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The coordination chemistry of actinide(IV) ions with hydroxypyridinone ligands has been initially explored by examining
the complexation of Th(IV) ion with bidentate PR-1,2-HOPO (HLY), PR-Me-3,2-HOPO (HL?), and PR-3,4-HOPO-N
(HL3) ligands. The complexes Th(LY)s, Th(L?)s, and Th(L®)s were prepared in methanol solution from Th(acac), and
the corresponding ligand. Single-crystal X-ray diffraction analyses are reported for the free ligand PR-Me-3,2-
HOPO (HL?) [P1, Z = 8, a = 8.1492(7) A, b = 11.1260(9) A, ¢ = 23.402(2) A, o. = 87.569(1)°, B = 86.592(1)°,
y = 87.480(1)°], and the complex Th(L?),-H.0 [Pna2; (No. 33), Z = 4, a = 17.1250(5) A, b = 12.3036(7) A, ¢
= 23.880 (1) A]. A comparison of the structure of the metal complex Th-PR-Me-3,2-HOPO with that of free ligand
PR-Me-3,2-HOPO reveals that the ligand geometry is the same in the free ligand and in the metal complex. Amide
hydrogen bonds enhance the rigidity and stability of the complex and demonstrate that the Me-3,2-HOPO ligands
are predisposed for metal chelation. Solution thermodynamic studies determined overall formation constants (log
Biao) for Th(LY)4, Th(L?)4, and Th(L3), of 36.0(3), 38.3(3), and 41.8(5), respectively. Species distribution calculations
show that the 4:1 metal complex Th(L), is the dominant species in the acidic range (pH < 6) for PR-1,2-HOPO, in
weakly acidic to physiological pH range for PR-Me-3,2-HOPO and in the high-pH range (>8) for PR-3,4-HOPO-N.
This finding parallels the relative acidity of these structurally related ligands. In the crystal of [Th(L?)4]-H.0, the
chiral complex forms an unusual linear coordination polymer composed of linked, alternating enantiomers.

Introduction For some time a goal of this laboratory has been the
development of specific sequestering agents for the actinides.

nature?? It can capture slow neutrons and fofATh, which Ligands containing hydroxypyridinone chelating units have
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vivo proteins, amino acids, and nucleic acids to form stable Burgada, R.; Durbin, P. W.; Raymond, K. Muman Exp. Toxicol.

complexes which are deposited in the bd@yrimarily in 1995 14, 165-169.

Thorium is the most abundant radioactive element in
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Scheme 1.

Syntheses of Bidentate PR-1,2-HOPCOL{#{ PR-Me-3,2-

HOPO (H_Z) and PR-3,4-HOPO-N (H%)a

Xu et al.

pyridinone-4-carboxylic acid propylamide (PR-Me-3,2-
HOPO, H.?), and 2-(3-Hydroxy-2-methyl-4-f)-pyridinon-

NN o N 1-yl)-N-propyl-acetamide (PR-3,4-HOPO-N,LF). The
AR N N A structural and solution thermodynamic properties of actinide
- -~ S T ) complexes with these unconstrained, bidentate hydroxypy-
HL! ridinonate ligands form the basis for the design of optimal
multidentate actinide sequestering agents. While all three
o o o TN N bidentate HOPOs form very stable pomplgxgs with Th(IV),
the three ligands have different optimal binding pH ranges.
B i N8 v N
— = — We have recently reported the X-ray crystal structures and
" N solution thermodynamic formation constants of Ce(lV)
4 5 |6 lHLz complexes with a series of Me-3,2-HOPO ligaftift. was

anticipated that the complexation of Ce(lV) would show
parallels with the Th(IV) catecholate systéfnand other
hydroxypyridinonates such as 1,2-HOPO and 3,4-HOPO
ligands would show high affinities toward actinide(lV) ions.
Here we examine the structural and solution thermodynamic
properties of Th(IV) complexes with the three bidentate
HOPO ligands mentioned above. While the Ce(lV) com-

plexes are eight coordinate, the X-ray crystal structure of
Th(L?)4-H,0 shows that thorium is nine coordinate, and the
complex forms an infinite linear coordination polymeric
structure. The coordination geometry of Th(IV) has been
analyzed using a new application of the previously defined
shape parametet$.

a(i) Oxalyl chloride. (ii) n-Propylamine, 90%. (iii) HCI/HOAc depro-
tection, 85%. (iv) H, Pd/C, 92-94%. (v) NHS, DCC. (vi) Propylamine,
60.6%. (vii) H, Pd/C, 87%.

are three isomers of hydroxypyridinones: 1-hydroxyF2):L
pyridinone, 3-hydroxy-2(#)-pyridinone, and 3-hydroxy-
4(1H)-pyridinone, abbreviated here as 1,2-HOPO, 3,2-
HOPO, and 3,4-HOPO, respectively. Similar to catechol, the
HOPO isomers are highly selective for “hard” metal ions
with large charge/radius ratios, such as Fe(lll) and Pu(IV).  synthesisThe updated syntheses of.H HL2, and HL3
The HOPO monoanions have zwitterionic resonance forms gre jllustrated in Scheme 1. The original synthesis afH
that are isoelectronic with the catechol dianiowhile all involves the reaction of a thiazolide intermediate with

of these ligands are expected to be monoprotic anions thaty-propylamine, for an overall yield of 64%We report here
form stable metal complexes at physiological pH, they a new synthesis, in which the benzyl-protected Me-3,2-
possess different acidity and different affinity toward binding HOPO acid is converted into an acid chloride, which then
metal ions due to the differences in their structures. Thesejs combined in situ witm-propylamine to give the benzyl-
facts make it possible to selectively sequester certain metalprotected PR-Me-3,2-HOPO. The benzyl group can be
ions under SpecifiC conditions. Bidentate Iigands have the removed by hydrogenation to aﬁord_ﬂin an overall y|e|d
greatest concentration dependence on their metal sequestrasf 90%. Similarly, the original synthe$isf HL® has been
tion, while multidentate, pal‘ticulal’ly OCtadentate, ”gands are revised by using benzy'_protected acid chloride for Coup"ng
much more effective ligands at low concentration. In order with propylamine followed by acidic deprotection to give
to attach the HOPO binding units to a suitable molecular H_t jn ca. 90% yield. Both the Me-3,2-HOPOBn acid
backbone to form multidentate ligands, the HOPO binding chioride and 1,2-HOPOBN acid chloride are versatile precur-
units must be functionalized to make a point of attachment. sors; they readily react with primary as well as secondary
An effective way to achieve this fUnCtiona”ty istoadd to a or aromatic amines to prowde Correspond|ng amides in
carboxyl group to the HOPO ring and then form an amide excellent yield, while the 1,2-HOPOBn- or Me-3,2-HOPOBn-
linkage, similar to that for the catecholamide ligarids. thiazolide intermediates give good yields only with primary
Scheme 1 shows the representative bidentate HOPOgminesiIn the synthesis of PR-3,4-HOPO-NI(), the acid
ligands 1-hydroxy-2(H#)-pyridinone-6-carboxylic acid pro-  chloride activation of 3,4-HOPOBN-N-acid was not success-
pylamide (PR-1,2-HOPO, ), 3-hydroxy-1-methyl-2(#)- ful. It was found that pyridine is the optimal solvent for
preparing activatedN-hydroxysuccinimide (NHS) ester of
3,4-HOPOBN-N-acid. Without separation, the crude NHS
ester was reacted with-propylamine in situ to convert to

