 4H,J) = 7.0 Hz, NCHCH,),
3.134 (q, 4HJ = 5.5 Hz, NHCH,), 3.605 (s, 6H, KCH3), 5.367(s, 4H,
benzyl-(H,), 6.803 (d, 2HJ = 7.2 Hz, HOPO ring H), 7.126 (d, 2H,
J=7.2 Hz, HOPOring H), 7.287.45 (m, 10H, benzyl arom H), 7.872
(t, 2H, J = 4.6 Hz, amide H)!3C NMR (500 MHz, CDC}): 23.5,

162.78.

RRCy-Me-3,2-HOPO (H,L®). The benzyl-protected ligand was
deprotected following the procedure used for 2LI-Me-3,2-HOPO. The
deprotected ligand was obtained as a white solid, yield 89%. Anal.
Calcd (found) for GoH24N4Os (418.44): C, 57.68 (57.51); H, 5.81
(5.74); N, 13.45 (13.51}H NMR(300 MHz, DMSO#dg): ¢ 1.30 (m,

27.3,36.9,39.7, 74,5, 102.5, 128.4, 128.5, 128.6, 130.1, 131.9, 135.9,HCH, 2H), 1.41 (m, H®, 2H), 1.91(m, H®, 2H), 1.69 (m, HE&,

146.1, 158.2, 163.7. MSHFAB, NBA): 585.1 (MH").
5LI-Me-3,2-HOPO (HL5%). The above protected ligand was depro-
tected following the procedure used for 2LI-Me-3,2-HOPOBN. It was
obtained as a white solid, yield 79%. Anal. Calcd (found) for
C19H24N406°0.6H,0 (415.24): C, 54.96 (54.89); H, 6.12 (5.99); N,
13.45 (13.27)*H NMR (300 MHz, DMSO¢g): 6 1.32 (m, 2H, NCH-
CH,CHy), 1.527 (qin, 4HJ = 7.1 Hz, NCHCH,), 3.276 (q, 4HJ =
6.5 Hz, NCH,), 3.464 (s, 6H, \CH3), 6.509 (d, 2HJ = 7.3 Hz, HOPO
ring H), 7.183 (d, 2H,J = 7.3 Hz, HOPO ring H), 8.459 (t, br, 2H,
= 5.5 Hz, amide H)*3C NMR (500 MHz, DMSO¢l): 23.8, 28.5,
36.8, 39.0, 102.4, 117.0, 127.7, 148.0, 158.0, 165.7. MEAB,
NBA): 405 (MH).

2H) 3.91 (m, H®, 2H), 6.42 (dJ = 7.2 Hz,Ha, 2H), 7.12(dJ = 7.2
Hz, Hy, 2H), 8.36 (dJ = 7.5 Hz, NH, 2H), 11.75 (s,br, @, 2H). 13C
NMR(500 MHz, DMSOdg): 6 24.31, 31.52, 36.73, 52.31,102.24,
116.60, 127.53, 148.08, 157.89, 165.59.

Synthesis of Uranyl Complexes. GeneralA solution of UQ(CIO,),
6H,0 (57.7 mg, 0.1 mmol) in CEOH was added to a methanol solution
of a bidentate ligand (0.22 mmol) or a tetradentate ligand (0.11 mmol)
with stirring. The colorless ligand solution immediately turned orange
and showed a strong acidic reaction to pH paper, indicating the
formation of a uranyl complex. Following the addition of 1 or 2 drops
of pyridine the transparent reaction mixture became turbid. The solution
was then heated at reflux overnight, under nitrogen. The uranyl
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Table 1. X-ray Crystallographic Data for the Uranyl Bidentate and Tetradentate Me-3,2-HOPO Complexes Described

formula (Figure 1) [UQ(LY),-DMF]

[UO,L3DMSOQ]