Results and Discussion

(13) Stradling, G. N.; Gray, S. A.; Ellender, M.; Moody, J. C.; Hodgson,
A.; Pearce, M.; Wilson, |.; Burgada, R.; Ballly, T. P.; Leroux, Y. G.;
El Manouni, D.; Raymond, K. N.; Durbin, P. Wht. J. Radiat. Biol.
1992 62, 487.

(14) Volf, V.; Burgada, R.; Raymond, K. N.; Durbin, P. \t. J. Radiat.
Biol. 1993 63, 785. (18) Durbin, P. W.; Kullgren, B.; Xu, J.; Raymond, K. N.; Allen, P. G;

(15) Durbin, P. W.; Kullgren, B.; Xu, J.; Raymond, K. Radiat. Prot. Bucher, J. J.; Edelstein, N. M.; Shuh, D. Kealth Phys.1998 75,
Dosim.1994 53, 305. 34.

(16) Stradling, G. N.; Gray, S. A.; Pearce, M. J.; Wilson, |.; Moody, J. C.; (19) Xu, J.; Radkov, E.; Ziegler, M.; Raymond, K. horg. Chem 2000
Burgada, R.; Durbin, P. W.; Raymond, K. Numan Exp. Toxicol 39, 4156-4164.
1995 14, 165. (20) Sofen, S. R.; Cooper S. R.; Raymond, K.Ihbrg. Chem1979 18,

(17) Xu, J.; Raymond, K. Nlnorg. Chem.1999 38, 308. 1611-1616.
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Th(IV) Complexes of Bidentate Hydroxypyridinonates

Table 1. Protonation Constants and UV Absorbance Data

protonation  Amax €
ligand species  constants (nm) (M~lcm™)
PR-1,2-HOPO ()~ 341 4100
HL1 4.96(2) 305 6300
PR-Me-3,2-HOPO  I(?)~ 350 9000
HL?2 6.12(1y 321 5500
PR-3,4-HOPO-N (3~ 318 11500
HL3 9.47(2} 286 14000
(HoL3*  3.03(4% 282 7700

a2The numbers in parentheses are the standard deviations of the values

obtained from at least three trials.

benzyl-protected ligand, and the hydrogenation deprotection

affords the HL® at good yield.

Solution Thermodynamic Studies: Free LigandsThe
ligand protonation constants in this work were determined
by potentiometric titration. The ligand protonation constants,
Kan, may be derived from these cumulative constants
according to eq 1. Note that this definition describes proton
associatiorconstants. All three ligands were readily soluble

o _ [H] o
" THILH o) oy

and colorless in 0.1 M KCl at 1 mM concentration. The po-
tentiometric titrations were carried out from low to high pH
(2.5-11) and viceversa. The results are listed in Table 1.

The protonation constants forlH and H.? were deter-
mined to be loKa1 = 4.96(2) and 6.12(1), respectively. For
L3 the protonation constant was determined to bekgg=
9.47(4). In contrast to H' and H_?, the neutral H.2 ligand
can be further protonated at low pH resulting in a cationic
species (KHL3)*. The constant determined for this protonation
was logKa, = 3.03(4). The potentiometric titration curve
for HL? is shown in Figure 2a, while those oflMand H_3
are shown in Figures Sla and S2a (Supporting Information).
Note that the PR-3,4-HOPO-N is significantly more basic
than its 1,2- and 3,2-analogues.

Solution Thermodynamic Studies: Thorium(lV) Com-
plexes.For metat-ligand complexation, the conventional
cumulative formation constantsfyq,, were defined accord-
ing to eq 2; note that the ligand is designated as L:

@)

PTh* + qL™ + rH™ == Th L H,*P~ma0*

[ThoLgH,]

P ThPPIK] H]' @

The determination of the Th(IV) formation constants with

] Th(L")2(0H);
80 ] '
s
T 604
=
(a) 5
e 407
3 1 \
o \
=204 Th{OH)4
] ‘\-‘
K A
0 T ; = —"
2 4 6 8 10
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100+
804"
=)
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(b) E
3
~ 40-
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= 204
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Figure 1. Species distribution of (a) Th(IV)/PR-1,2-HOPO, (b) Th(IV)/
PR-Me-3,2-HOPO, and (c) Th(IV)/PR-3,4-HOPO-N systems for solutions
containing 1x 1074 M Th*" and 1x 103 M ligands.

at low pH. Without the presence of the Th(EDTA) species
it was not possible to calculafe Additionally, the spec-
troscopic markers used to monitor this reaction were the UV
absorbencies of the protonated ligand, deprotonated ligand,

these ligands presented a significant challenge, because ir?elnd the ligand coordinated to Th(lV). These transitions are

all three cases the 1:1 complexes ThL were very stable and

do not show appreciable dissociation even at pH 2.1.
Typically, in these cases a competition titration is used
against a known ligand like EDTA. In this case, however,
the spectrophotometric titrations did not yield a clear answer.
The competition titrations were difficult to model with the
models including mixed-ligand species like Th(EDTA)L

(21) Silen, L.; Martell, A. E.Stability Constants of Metal-lon Complexes
Alden Press: Oxford, 1971.

almost entirely ligand based, and therefore the differences
in signal in the UV spectra between the deprotonated ligand
and the ligand coordinated to Th(IV) are very small.

In order to determine the formation constahi, the
titration was carried out at high pH (up to 11). At this pH
the formation of Th(OH) starts to compete effectively
against the Th(ly) or other partially hydrolyzed complexes,
as shown in the species distribution diagrams (Figure 1). Note
that the concentration used for the species calculations are

Inorganic Chemistry, Vol. 42, No. 8, 2003 2667
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12- Table 2. Formation Constants and UV/Vis Absorbance Data for the
Th(IV) Complexes
10 Amax €
complexation system par  logfpg® (nm) (M~tcmY)
8 Th/PR-1,2-HOPO (H?Y) 140 36.0(3) 318 20000
13-1 24.9(2) 328 14000
- 12-2  12.1(2) 344 10500
4 6 Th/PR-Me-3,2-HOPO (H?) 140 38.3(3) 34% 33300
130 31.9(3) 344 19700
4l 13-1 26.6(2) 344 24900
12-2  13.3(2) 340 12700
Th/PR-3,4-HOPO-N (H3) 140 41.8(5) 308 50000
2+ 130 35.8(2) 306 33000
i i , — 120 25.0(8) 302 20000
2 4 0 1 2 3 110 13.5(2) 302 9600
Equiv. z)sell_igand a8 The numbers in parentheses are the standard deviations of at least three
duplicate runs® Resolution ist3 nm.
144 observed at up to 20% (calculated) Th(QHJhe titrations
12 were run at a 4:1 ligand-to-metal ratio-aLO uM Th(IV).
g Attempts to perform this titration at higher concentrations
g 101 resulted in a white precipitate (presumably Th(@HYhe
£ 08 titrations were carried out from low pH to high pH. At least
g 30 data points were collected over the pH range-2.5.
£ 06 Before each data point was recorded the pH and spectrum
§ 04 were required to be stable (this generallykdoh per point
as was determined automatically by the data collection
0.2+ system). A single titration could be run in a 48 h period.
00 Under these experimental conditions it was possible to
200 250 300 350 400 achieve a satisfactory®? value (0.004) and satisfactory
""a"e'Z"g“‘ (nm) component spectra.
®) The models used in fitting the data for the three ligands
40- are similar, and the results are listed in Table 2. For the most
10 acidic ligand H.%, no stepwise ligand-to-metal formation

constants could be determined. The only species that fit the
data involved the complex species loss of ligands through
hydrolysis and then finally complete hydrolysis. As with all
three titrations the ligand spectra, ligand protonation con-
stants, and thorium hydrolysis constants were held constant.
Many models were attempted including those involving
ThL4(OH)~ and dimeric species. In all cases these species
did not improve the fit and often led to component spectra
that were not reasonable (i.e., negative extinction coef-
ficients). The modeling was very sensitive to the concentra-

Extinction Coefficient (x 10°)

300 320 340 360 380 400 tion of free deprotonated ligand so those equilibria involving
Wavelength (nm) loss of ligand from the metal complexes were easily
(c) observed. The relevant equilibria are shown below:
Figure 2. (a) Experimental (open triangles) and calculated (line) poten- 1 - 1 1\~
tiometric titration curve of 2. (b) Selected spectra from the spectropho- Th(L )4 +OH Th(OH) (L )3 + (L )
tometric titration of the Th(IV)/HL2 system. (c) UV/vis absorption spectra
of component species JlbgH; of the Th(IV)/HL2 system. Spectra are given Th(OH) LY); + OH™ = Th(OH)(LY), + (LY~
labels ofpgr, where a negative value forrepresents hydroxides bound to
Th(Iv).

Th(OH),(LY), + 20H = Th(OH), + 2(L")~

about 1 magnitude higher than that in the practical titration, _ .

so the hydrolyses of the thorium complexes are much Using the known formation constant for Th(QFf)it was
depressed in these species distribution diagrams. For titrationg0Ssible to determine the Ig§4 for the Th(.*), complex
involving metal-ligand coordination, the constants for the 0 be 36.0(3) as described in ref 37. The selected spectra
Th(lv) fon _hydroly5|§ species were included as . Tlxed (22) Baes, C. F., Jr.; Mesmer, R. Bhe Hydrolysis of Cationslohn Wiley
parameters in the refinemeritsDue to the low solubility & Sons: New York, 1976; pp 160162.

of Th(OH), it was necessary to carry out the titrations at (23) Xu, J.; O'Sullivan, B.; Raymond, K. Nnorg. Chem2002 41, 6731~

very low concentration (micromolar) using a cell with 1 6ra2.

. . A (24) Garrett, T. M.; Cass, M. E.; Raymond, K. ll.Coord. Chem1992
cm path length. At this concentration no precipitate was 25, 241-253
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Th(IV) Complexes of Bidentate Hydroxypyridinonates

from the titrations are shown in Figure S1b of the Supporting
Information.

The H_?ligand is slightly more basic thanlH, and there-
fore it was possible to obtain the (Tl to ThlL, stepwise
formation constant at pH 4. The relevant equilibria are shown
below:

Th(L?," + HL*<=Th(L?,+H"
Th(L?, + OH™ =Th(OH) (L3, + (L)~
Th(OH)(L?); + OH™ = Th(OH),(L?), + (L)~

Th(OH),(L?), + 20H = Th(OH), + 2(L?%)"~

Using the known formation constant of Th(Offit was _ _ _ _
possible to determine the Iqioas 38.3(3) for the T, 8 E S, BEEE o e e ohapinies. Note
complex. The potentiometric titration curve, selected spectra that the hydrogen-bonding mode is typical for hydroxypyridinone ligands.
from spectrophotometric titration, and the component spectra
for this system are shown in Figure-2e. It is interesting

to note that the spectra for TR)st and Th(OH)L?); are
quite similar (Figure 2c), as would be expected due to the
electron transition being primarily ligand based; however,
the overall charge on the complex appears to slightly affect
the shape of the transition. These species, while spectro-
scopically similar, are present over different pH ranges (see
Figure 1b).

The most basic ligand I formed a very stable Th),
complex at high pH; the above hydrolysis models for PR-
1,2-HOPO and PR-Me-3,2-HOPO complexes are not ap-
plicable. The best model for this system included a number
of ligand-to-metal stepwise formation constants followed by
complete hydrolysis at high pH. This is not surprising due N
to the high basicity of the ligand. The relevant equilibria o18
are shown below:

Figure 4. View of the structure of [TH(?)]-H,O, showing the atom-label-
ThL3® + H (L3 = Th(L3.2" + 2H" ing scheme of the oxygen atoms and 30% thermal ellipsoid probabilities.
( ) 2( ) ( )2 Note that this view is down from the cap (O1B) of the monocapped square
antiprism coordination polyhedron; O2B, O2C, O1D, O3AA and O2A, O1C,
Th(L®,”" + Hy (L) " =Th(L?," + 2H" 02D, O1A form the upper and bottom square planes, respectively.

Supporting Information. Using the known formation constant
of Th(OH)?? it was possible to determine Igtj4oto be 38.3-
(3) for the Th{3), complex.