[UO,L*DMSO]-DMSO-

[UO,L5DMSO)]-DMSO

H,0-0.5GH1»
fw 761.58 722.52 878.80 768.85
cryst size, mm 0.%x 0.1x 0.03 0.22x 0.18x 0.12 0.24x 0.16x 0.10 0.22x 0.12x 0.10
cryst system monoclinic orthorhombic monoclinic orthorhombic
space group C2/c Pnma R(1)h Pnma
T,°C —90(2) —126(2) —120(2) —140(2)
a, 37.430(8) 8.4113(1) 26.7382(4) 7.3808(1)
b, A 7.0808(14) 16.0140(3) 7.4472(1) 14.7403(3)
c, A 26.781(5) 16.7339(1) 31.4876(2) 23.1341(5)
o, deg 90 90 90 90
S, deg 130.17(3) 90 97.993(1) 90
y, deg 90 90 90 90
Vv, A3 5424(2) 2254.03(5) 6209.05(13) 2516.88(8)
z 8 4 8
Pealca grem™3 1.865 2.129 1.576 2.028
abs coeff, mm? 6.044 7.353 5.340 6.595
20 range, deg 2.84 20 < 46.48 3.562< 20 < 46.46 2.16< 20 < 46.52 3.28< 20 < 46.48
no. of indep reflcns 3855 1683 8864 1891
no. of parameters 343 164 793 182
Ra[1 > 20(1)] 0.0371 0.0193 0.0373 0.0235
WR2[I > 20(1)] 0.0845 0.0494 0.0938 0.0586

*R=J|IFel — [Fell/ZIFol. "WR2 = {3 [W(Fo* — FH)?/3[W(Fo)T} 2

complexes deposited as orange precipitates, which were collected by(34.11); H, 3.44 (3.53); N, 7.97 (7.79% NMR (300 MHz, DMSO-

filtration, washed with methanol, and dried in a vacuum oven.

Uranyl-PR-3,2-HOPO Complex (UQy(L)**H:0). Yield 77%.
Anal. Calcd (found) for U@Cy0H26N4O6°H2O (706.50): C, 34.00
(34.04); H, 3.99 (4.01); N, 7.93 (7.813 NMR (300 MHz, DMSO-
ds): 0 1.07 (t,J = 7.3 Hz, (H3, 6H), 1.73 (qint,J = 7.2 Hz, (H,,
4H), 3.50 (q,J = 6.4 Hz, (H,, 4H), 3.98 (s, br, €3, 6H), 7.12 (d,J
= 7.0 Hz,H,, 2H), 7.25 (d,J = 7.0,Hp, 2H), 9.96 (s, M, 2H). (+FAB,
NBA) = 689.2 (MH").

Uranyl-2LI-Me-3,2-HOPO complex (UO,L?2-H;0). Yield 92%.
Anal. Calcd (found) for U@C;6H16N4Os°HO (648.37): C, 29.63
(29.84); H, 2.80 (3.01); N, 8.64 (8.4 NMR (300 MHz, DMSO-
ds): 0 3.70 (s, Gy, 4H), 3.94 (s, i3, 6H), 7.03 (dJ = 7.0,Hg, 2H),
7.21 (s, =7.0,Hy, 2H), 10.99 (s, brNH, 2H). MS (+FAB, NBA) =
631.1 (MH").

Uranyl-3LI-Me-3,2-HOPO Complex (UO,L3-H;0). Yield 87%.
Anal. Calcd (found) for U@C;i7H1gN4Os-H-O (662.40): C, 30.82
(30.64); H, 3.04 (3.31); N, 8.46 (8.27%H NMR (300 MHz, DMSO-
ds): 0 2.06 (t, GHy, 2H), 3.69 (qJ = 4.8 Hz, (H,, 4H), 3.95 (s, El3,
6H,), 7.10 (dJ = 6.9 Hz,H,, 2H), 7.23 (s) = 7.2 Hz,Hy, 2H), 10.16
(t, J = 5.0, NH, 2H). MS (+FAB, NBA) = 645.1 (MH").

Uranyl-4LI-Me-3,2-HOPO Complex (UO,L4H-0). Yield 84%.
Anal. Calcd for UQCgH20N406-H20 (676.43): C, 31.96 (31.71); H,
3.28 (3.56); N, 8.28 (7.95fH NMR (300 MHz, DMSO¢): 6 1.93(s,
CHy, 4H), 3.49(s, ©l,, 4H), 3.98 (s, Els, 6H), 7.11 (d,J = 7.0 Hz,
Ha, 2H), 7.27 (sJ = 7.0 Hz,Hy, 2H), 9.26 (s,br, M, 2H). MS (+FAB,
NBA): 660.2 (MH").