For HL! and H_? the complexation equilibria at high pH
gincluded a hydrolysis step with loss of a ligand. From the
crystal structure of Th(?),-H,O (Figure 4) the complex is
nine coordinate with an amide oxygen atom taking up the

Th(L®," + HL®=Th(L?%,+ H"
Th(L®, + 40H = Th(OH), + 4(L>)~

The selected spectra from spectrophotometric titration an
component spectra are shown in Figure S2b,c of the

(25) Riley, P. E.; Abu-Dari, K.; Raymond, K. Nnorg. Chem 1983 22, ninth coordination site. This coordinate amide group is dis-
3940. ; ;

(26) Kepert, D. L. InStereo-Inorganic Chemistrygrgensen, C. K., Lappert, placed by a water molecule W.hen In WaFer' Itis proposed
M. F., Lippard, S. J., Margrave, J. L., Niedenzu, KthioH., Parry, that the exchange of hydroxyl ion with this bound water at
Eé(\)/v., Yamatera, H., Eds.; Springer-Verlag: Berlin, 1982; pp-180  high pH ultimately leads to the hydrolysis of the thorium

: ion.

(27) Xu, J.; Ziegler, M.; Raymond, K. N. Manuscript in preparation.
(28) Piyamongkol, S.; Liu, Z. D.; Hider, R. Tetrahedror2001, 57, 3470~

3486. (33) Sheldrick, G. MSHELXTL-97Program for the Refinement of Crystal
(29) SMART Area Detector Software Package; Siemens Industrial Automa- Structures University of Gdtingen: Gitingen, Germany.
tion, Inc., Madison, WI, 1995. (34) Flack, H. D.Acta Crystallogr 1983 A39, 876.
(30) SAINT: SAX Area-Detector Integration Program (V.4.024), Siemens (35) Harris, W. R.; Raymond, K. N.; Weitl, F. LJ. Am. Chem. S0d981,
Industrial Automation, Inc., Madison, WI, 1995. 103 2667-2675.
(31) SADABS: Siemens Area Detector ABSsorption correction program, (36) Kappel, M.; Raymond, K. Ninorg. Chem.1982 21, 3437-3442.
Sheldrick, G., 1996. (37) Whisenhunt, D. W., Jr.; Neu, M. P.; Hou, Z.; Xu, J.; Hoffman, D. C.;
(32) Sheldrick, G. MActa Crystallogr.199Q A46, 467. Raymond, K. N.Inorg. Chem 1996 35, 4128.
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Table 3. X-ray Crystallographic Information for Pr-Me-3,2-HOPO
(HL?) and [Th(?)4]-H.O

compound HL2 [Th(L?)4]-H0
empirical formula G3H18N203 ThC40H52N8012'H20
fw 210.23 1086.95 1A
cryst syst triclinic orthorhombic
space group P(WNo. 2) Pna2; (No. 33)
T, ;C —139(2) —112(2) T P e P
a, 8.1492(7) 17.1250(5) v v v
b, A 11.1260(9) 12.3036(7) 1} ‘P 4} 1& 4 QP
¢ A 23.402(2) 23.880(1) A X L X
a, deg 87.569(1) 90 = f —=F— : =
B, deg 86.592(1) 90 1A s IVA IVB
i//’ (,j&ig 51713839(%) 590031 6(4) Figure 5. The seven possible coordination geometries of [M(bidentate)
Z' 8 ' 4 ' (monodentate)] complexes.
Pcalea 9 CNT3 1.321 1.435 .
2 A 0.71072 0.71072 Table 5. Selected Bond Distances (A) and Angles (deg) for
abs coeff, cm? 0.99 30.27 Th(L?«0.5H0
20 range, deg 3.48 260 < 46.56 5.32< 20 < 46.62 Distances
no. of unique data - 5452 6388 Th(1)-O(1A) 2507(5)  N(1A)-C(2A) 1.382(11)
T M Y A RS T
WR2[I > 20(1)] 0.1322 0.0678 Th(1)-O(1D) 2553(17)  N(2AYC(8A) 1.414(13)
apl— _ b - 2_ 22711 112 Th(1)-0(2A) 2.448(5) C(2A)-C(3A) 1.408(12)
R1= 3 |IFol — IFcll/3|Fol. °WR2 = { T [W(Fo? — F)?/ 3 [w(Fc)?]} 2. Th(1)-0(2B) 2.261(8) C(3AYC(2A) 1.409(10)
i 2 Th(1)-0(2C) 2.373(6) C(4AYC(5A) 1.412(9)
Table 4. Selected Bond Distances (A) and Angles (deg) far2H Th(1)-0(2D) 2.541(11) Clanyo(7A) 1.468(11)
Distances Th(1)—O(3AA) 2.381(6) C(5A)-C(6A) 1.354(10)
0(1)-C(2) 1.262(4) C(2rC() 1.427(5) O(1A)—C(2A) 1.312(8) C(7AY-O(3AB) 1.359(15)
0(2)-C(3) 1.359(4) C(3yC(4) 1.367(5) O(2A)—C(3A) 1.281(9)
0(3)-C(7) 1.241(4) C(4yC(5) 1.425(5)
N(1)—C(2) 1.371(4) c(4yc(7) 1.500(5) Angles
N(1)—C(6) 1.373(4) C(5yC(6) 1.334(5) O(2A)-Th(1)-O(1A)  63.93(16) O(2B)yTh(1)-O(3AA)  92.7(7)
N(2)—C(7) 1.337(4) O(2B)-Th(1)-O(1B)  68.0(3) O(2B)Th(1)-0(2C) 94.9(6)
0O(2C)-Th(1)—-0O(1C) 59.2(6) O(2CGyTh(1)—-0O(1D) 83.2(6)
Angles O(2D)-Th(1)-O(1D)  61.9(5) O(3AA)-Th(1)-O(1D) 70.9(6)
0O(1)-C(2)—N(1) 120.1(3) C(3)yC(4)-C(5) 117.7(3) O(3AA)—Th(1)-O(1A) 78.17(19) O(2C)Th(1)-O(3AA) 147.3(2)
O(1)-C(2)-C(3) 123.1(3) C(3yC(4)-C(7) 125.4(3) O(3AA)—Th(1)-0O(2D) 63.0(7) 0O(2B)Th(1)—0O(1D) 140.3(4)
O(2-C(3)-C(4) 121.8(3) C(6yC(5-C(4) 120.7(3) O(3AA)—Th(1)-O(1B) 76.5(6) O(1AXTh(1)-0O(1C)  108.1(5)
0O(2-C(3)-C(2) 116.3(3) C(5yC@4)-C(7) 116.9(3) O(1B)-Th(1)-O(1D)  73.0(2) O(2A>Th(1)-0O(2D) 97.7(5)
OR)-C(7)-N(2) 121.4(3) C(5rC(6)-N(1) 121.1(3) O(2C)-Th(1)-0O(1B)  77.0(5) O(1B)Th(1)-O(1A)  132.8(6)
O3)-C(7)-C(4) 119.7(3) N(2)-C(7)—C(4) 118.9(3) O(2A)—Th(1)-0(1C) 69.2(4) O(1B)Th(1)—-0(2A) 134.7(5)
N(1)-C(2)-C(3) 116.8(3) C(2rN(1)-C(6) 121.8(3) O(2D)-Th(1)-O(1C) 63.2(3) O(1BYTh(1)-O(1C)  119.1(4)
C(4)-C(3)-C(2) 121.9(3) C(7yN(2)—C(8) 121.8(3) O(1A)—Th(1)-0O(2D) 72.6(6) O(1B)Th(1)-0(2D) 126.5(4)
X-ray Crystal Structures. In order to compare the struc- The thorium complex crystallizes in the polar space group

ture of the free ligand to Th(IV)-coordinated ligand, an X-ray Pna2; (No. 33); there are four [TI?),]-H,O formula units
crystal diffraction study was carried out for the bidentate in the unit cell (for crystallographic data see Table 3). An
ligand H.2. The ligand crystallizes in the triclinic space ORTEP diagram of the complex is shown in Figure 4, and
group P1 with Z = 8. The data collection and crystal- selected bond distances and angles are given in Table 5. Each
lographic parameters are summarized in Table 3, and thethorium is nine coordinated by four bidentate ligands and
selected bond distances and angles are given in Table 4. Aby a fifth ligand moiety of a neighboring thorium complex
structural diagram of H? (Figure 3) clearly demonstrates through its amide oxygen. The linkage of adjacent [13)]
that this free ligand is predisposed for complexation. units generates a one-dimensional chain structure. Consistent
It is important to note that in the free ligand the amide with other Me-3,2-HOPO complexes, the average metal
nitrogen atom forms a strong hydrogen bond with the phenolic oxygen bond length is slightly shorter than that of
adjacent phenolic oxygen atom (averagg.lN—Opnenolic = oxo oxygent’192The average distance of FiOpnenoiic iS
2.68 A): the phenolic proton also forms a hydrogen bond 2.405(8) A, close to that of 2.403(3) A observed in the 1,2-
with the adjacent oxo oxygen atom (averaggo©Opnenolic HOPO analogue, tetrakis(1-oxy-2-pyridonato)-aqua-thorium-
= 2.72 A). This hydrogen bond scheme enforces a coplanar(1V), while the average distance of FiDox, is 2.524(11)
arrangement of HOPO ring and the amide moiety; the sameA, a little longer than that of 2.476(4) A in the 1,2-HOPO
ligand geometry has been observed in all crystal structuresanalogue. The average bite angle of complexation is 63.2-
of the Me-3,2-HOP@ metal complexes to daté!®??Un- (4)°, similar to that of 63.9(X)in the 1,2-HOPO analogtté.
like catecholamides or 2,3-dihydroxyterephthalamides, no  The central thorium atom is nine coordinate. Repulsion
180 rotation of the amide group accompanies metal com- energy calculations predict that the monocapped square-
plexation?* so for the Me-3,2-HOPO compounds, the un- antiprism geometry is more stable than other possible
complexed and complexed ligands share the same confor-geometries for [M(bidentatg)nonodentate)] complexés.
mation. The possible arrangements of four equivalent bidentate
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ligands coordinated to a metal ion with a monocapped
square-antiprism geometry are shown in Figure 5. The heavy
edge connects two sites occupied by the bidentate chelates,
while the black dot indicates the site occupied by the
monodentate ligand. Note thitis symmetric whildA/IB,
A /IIB , andIVA /IVB are pairs of enantiomers. However,
this is true only for symmetrical bidentate ligands (such as
catechol), and not for asymmetrical ligands such as HOPOs. _ o _
A full analysis of the number of possible isomers for the ch'gure G'f The coordination polyhedron of [Tbt)}-HzO, as viewed down
. - h . - A > e cap of the Archimedean antiprism. Note that the coordination polyhedron

asymmetrical bidentate ligand situation will be discussed shares the same view with that in Figure 4.
elsewheré’ Kepert has discussed the monocapped square-
antiprism geometry of [M(bidentatgénonodentate)] com-
plexes and suggestdd, I, IlIA , and IVA as the four
possible geometried.Indeed the coordination geometry of
[Th(L?)4]-H.O presented in Figure 4 is best described as a
slightly distorted monocapped square antiprism with the
chelate arrangement representediivd (Figure 5), alter-
natively with1lIB in the glide generated chain. The thorium
atom is bound to nine oxygen donor atoms in a slightly
distorted monocapped square-antiprismatic geometry. For the
complex illustrated in Figure 4, one oxygen atom (O1B)
occupies the cap site, while O2B, O2C, 01D, and O3AA,
the amide oxygen donor from a neighboring thorium
complex, form the upper square plane. The lower square
plane is formed by O2A, O1C, 02D, and O1A. The rms
deviation from the least squares plane of O2A, O1C, 02D,
and O1A is 0.069; while the rms deviation from the least
squares plane of O2B, O2C, O1D, and O3AA is 0.12. The
angle between the two planes is 826eviating from 0
for an ideal monocapped square antiprism, and the twist
angles are 40% 47.1°, 45.2, and 55.2 giving an average
of 47.@, close to the ideal value of 45

We recently presented a general definition of the shape
measure), to describe and compare the geometry of eight-
coordinate complexes.Shape measure is defined as

4o1c

02C

Figure 7. (a) Structure of part of the [Th@4)]-H2O linear coordination
polymer. (b) A simplified structure of view a showing only the linking

S=min moieties and the coordination polyhedra of the linear coordination polymer.

monocapped cubeS[C,) =20.76]. The lower shape

where m is the number of edges of the coordination Measure for the monocapped square antipi@mnclearly
polyhedron,o; is the observed dihedral angle along ttte shows that the coordination polyhedron is closest to an
edge ofd (angle between normals of adjacent fac#s)s idealized monocapped square antiprism.

the same angle of the corresponding ideal polytopal shape In the unit cell of [Th{?),]-H-0, each thorium complex

6, and min is the minimum of all possible values. The is connected to its enantiomeric neighbor via coordination
calculation of shape measure can be extended to evaluat®f an amide oxygen to give a nine-coordinate complex. This
the geometry of a complex of any other coordination number. results in an unusual linear coordination polymer composed
A generalized program for these calculations will be of enantiomerdllA andllIB , which alternate to form a
described elswher&. zigzag structure as shown in Figure 7. However, the