Uranyl-5LI-Me-3,2-HOPO Complex (UO,L%H,0). Yield 81%.
Anal. Calcd for UQC;gH22N4Os-H,O (690.46): C, 33.05 (32.91); H,
3.50 (3.76); N, 8.11 (7.87}H NMR (300 MHz, DMSO#¢s): ¢ 1.80
(s, CHa, 4H), 3.60 (s, Gy, 4H), 3.98 (s, €3, 6H), 7.14 (dJ= 7.0
Hz, Ha, 2H), 7.28 (sJ = 7.0 Hz, Hp, 2H), 9.45 (s,br, M, 2H). MS
(+FAB, NBA): 675.2 (MH").

Uranyl-6LI-Me-3,2-HOPO Complex (UO,L8-H,0). Yield 88%.
Anal. Calcd for UQC,gH26N4Og+2H,0 (724.52): C, 33.15 (32.94); H,
4.17 (4.37); N, 7.73 (7.81}H NMR (300 MHz, DMSO¢ds): 6 1.55
(br, CHy, 2H), 1.61 (br, ®i,, 2H), 1.72 (br, G, 4H), 3.48 (br, ¢y,
4H), 3.95 (br, ®is, 6H), 7.11 (brHa, 2H), 7.27 (brHy, 2H), 9.51 (br,
NH, 2H). MS (+FAB, NBA): 689.2 (MH").

Uranyl-5L10-Me-3,2-HOPO Complex (UO,L7-H;0). Yield 79%.
Anal. Calcd for UQCgH20N4O7-H,0 (692.43): C, 31.22 (30.94); H,
3.20 (3.37); N, 8.09 (7.81}H NMR (300 MHz, DMSO-dg): ¢ 3.77
(s, br, H,, 8H), 3.98 (s, br, El5, 6H), 7.14 (d,J = 6.9 Hz,H,, 2H),
7.27 (sJ = 7.2 Hz,Hp, 2H), 9.76 (s,br, M, 2H). MS (+-FAB, NBA):
675.2 (MH").

Uranyl-RRCy-Me-3,2-HOPO Complex (UGQL8-H,0). Yield 79%.
Anal. Calcd (found) for U@Cy0H2:N4O6HO (702.44): C, 34.20

ds): 0 1.55 (s, br,CH,, 2H), 1.74 (s, br, G, 2H), 1.91 (s, br, €,
2H), 3.35 (s, br, €3, 6H), 4.00 (s, br, 6H), 4.41 (s, br, 2H), 6.93 (s,
br, Ha, 2H), 7.11 (s, brHy, 2H), 9.96 (s, br, M, 2H).

X-ray Crystallography. The uranyl complexes are sparingly soluble
in water. X-ray-quality crystals of [UQ(L1),:DMF], [UO, L3-DMSO],
[UO, L4DMSO]-DMSO-H,0-0.5GH;12, and [UQ(L5)-DMSO]-DMSO
were obtained by diffusion of ether or cyclohexane into a DMF or
DMSO solution of the corresponding complexes. Crystals were mounted
in Paratone N oil on the ends of quartz capillaries and frozen into place
under a low-temperature nitrogen cold stream. Data were collected on
a Siemens SMART/CCD X-ray diffractometéwith Mo Ko radiation
(A = 0.710 72 A). The intensity data were extracted from the frames
using the program SAIN¥2 Data analysis was performed using the
Siemens XPREP prografd;no decay correction was needed. A
semiempirical absorption correction was applied to the data. The
structures were solved by direct methods (SHELXfIgnd refined
on F 2 using full-matrix least-squares. All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were assigned to idealized
positions and the isotropic thermal parameters set to 1.5 (methyl
hydrogens) or 1.2 (all other hydrogens) times the thermal parameters
of the adjacent carbon atoms. Crystallographic information is sum-
marized in Table 1.