In the case of nine-coordinate complexes, there are five Simplicity of the NMR spectra of the complex in DMSO
possible polyhedra: the tricapped trigonal prism, mono- Solution at room temperature confirms that the complex exists
capped square antiprism, monocapped cube, tridiminished@s discrete molecules in solution, presumably with a solvent
icosahedron, and triangular cupdfalhe latter three (espe- Molecule replacing the coordination site occupied by the
cially the last two) polyhedra have prohibitively high amide oxygen in the solid state.
repulsion energies and are therefore not comidiar the
complex [Th{?),]-H.O the shape measure for idealized
monocapped square antipris8{C,,) = 7.72] is much lower The bidentate ligands PR-1,2-HOPOL(H, PR-Me-3,2-
than that of tricapped trigonal prisn&[C,,) = 9.1C°] and HOPO (H.?), and PR-3,4-HOPO-N (4 ®) form very stable

Conclusions
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complexes with Th(IV) in agqueous solution, giving overall
formation constants (lof40) of 36.0(3), 38.3(3), and 41.8-

(5), respectively. The different acidities of these ligands (log

K, of 4.96(2), 6.12(1) for H?, HL?; log K41 and logKg, of
9.47(2) and 3.03(4) for E®, respectively) lead to signifi-
cantly different complexation behavior as a function of pH.

From the species distribution diagram (Figure 1), one can
find that the fully complexed species is the dominant species 1-Hydroxy-

in acid (pH < 6) for HLY, in weak acid to physiological pH
for HL2, and at high pH ¥ 8) for HL3. These differences in

Xu et al.

3 as white foam, yield 90%H NMR (500 MHz, CDC}): 6 0.75

(t, 3H,J = 7.5 Hz, CH), 1.39 (q, 2HJ = 7.3 Hz, CH), 3.08 (q,
2H,J = 6.7 Hz, CH), 5.10 (s, 2H, CH), 6.13 (dd, 1HJ = 6.5

Hz, 1.5 Hz, arom H), 6.32 (dd, 1H,= 9.5 Hz, 1.5 Hz, arom H),
7.02 (dd, 1H,J = 9.0 Hz, 7.0 Hz, arom H), 7.277.29 (m, 5H,
arom H), 7.66 (t, 1HJ = 5.7 Hz, amid H).13C NMR (100 MHz,
CDCly): 611.0,21.9,41.3,78.6,105.3,122.5, 128.0, 128.7, 129.4,
133.0, 137.9, 143.0, 158.2, 160.0. MI{AB): 287.2 (MH").
2(1H)-pyridinone-2-carboxylic Acid Propylamide
(PR-1,2-HOPO) (HLY). Compound3 (1.0 g, 3.5 mmol) was
dissolved in 25 mL of a 1:1 mixture of concentrated HCI and acetic

chemical properties of the bidentate hydroxypyridinonate acid. The mixture was stirred for 36 h, and the solvent was removed
could be utilized in the design and synthesis of multidentate under vacuum. The residue was washed with diethyl ether and dried

HOPO ligands with varying chemical properties for actinide

in a vacuum oven at 78C for 6 h. A beige solid was obtained as

sequestration in vivo and environment applications. While product, yield 85%.

attachment of the 1,2- and 3,2-ligands to make multidentate
ligands is now straightforward, previously synthesized 3,4-
HOPO-N ligands do not have the proper coordination

geometry,® although a new synthetic approach to such

multidentate 3,4-HOPO ligands has been recently repéftted.
A comparison of the structure of Th{),-H,O with that

of HL? reveals that the ligand geometry in both the free

ligand and the metal complex is essentially identical. The

IH NMR (500 MHz, CDC}): 6 0.87 (t, 3H,J = 7.2 Hz, CH),
1.47 (q, 2H,J = 7.2 Hz, CH), 3.14 (g, 2H,J = 6.5 Hz, CH),
6.25 (d, 1H,J = 7.0 Hz, arom H), 6.55 (d] = 9.0 Hz, 1H, arom
H), 7.38 (d, 1H,J = 8.0 Hz, arom H), 8.75 (s, br, 1H, amid H).
13C NMR (100 MHz, CDCY): ¢ 11.4, 22.1, 40.7, 103.6, 119.2,
137.4, 142.5, 157.5, 160.3. Anal. Calcd (found) foHGN,O3¢
H.O: C, 50.46 (50.73); H, 6.58 (6.65); N, 13.07 (12.88). MS-
(+FAB): 197.2 (MH").

3-Benzyloxy-1-methyl-2(H)-pyridinone-4-Carboxylic Acid

hydrogen bonds between the amide nitrogen and the proximalPropylamide (PR-Me-3,2-HOPOBN) (6). To a suspension of
phenolic oxygen enhance the rigidity in both structures and 3-benzyloxy-1-methyl-2(#)-pyridinone-4-carboxylic acid4 2.59
demonstrate that the Me-3,2-HOPO ligands are predisposed); 10 mmol) in benzene (25 mL) was added excess oxalyl chloride

for metal chelation. In the crystal of [Th§),-H,0, the
complex forms an unusual linear coordination polymer in
which enantiomerdlA andllIB alternate to form a zigzag
structure (Figure 7).

Experimental Section

All chemicals were used as received from Aldrich unless
otherwise noted. 1-Benzyloxy-2(l)-pyridinone-6-carboxylic acid
(1,2-HOPOBN acidl),® 3-benzyloxy-1-methyl-2(#)-pyridinone-
4-carboxylic acid (Me-3,2-HOPOBnN acit),’? and 3-benzyloxy-
2-methyl-4(H)-pyridinoneN-acetic acid (3,4-HOPO-N acid)!!
were prepared by published methodsl NMR and 13C NMR
spectra were obtained on Bruker AMX-300, AMX-400 or DRX-

(1.65 g, 26 mmol). Vigorous gas evolution was observed after a
drop of dimethylformamide (DMF) was added as catalyst, and the
turbid solution turned clear and was then heated t6G@or 4 h.
Solvent was removed under reduced pressure, and the residue was
dissolved in a solution of propylamine (0.71 g, 12 mmol) in dry
methylene chloride (20 mL). A silica gel plug as described in the
synthesis of3 was used to purify this solution, and a white foam
was obtained as product after removal of the solvent; yield 2.92 g,
94%.

1H NMR (300 MHz, CDC}): 6 0.79 (t, 3H,J = 7.4 Hz, CH),
1.33 (g, 2H,J = 7.2 Hz, CH), 2.95 (g, 2H,J = 6.5 Hz, CH),
3.18 (s, 3H, CH), 5.38 (s, 2H, benzyl CH), 6.81 (d, IHJ = 7.2
Hz, arom H), 7.12 (d, 1HJ = 7.2 Hz, arom H), 7.3867.50 (m,
5H, arom H), 7.92 (tJ = 5.6 Hz, 1H, amid H)3C NMR (100

500 spectrometers and are reported in parts per million. Ultraviolet/ MHz, CDCk): 6 11.4, 20.1, 37.7, 41.5, 74.9, 105.0, 128.7, 128.8,
visible spectra were recorded on a Hewlett-Packard 8450A diode 129.0, 130.6, 132.0, 146.5, 159.7, 163.0. Anal. Calcd (found) for

array spectrophotometer. Th(acaa)as purchased from Bodman
Chemicals. ThG3H,O (99.9%) was from ROC/RIC and was
dissolved in HO to make solutions~0.05 M in Th(lV). The
solutions were standardized with MEDTA (0.0997 M Aldrich)

Ci17H20N205-H0: C, 64.13 (64.01); H, 6.96 (6.71); N, 8.80 (8.79).

MS(+FAB): 301.4 (MH").
3-Hydroxy-1-methyl-2(1H)-pyridinone-4-Carboxylic Acid Pro-

pylamide (PR-Me-3,2-HOPO) (HL?). PR-Me-3,2-HOPOBN§,

using pyrocatechol violet as an indicator. Elemental (CHN) analyses 2.00 g, 6.66 mmol) and 10% Pd/C catalyst (200 mg) were

were performed at the Elemental Analysis Facility, College of
Chemistry, University of California, Berkeley.

Syntheses. 1-Benzyloxy-2f1)-pyridinone-6-carboxylic Acid
Propylamide (PR-1,2-HOPOBN) (3).To a suspension of 1,2-
HOPOBnN acid £, 1.0 g, 4 mmol) in toluene (50 mL) was added

suspended in methanol (50 mL). The mixture was stirred overnight
under hydrogen (1 atm). The catalyst was removed by filtration,
the filtrate was evaporated to dryness, and the residue was
recrystallized from a methanekther mixture to afford white
crystals, yield 1.28 g, 92%H NMR (300 MHz, DMSOsg): ¢

excess oxalyl chloride (1.0 g) with stirring. Gas bubbles evolved 0.88 (t, 3H,J = 7.4 Hz, CH), 1.52 (q, 2HJ = 7.2 Hz, CH), 3.23
and the suspension turned clear upon the addition of a drop of DMF (q, 2H,J = 6.6 Hz, CH), 3.46 (s, 3H, Ch), 6.52 (d,J = 7.1 Hz,

as a catalyst. The mixture was warmed t6¢ 8Dfor 4 h, and the

1H, arom H), 7.18 (tJ = 7.2 Hz, 1H, arom H), 8.46 (1) = 5.6

solvent was removed under reduced pressure to leave the raw acidHz, 1H, amide H).*3C NMR (100 MHz, CDC}): ¢ 11.3, 22.2,

chloride as a pale yellow oil. The oil was dissolved in methylene

36.8, 40.8, 102.4, 117.0, 127.7, 147.9, 158.0, 165.6. Anal. Calcd

chloride (30 mL), and excess propylamine (0.4 g, 6.7 mmol) was (found) for GoH1N2Os: C, 57.13 (57.44); H, 6.71 (6.63); N, 13.32.-

added with stirring. The solution was extracted with 0.5 M HCI

(13.25). MSEG-FAB): 211.1 (MH").

solution and saturated NaCl solution successively, and the organic  3-Benzyloxy-2-methyl-4(H)-pyridinone-N-acetic Acid Pro-

phase was loaded onto a flash silica column. Elution witt6%

pylamide (9). To a solution of 3-benzyloxy-2-methyl-4l)-pyri-

methanol in methylene chloride allowed separation of compound dinoneN-acetic acid 7, 2.0 g, 7.3 mmol) andN-hydroxysuccin-
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imide (NHS) (0.9 g, 7.8 mmol) in dry pyridine (50 mL) was added
1,3-dicyclohexylcarbodiimide (DCC) (1.5 g, 7.3 mmol). The
solution was stirred for 4 h, an@propylamine (0.74 g, 10 mmol)
was added. The mixture was stirred for an additidraand filtered

to remove the solid of dicyclohexylurea (DCU); and the solvent

N> overnight and then diluted with methylene chloride (80 mL).
The mixed solution was passed through a silica gel plug, and the
plug was eluted with 20% methanol in methylene chloride. The
combined eluents were evaporated to dryness to afford a beige solid
as product, yield 65%'H NMR (500 MHz, CyOD): ¢ 0.92 (t,

was removed from the filtrate by rotary evaporation. The residue 12H,J = 7.2, CHy), 1.53 (g, 8H,J = 7.2, CH,), 2.28 (s, 12H,

was taken up in a minimal amount of methylene chloride and
extracted with 0.5 M NaOH and 0.5 M HCI successively.
Evaporation of the methylene chloride solution gave compdind
as a beige crystalline solid (1.40 g, 60.6%). NMR(500 MHz,
CDCly): 6 0.82 (tt, 3H,J = 7.3 Hz, CH), 1.45 (qq, 2HJ = 7.3

Hz, CH), 2.07 (s, 3H, CH), 3.10 (s, br, 2H, Ch), 4.45 (s, 2H,
CHy), 4.97 (s, 2H, CH), 6.52 (dd, 1HJ = 7.5 Hz, 3 Hz, arom H),
7.11 (dd, 1HJ = 7.5 Hz, 1.5 Hz, arom H), 7.20 (m, 3H, arom H),
7.25-7.32 (m, 2H, arom H), 8.73 (t, 1Hl = 5.3 Hz, amide H).
13C NMR (100 MHz, CDC}): ¢ 11.2,12.3,22.3,41.1,55.5, 72.8,

CHg), 3.17 (q, 8HJ = 6.2 Hz, CH), 4.83 (s, br, 8H, NCh), 6.39

(s, br, 4H, arom H), 7.55 (s, br, 4H, arom H). Anal. Calcd (found)
for ThCyHeoNsO12°2.5 H,O: C, 45.16 (45.07); H, 5.59 (5.61); N,
9.57 (9.69). MS{-FAB): 1125.5 [Th{3),H*].