Results and Discussion

Design of Tetradentate Me-3,2-HOPO Uranium(VI) Se-
guestering Agents.The simple bidentate ligand PR-Me-3,2-
HOPOWY (HL!in Chart 1) was chosen as a model for the design
of bis-bidentate Me-3,2-HOPO sequestering agents fof?tJO
since it presents minimum constraints on the geometry of the
complex. Although crystals were not obtained from water, the
other solvent molecules can be regarded as replacing it; X-ray
structural analysis of [UEIL1),-DMF] indicated that the uranyl
is equatorially coordinated in a slightly distorted pentagonal
bipyramidal geometry. Four of the equatorially ligating atoms
are the HOPO oxygens of two independent ligands and the
remaining coordination site is occupied by the solvent (DMF)
oxygen atom O7, as shown in Figure la.

(31) SMART Area Detector Software Packa§&mens Industrial Automa-
tion, Inc.: Madison, WI, 1995.

(32) SAINT: SAX Area-Detector Integration Program4.024; Siemens
Industrial Automation, Inc.: Madison, WI, 1995.

(33) XPREP (V. 5.03), Part of SHELXTL Crystal Structure Determination
Package Siemens Industrial Automation, Inc.: Madison, WI, 1995.

(34) SHELXTL (V. 5.03), SHELXTL Crystal Structure Determination
Package Siemens Industrial Automation, Inc.: Madison, WI, 1995.
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(c) UO.L*-DMSO (d) UO,L®- DMSO

Figure 1. Crystal structures of (a) [Uf0L1),-DMF], (b) [UO,L3-DMF], (c) [UO.L*DMF], and (d) [UGQL5-DMF] (ORTEP drawing). Thermal
ellipsoids are drawn at the 50% probability level. See Chart 2 for the ligand structures.

A tetradentate Me-3,2-HOPO should be a good chelator for Table 2. Selected Bond Lengths (A) and Angles (deg) for
the uranyl ion because (1) a tetradentate chelator is far moreYC(L ) DMF

effective than a bidentate monomer at low concentration in vivo Bond Lengths

(106 M or less)? (2) a tetradentate ligand should have less 8:8(? %-Zg;(g) &8(‘21) %-gg(g)
affinity than a hexadentate one for the biologically important U—O%S; 2:407§5; &Ogsg 2:37425;
metal ion Fe(lll) thereby gaining selectivity; and (3) a tetraden- uU—0(7) 2.371(5)

tate chelator with proper geometry can bind uranyl ion equa- Bond Andles

torially and leave the_flfth gquatorlal coordination site for another O(1)-U-0(2) 179.37(1) 9 o5 U—0(@3) 90.3(2)
small oxygen donating ligand such as water. Based on these O(1)-U-0(4) 89.1(2) O(1yU—0(5) 91.6(2)
considerations, a series of tetradentate Me-3,2-HOPO ligands, o(1)-u-0(6) 89.8(2) O(1}U—0(7) 89.9(2)
differing only in the length of the linear linker, was synthesized  O(3)-U—0(4) 66.4(2) O(5rU—-0(6) 66.6(2)
(Chart 2). To investigate the influence of rigidity of the ligands ~ O(4)-U—0(5) 76.8(2) O(3yU—-0(7) 74.2(2)
on the stability of the resulting uranyl complexes the more rigid ~ ©(6)~U=0(7) 76.1(2) O(ByU-0O(5)  143.1(2)
ligands 2LI-Me-3,2-HOPO (bL?) andR2RCy-Me-3,2-HOPO 0(3)-U-0(6)  150.3(2) O(4yU-0(6)  143.4(2)

(HoL8) were also prepared (Chart 2). O()-uU=0@) 140.5(2) O(ryU=06) 142.7(2)

Structure of Uranyl-Bidentate Me-3,2-HOPO Complex from plane is 0.025 A): it also lies in the middle of the mean
[UO2(LY),-DMF]. Figure 1a shows the structure of [Y@Q1),- plane defined by two uranyl oxygens and the DMF oxygen
DMF], and selected bond lengths and angles are given in Table(mean deviation from plane is 0.000 A). The two least-squares
2. The uranyl ion is equatorially pentacoordinate with four planes are essentially perpendicular, forming a dihedral angle
HOPO oxygen atoms and one solvent (DMF) oxygen atom. The of 89.52°. The bond length of uranyl to the solvent (DMF)
uranium atom lies in the middle of the mean plane defined by oxygen donor U-O7 is 2.371(5) A, as compared with that of
the four HOPO oxygens and one DMF oxygen (mean deviation the phenolic oxygens of [U§L'),-DMF] (2.329(5) and 2.374-
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Table 3. Selected Bond Lengths (A) and Angles (deg) for Table 4. Selected Bond Lengths (A) and Angles (deg) for
UQO,L3-DMSO [UO,L*DMSO]-DMSO-H,0-0.5GH1>
Bond Lengths complex 1 complex 2
U(1)-0(1) 1.783(4) U(130(2) 1.783(4)
U(1)-0(3) 2.410(3) U(1y0(4) 2.350(3) Bond Lengths
U(1)-0(6) 2.357(4) U(1)-0(11) 1.779(5) U(2y0(21) 1.769(5)
U(1)-0(12) 1.760(4) U(2)0(22) 1.774(5)
Bond Angles U(1)-0(112) 2.434(4) U(2Y0(212) 2.433(5)
O(1)-U(1)-0(2)  178.5(2) O(3yU(1)-O(4)  66.88(9) U(1)-0(113) 2.355(4) U(2)0(213) 2.364(4)
0O(4)-U(1)—0(4*) 72.33(13) O(6)U(1)—0O(3) 76.94(7) U(1)-0(122) 2.421(4) U (2Y0(222) 2.432(5)
O(1)-U(1)-0(3) 90.52(8)  O(2yU(1)-O(3)  89.14(8) U(1)-0(123) 2.360(4) U(2)0(223) 2.351(4)
0O(1)-U(1)—0(4) 91.62(12) O(2yU(1)—0(4) 89.59(13) U(1)-0(1S1) 2.369(5) U(2Y0(2S1) 2.366(5)

O(1)-U(1)-0(6)  89.1(2)  O(U(1)-O(6) 89.4(2)
Bond Angles
. o L O(11)-U(1)—0(12 178.6(2) O(2HU(2)—0(22 178.3(2
(5) A, respectively), indicating strong coordination by the DMF OEMZ*HS()D_&RB) 66_6523 052?36()2)_0((2)13) 66.18
oxygen donor. O(113)-U(1)-0(123) 79.8(2) O(213)U(2)—0(223) 80.1(2)
Both of the 3,2-HOPO rings and their attached oxygen atoms O(122)-U(1)-0(123) = 66.2(2) 0O(223}U(2)-0(222)  66.6(2)
are coplanar to within 0.01 A. The atoms of both 3,2-HOPO ©(122)-U(1)-O(1S1)  75.0(2) O(222)U(2)-O(2S1) 73.1(2)

. O(1S1)-U(1)—-0(112 72.7(2) O(2SHU(2)—0(212 74.3(2
amide groups (C4, C7, N2, 08 and C14, C17, N4, O9) are oEnQué) ) 0(1(12)) 85'98 ogzala(z()loa(lz)) s 48

coplanar (mean deviation from planarity of 0.004 and 0.002 A, O(12)-U(1)-0(112)  94.2(2) O(22}U(2)—0(212) 90.5(2)
respectively). The HOPO ring planes and their attached amide O(11)}-U(1)-O(1S1)  91.3(2) O(2BHU(2)—0(2S1) 88.1(2)
planes are slightly twisted, forming dihedral angles of 2.99 and O(12)-U(1)-0(1S1)  87.4(2) O(22)U(2)-0(2S1)  90.3(2)
1.82, respectively. The average distance between the amide

nitrogens and their adjacent phenolic oxygens, 2.721(8) A, Table 5. Selected Bond Lengths (A) and Angles (deg) for