X-ray Crystallography. Colorless rhomboid crystals of PR-Me-
3,2-HOPO and colorless thin plates of Th(PR-Me-3,2-HQR®)ye
grown by diffusion of ethyl ether into a solution of the complex in
methanol. Selected crystals were mounted in Paratone N oil on the
ends of quartz capillaries and frozen into place under a low-
temperature nitrogen stream. Data were collected on a Siemens

116.2,127.7,127.8,128.1, 136.9, 140.2, 142.9, 145.5, 165.7, 173.1g\ART/CCD X-ray diffractometéP with Mo Ko radiation ¢ =

Anal. Calcd (found) for GH2:N,03:0.5 H,0O: C, 66.85 (66.90);

H, 7.16 (6.82); N, 8.66 (8.75). M3{FAB): 315.2 (MH").
3-Hydroxy-2-methyl-4(1H)-pyridinone-N-acetic Acid Propy-

lamide (PR-3,4-HOPO-N, HL3). Compound9 (1 g, 3.2 mmol)

was deprotected by the catalytic hydrogenation procedure mentioned,

above. Pure product was obtained as a white solid (0.63 g,
1H NMR (500 MHz, DMSOdg): ¢ 0.82 (t, 3H,J = 7.2 Hz, CHy),
1.15 (hex, 2HJ = 7.2 Hz, CH), 2.35 (s, 3H, CH), 3.04 (q, 2H,
J = 6.5 Hz, CH), 5.18 (s, 2H, CH), 7.37 (d, 1H,J = 7.0 Hz,
arom H), 8.23 (dJ = 7.0 Hz, 1H, arom H), 8.84 ({f = 5.5 Hz,
1H, amide H)13C NMR (125 MHz, DMSOs): ¢ 11.4, 12.6, 22.2,

40.7, 57.9, 110.4, 139.7, 142.2, 142.6, 159.3, 164.7. Anal. Calcd

(found) for G1H16N203: C, 58.91 (58.82); H, 7.19 (7.31); N, 12.49
(12.34). MS(-FAB): 225.3 (MH").

[Th(L Y4]-2H,0. To a solution of Th(acag)63 mg, 0.10 mmol)
was added H* (98 mg, 0 45 mmol) in dry methanol (10 mL) with
stirring. The mixture was heated at reflux underdvernight. The

solvent was removed under reduced pressure, and the residue w

taken up into chloroform (20 mL). The chloroform solution was
washed with saline (3« 10 mL). After drying with magnesium

sulfate, the chloroform was removed to give the product as a beige

solid, yield 75 mg (71%)*H NMR (300 MHz, DMSO#g): 6 0.79
(t, 12H,J = 7.4 Hz, CH), 1.35 (q, 8HJ = 7.2 Hz, CH), 3.20 (q,
8H,J = 6.5 Hz, CH), 6.79 (d, 4H,J = 7.8 Hz, arom H), 7.39 (t,
4H,J = 7.9 Hz, arom H), 7.50 (d, 4H] = 6.8 Hz, arom H), 9.92
(s, br, 4H, amide H). Anal. Calcd (found) for ThéEl44NgO12*
2H,0: C, 41.22 (41.13); H, 4.61 (4.81); N, 10.68 (10.49). MS-
(+FAB): 1013.4 [Th(L%),H™].

[Th(L ?)4]-2.5H,0. A solution of Th(acag)(63 mg, 0.10 mmol)
in dry acetonitrile (10 mL) was added slowly to a stirred solution
of HL2 (89 mg, 0 42 mmol) in acetonitrile (20 mL). The transparent

as

0.71072 A). Intensity data, to a maximurél ange of 46.62 were
extracted from the frames using the program SAINWith box
parameters of 1.& 1.6 x 0.6. The data were corrected for Lorentz
and polarization effects, and an empirical absorption correction was
pplied using the SADABZ program. No decay correction was

87(V")'applied. The structures were solved by direct methods using

SHELXS-97% Full-matrix least squares refinements based=én
were performed in SHELXTL-9% In the structure of PR-Me-3,2-
HOPO (H.?), all non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were assigned to idealized positions. Crystal-
lographic information is summarized in Table 3.

Since the crystal of Th(?)4-H,O was a very thin plate (0.58
0.14 x 0.008 mm), it was mounted on top of and perpendicular to
a quartz capillary with the aid of N-paratone oil. Surface tension
caused a slight bending of the crystal, which could contribute to
the difficulty in solving the structure. The orientation of the polar
crystal was established based on a comparisoR,aind F. for
reflections of Friedel mates (Flack factor 0.G0Most of the non-
hydrogen atoms were refined using anisotropic thermal displacement
parameters, except the carbon atoms of the propyl moieties due to
the oblate or prolate thermal ellipsoid with big thermal motions.
Hydrogen atoms in the complex were placed at calculated positions
riding on their parameters. Crystallographic data (excluding struc-
ture factors) for the structures reported in this paper have been
deposited in the Cambridge Crystallographic Data Center with
CCDC numbers 160035 and 160036.

Potentiometric Titrations. The apparatus and method used for
potentiometric titrations have been described in detail elsevihéte.
The solutions were maintained at a constant ionic strength (0.100
M KCI) and at a constant temperature of 25t00.1 °C. The

solution turned turbid after a few minutes. The mixture was heated thermodynamic reversibility of each potentiometric titration was

at reflux under N overnight, during which time the complex was
deposited as a beige fluffy precipitate. After cooling, it was collected
by filtration, rinsed with cold acetonitrile, and dried under vacuum,
yield 98 mg (0.088 mmol, 88% based on Th(agaéH NMR (300
MHz, DMSO-dg): 6 0.66 (t, 12H,J = 7.4 Hz, CHy), 1.15 (q, 8H,
J = 7.2 Hz, CH), 2.95 (q, 8H,J = 6.5 Hz, CH), 3.48 (s,
12H, CHy), 6.81 (d, 4H,J = 7.1 Hz, arom H), 6.94 (d, 4H,
J = 7.2 Hz, arom H), 9.39 (t, 4H) = 5.6 Hz, amide H). Anal.
Calcd (found) for ThGoHs:NgO;1-2.5 H,O: C, 43.12 (43.13); H,
5.15 (4.91); N, 10.05 (9.79). MSFAB): 1069.7 [Th{?)4H"],
859.3 [Th{ 93]

[Th(L 3)4]-2.5H,0. A solution of Th(acag)(63 mg, 0.10 mmol)
in dry methanol (20 mL) was added td_Fi(99 mg, 0.44 mmol) in
dry methanol with stirring. The mixture was heated at reflux under

confirmed by carrying out titrations from acid to base and vice
versa. The models used to fit the titration data were refined by the
nonlinear least squares program BET&98"All results presented
here are the average of at least three separate titrations.

Spectrophotometric Titrations. The apparatus and method for
spectrophotometric titrations have been described in detail else-
where3” The solutions were maintained at a constant ionic strength
(0.100 M KCI) and at a constant temperature 25:00.1 °C
(constant-temperature bath). The thermodynamic reversibility of
each spectrophotometric titration was also confirmed by carrying
out titrations from acid to base and vice versa (where possible).
The models used to fit the titration data were refined by the
nonlinear least squares program REFSPEAI results presented
here are the average of at least three separate titration experiments.
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