B O,L>-DMSO
shows a strong hydrogen bond between the amide protons anc!J 2 Sond Lenath
the oxygen donor atoms. B ond Lengtns
Structure of Uranyl —Tetradentate Me-3,2-HOPO Com- 353,883 %Zzgg; 88;8% %;Zgggg
plexes.The structures of the tetradentate Me-3,2-HOPO uranyl  y(1)-0(s) 2.349(4)
complexes are similar to that of the bidentate Me-3,2-HOPO Bond angles

uranyl complex. Four of the equatorially ligating atoms are from 1 _

two HOPO units of the ligand and the remaining coordination 8%_8%_881) 1;3%24) 8((3383_88'; 23;3?23;

site is occupied by the solvent (DMSO) oxygen atom. Similar  O(1)-U(1)-0(3) 84.29(8)  O(2yU(1)-0O(3) 95.29(8)

to the bidentate complex, the average @(solvent) bond length O(1)-U(1)-0(4) 91.23(12) O(2yU(1)-O(4) 89.59(12)
(2.358(5) A) is close to that of HOphenoi (2.362(4) A), much O(1)-U(1)-0O(6)  949(2)  O(2rU()-O(6) 83.9(2)
shorter than that of BOu(HOPO) (2.426(4) A) in the ) ) )

tetradentate complexes. Remarkably, this shows stronger coorsolvents were omitted for clearity. Since the two crystallo-
dination by the coordinated solvent (DMSO) oxygen donor than graphically independent molecules are nearly identical, only one
by the HOPO oxo donor. Unique aspects of each of the is shown in the Figure. The selected intramolecular bond lengths

complexes will now be presented. and angles are given in Table 4.
UO,-3LI-Me-3,2-HOPO Complex [UO,L 3DMSO]. There UOz-5LI-Me-3,2-HOPO Complex [UO; L*DMSO]-DMSO.
is only half a molecule in each asymmetric urffnfng Z = This structure also conforms Rnma(Z = 4); each asymmetric

4). The molecular structure of [W03-DMSO] is illustrated in unit contains half a complex and half of a noncoordinated
Figure 1b; selected intramolecular bond lengths and angles arePMSO molecules. The molecular structure of [lIGDMSQO]
given in Table 3. The uranyl ion is equatorially pentacoordinate is illustrated in Figure 1d, and selected intramolecular bond
and planar, from four HOPO oxygen atoms and one solvent lengths and angles are given in Table 5. The distance between
(DMSO) oxygen atom (O3, 04, 05, 03*, 04*) (mean deviation the amide nitrogen and its adjacent phenolic oxygen atoms,
from planarity is 0.020 A). The U(VI) atom is slightly (0.024 2.765(4) A, is the longest compared with other uranyl complex
A) above the least-squares plane defined by the four HOPOQ structures described in this paper, indicating relatively weaker
oxygen atoms(O3, 04, 03*, 04*) and the DMSO oxygen donor hydrogen bonding.
O5; the uranium (VI) atom with its oxo atoms (01, O2) and Comparison of the Structures of UranylTetradentate
the DMSO oxygen atom (O5) lie in the crystallographic mirror Me-3,2-HOPOs.All of the uranyl complex structures are similar
plane. (Figure 1). They are comprised of one uranyl, one tetradentate
The 3,2-HOPO ring and attached oxygen atoms (N1, C2, C3, 3,2-HOPO ligand and one coordinated solvent molecule (DMSO).
C4, C5, C6, 03, 04) are coplanar to within 0.008 A. The atoms Each U(VI) is coordinated by seven oxygen atoms in a slightly
of the amide group (C4, C7, N2, O6) are also coplanar to within distorted pentagonal bipyramidal geometry. In all of these uranyl
0.008 A. These two planes are slightly twisted, forming a complexes, the 3,2-HOPO rings and their attached oxygen atoms
dihedral angle of 9.38 The distance of the amide nitrogen N2 are coplanar (within 0.0680.02 A) as are the atoms of the
to its adjacent phenolic oxygen O4 is 2.700 (4) A, shorter than amides (within 0.01 A). The amide planes and their attached
that in [UOy(LY)*DMF], showing a strong hydrogen bond 3,2-HOPO ring planes are slightly twisted. There is strong

between the amide proton and the oxygen donor atom. hydrogen bonding between the amide nitrogen protons and their
UO,-4LI-Me-3,2-HOPO Complex [UO,L4DMSO]-DMSO- adjacent phenolic oxygen atoms.
H,0-0.5CH1». The structure conforms tB2;/n (Z = 8) with Complex Conformation and the Linear Linker Length of

two discrete [UGQL*-DMSQO] complexes, two noncoordinated the Ligand. Although the structures of these uranyl complexes
DMSO, two water molecules and one cyclohexane molecule are similar, some consistent differences are apparent. The HOPO
(disordered) in each asymmetric unit. The molecular structure to uranium bite angle (defined by,Q(HOPO)-U—Ognenq) is

of [UO,L*-DMSO] is illustrated in Figure 1c, all noncoordinated essentially constant (from 66.2 to 66,9 able 6). However,
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Table 6. Comparison of Equatorial Bond Angles (deg) of Uranyl Me-3,2-HOPO Compiéxes

NH 0
n-PrHN—_~° 7/ N—0p
N R 3 _Op
J g \ N\ 2/U/Ai Z /
_ /=P , Op / Oon s/ s\ —=
2N PN Oc2 N
° Oy I/ 5 O \ Os /
NH-n-Pr
0
© UO,L3 (DMSO) UO,L*(DMSO) UO,LS (DMSO)
UOx(LY), (DMF) (n=23) (n=4) (n=5)
angle 1 74.2(2) 76.94(7) 72.7(2) 69.87(7)
angle 2 66.4(2) 66.88(9) 66.6(2) 65.96(7)
angle 3 76.8(2) 72.33(13) 79.8(2) 90.26(14)
angle 4 66.7(2) 66.88(9) 66.2(2) 65.96(9)
angle 5 76.1(2) 76.94(7) 75.0(2) 69.87(7)

2 Uranyl oxo atoms were omitted for clarity Oy and Qo) are the abbreviations of HOPO oxo donorg,Q, and Qoxoz) respectively; @1
and Qpy) are the abbreviations of HOPO phenol oxygen donqgsefdyand Qehenoizy respectively. @ is the abbreviation of Qowven

v T ' ' ™ 29 twist angle is also linearly correlated with the length of the chain

I . . ; . 3.
10 Y1 = 14.647 - 1.75X, R = 0.99986 in the linker of these complexes (Figure 2): 3B [UO,L

DMSQ]) > 7.68 (in [UO,L*DMSOQ]) > 5.88 (in [UO,L5:
DMSO]).

Figure 3 (side view) shows the dihedral angle between two
pyridinone ring planes in [UgL1),*DMF], [UO,L3-DMSO],
[UO,L*DMSO], and [UQL3-DMSO]. This angle is 170.32
(average value) in [UOL*DMSOQ], close to that in [UQLY),-
DMF] (171.65), while these angles in [USD5-DMSQ], and
[UO,L3-DMSO] are 166.6 and 141.18, respectively, giving
these molecules a ruffled shape. The magnitude of this dihedral
Y2 = 2.6023 + 0.0325X, R = 0.99996 angle correlates with the strain in the linear linker. The

. s X reorganization energies for the bridge portion of the ligand,

3 4 5 defined as the difference between the lowest energy (MM2
Number of Carbon Atoms in Linker calculation) of the ligand coordinated to the metal (as found in
Figure 2. Amide twist angles and amide hydrogen bond lengths in the crystal structure) and the lowest energy free ligand confor-
uranyhtetradentate Me-3,2-HOPO®(amide twist anglel, amide mation increase in the sequence of [I®DMSO], [[UO,L3-
hydrogen bond length). DMSO], [UO,L3-DMS0].35 Thus the uranyl-bidentate complex

the change of linker length has a great influence on the equatoriallUO2(L")2"DMF] (WhiCQ has no linker) should have no strain,
plane configuration. As the length of linker increases, the angle While compound [UGL®-DMSQ] (which has the longest linear
formed between the uranium and two phenolic oxygen donors lInker) is the most strained.

also becomes greater, from 72i8 [UO,L3-DMSO] to 90.26 In solution, these achiral uranytetradentate Me-3,2-HOPO

in [UO,L5-DMSO]. This angle in the unconstrained bidentate complexes are less rigid due to their flexible linear linker, and
complex [UQ(LY),-DMF] is 76.8 (compared with 72for the they undergo more thermal averaging of strucititean possible
ideal pentagon). In [UQ.4DMSO] the angle is 79%Bindicating in the solid state. However this difference should not be very
that there is little strain in this complex caused by the linker. 1arge in this family of compounds, since the uranyl coordination
The linker length of [UGL3] is too short, while that in [UGLS] centers in these complexes are similar, and the motions of the

is too long, both causing strain in the molecule and forcing the linear linkers of these complexes are limited by the equatorial
bite angle @—~U—Op to be smaller or greater than the —coordination geometry. It was observed that the amide chemical

DMF] (Table 6). As the linker chain length increases and the linkers (Figure 4). The amide proton chemical shift for &
angle of the uranium with two phenolic oxygen atoms also complex, which has the shortest linear linker, is 10.99 ppm,
increases, the angles of uranium with the solvent oxygen and and is the_farthest d_ownflel_d in this series of complexes. Since
its adjacent oxygen (pyridinone oxo) correspondingly decrease.Fhe downflgld chemical shifts of amide protons are gengrally

As a result of the strain imposed by the linker, the strength interpreted in terms of strong hydrogen bondfthg, monotonic
of the amide hydrogen bonds in these uranyl complexes alsorelationship betw_een th_e chemical shift of the_amlde proton and
change in the following sequence: WG (2.700(4))> UO,- Fhe Ieng_th of the linear linker can be expected_ if these cc_)mplexes
(L1), (2.721(8))> UO,L4 (2.732(4))> UO,LS (2.765(4)). The in solutlgn preserve the structures found in the solid state.
strength of amide hydrogen bonding is also linearly correlated Regression analysis of the experimental values dovs n
with the linker length (Figure 2). That four carbon atoms may (number of carbon atoms in linear linker), gave a quadratic fit
be considered the optimal length is consistent with the high of 0 = 13.70-1.682 + 0.1659 with a correlation coefficient
efficacy of HL* for in vivo uranyl chelatior?82° of 0.9998.

Due tox conjugation, the 3,2-HOPO ring and its attached . —
amide group are expected to be coplanar. However, the amide(gg) ﬁACIhe'”eéS'g”, 3/;9 (I:Acphe ?C'Ei‘:”?“;'zcli 1996-J - Weintraub. ©.: v
planes in the uranyltetradentate HOPO complexes are slightly (36) S_?T_ﬁﬁgécﬁ H. ngj_ i;;gir_”éésc;;,_ 333{5“125 463';5_"” PO VeoR
twisted with respect to the HOPO ring planes. This change in (37) Buckingham, A. DCan. J. Chem196Q 38, 300-307.
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Figure 4. H NMR chemical shifts in uranyl complexes with
tetradentate Me-3,2-HOPO ligands, @mide proton®, HOPO ring
proton). Note the amide shift with linker length.

should be filled by a water molecule. The uranium and the five
equatorial oxygen atoms are coplanar and the pyridinone ring
atoms show a mean deviation of ca. 0.1 A from their least-
squares plane. The linker length affects the conformation of the
complexes. The dihedral angles between two pyridinone ring
planes also differ as the linker length changes, giving these
molecules ruffled shape. The physical parameters (such as NMR
chemical shifts) of the tetradentate Me-3,2-HOPO uranyl
UO,(L"),DMF complexes correlate well with the length of the linker unit.
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In summary, a rational design of uranyl sequestering agents
based on 3-hydroxy-2H)-pyridinone has resulted in the first Supporting Information Available: X-ray structural data for [U@

effective agents for mammalian uranyl decorporation. Crystals (L?2:DMF], [UO,L3-DMSO], [UO,L*DMSO]:DMSO-H;0-0.5 GHi2,

were difficult to obtain from aqueous solution but could be and [UGL>DMSO]-DMSO including a summary of crystallographic
obtained by substituting dimethy! sulfoxide or dimethylform- Parameters, atomic coordinates, bond distances and angles, and aniso-
amide for water. The tetradentate ligand binds uranyl ion tropic thermal parameters (26 pages). Ordering instructions are given
equatorially and a solvent molecule fills the fifth equatorial on any current masthead page.

coordination site; in vivo, the fifth equatorial coordination site  1C980993Q



