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Summary. The complexation of Th(IV) with desmethyl- S ""’//CH3 S
desferrithiocin (HDMDFT), a derivative of the siderophore
desferrithiocin (HDFT), was studied by potentiometry, spec-
trophotometry and NMR. Three protonation constants of the H,DFT H,DMDFT

ligand were determined by potentiometric titrations dhd

NMR and assigned to the phenolate group, the nitrogen at theig. 1. H,DFT and HDMDFT.

hydroxypyridine ring, and the carboxylate group. The forma-

tion constant of thel:2 complex, Th(DMDFT), was deter-

mined by absorption spectrophotometry with oxalate as a COMgjg_ 1), has received much attention since its first isolation

peting ligand. A tridentate complex with Th(IV) involving the from Streptomyces antibioticul 7]. Comparative studies

p:‘:uml;}?_g%%e;f w:sth'?ozocl)'gs dnltrogen and the carboxylat%f H.DFT and DFO have demonstrated thaiDH T, like

group prop ' DFO, is a very strong iron chelator and is highly effective
when administered orally1B, 19]. Several ligands structur-
ally related to HDFT were also found to form strong com-

Introduction plexes with Fe(lll) and other tri- and divalent metal ions
[5].

There has been great interest in the study of the coordi- To identify the structural features of,BFT that make

nation chemistry of naturally occurring siderophores andthis ligand an orally effective iron chelator and to develop

their synthetic analogs with metal ions due to various re-a structure-reactivity relationship as guidelines in search for

asons [—9]. First, siderophores are highly effective iron new drugs, Bergeromt al. [6, 10, 12, 20] synthesized a

chelators and play important roles in the transport of ironseries of ligands by systematically varying the functionality

in organisms. For example, a hydroxamate bacterial sideroan the hydroxypyridine and/or the thiazoline rings. Among

phore, desferrioxamine B (DFO), forms a very strdnd these ligands, desmethyldesferrithiocin LMDFT,

complex with Fe(lll) and is the only drug approved at pre- Fig. 1), resulting from the replacement of the methyl group

sent for the treatment of transfusional iron overlo&d-{ of H,.DFT with hydrogen, is of particular interest because

12]. Also, some siderophores form strong complexes withit is more water-soluble and less toxic thanDFT [20].

Pu(lV) and Th(IV) [11, 13]. As a result, they can solubilize Langemanret al. determined the formation constants of the

plutonium from a hydrous Pu(lV) oxidd4], and enhance complexes between BMDFT and a few trivalent metal

the sequestration of plutonium from laboratory animas [ ions (Al, Ga, and Fe). To evaluate the binding strength of

16]. Thus, siderophores are potentially selective sequesthis siderophore-related ligand with tetravalent actinides,

tering agents for actinides and may find applications inthe coordination chemistry of HMDFT with Th(IV) was

chemical separations, decontamination, and environmentaiudied in this work, by potentiometriii-NMR, and UV/

migration of metal ions. Vis absorption spectrophotometry.

Though DFO remains the drug of choice for the treat-

ment of iron overload, there are shortcomings associated .

with its application, such as relatively high cost and low EXperimental

oral effectivenessi[t, 12]. As a result, there is a demand cpemicals

to isolate new siderophores and/or develop alternative iron _ o

chelators and, in particular, those that are orally effectiveAll the experiments were conducted at an ionic strength of

Recently, a new siderophore, desferrithiocin AT, 0.1 M (NaClO,) and 25C. Purified water from a MilliQ
system was used for the preparation of all aqueous solu-

* Author for correspondence (E-mail: LRao@Ibl.gov). tions.
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Desmethyldesferrithiocin $#®MDFT) was synthesized 1o ® 20 ®
as its sodium salt (NaHDMDFT) at the University of Flori- I -
da and used without further purification. The procedures
for the synthesis of this compound have been described
previously [12]. It has been reported that the thiazoline ring
of H,DMDFT slowly decomposes to cysteine in strong acid
[5, 11] so, in the present study, all the solutions of
H.DMDFT were prepared immediately prior to use. In ad-
dition, the UV/Vis absorption spectrum of , EIMDFT in
acidic solutions was followed to make sure that no identifi-
able decomposition occurred over the period of the experi-
ment.

Thorium nitrate (reagent grade, Alfa Chemical Co.) was
converted to thorium perchlorate by repeated evaporations

in perchloric acid. All the other chemicals used in this work Fig. Z}Pﬁtenti?metricl‘titrations Qf,ld:)MDFT- I(a) —log[H"] as a func-
are reaaent grade or higher. tion of the volume of titrant. Initial cup solution: 25.0 mL. Curve I:
9 9 9 6.045x10°*M NaHDMDFT, 6.00x 10*M HCIO,; titrant: 010 M
NaOH. Curve Il: 6.04% 10~ M NaHDMDFT, 1.20X 10-2 M NaOH;
titrant: 010 M HCIO,. (b) n, as a function of-log[H*] for titration |

Potentiometry shown in Fig. 2a.
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Potentiometric titrations were performed in a glass vessel
jacketed to allow the temperature to be maintained afResults and discussion
25.0+£0.1°C. The solution in the vessel was protected by
an inert atmosphere ¢Nduring the titration. The hydrogen
ion concentration was measured with a Fisher 950 pH metePotentiometric titrations were performed to determine the
equipped with a combination pH electrode. The titrationsprotonation constants of BMDFT. Two titrations are
were conducted in two waysl) a solution of 25 ml con-  shown in Fig. 2a. Curves | and |l represent the titrations in
taining NaHDMDFT (6x 10~* M) and HCIQ, (6 X 107> M) opposite directions with NaOH and HCJOrespectively.
was titrated with 0L M NaOH; 2) a solution of 25.0 ml  The average number of protons associated with the ligand,
containing NaHDMDFT (6<10°*M) and NaOH (.2 n,, is plotted as a function of-log[H*] in Fig. 2b. From
X107*M) was titrated with 0L M HCIO,. A pH range be- these data, two protonation constants 8dd K,) were cal-
tween 2.3 andl2 was covered in the titrations. Two pro- culated. The protonation of the phenolate oxygen on the
tonation constants of DMDFT were calculated from the hydroxypyridine ring has a log Kvalue of 9.8. This prob-
titration data by the data analysis procedure outlined in preably involves the formation of an intramolecular hydrogen
vious literature [2]. bond between the phenolate oxygen atom on the
hydroxypyridine ring and the nitrogen atom on the thia-
zoline ring, as suggested by X-ray structural analysis of the
1H-NMR parent compound ¥DFT [5]. The second protonation (log
K, = 3.02) could take place either at the carboxylate oxy-
NMR measurements were performed on the SUNSgen atom, as suggested for the parent compounBKH)
300 MHz NMR spectrometer in the Department of Chemis-[5] or, at the nitrogen on the pyridine ring. Based on the
try, the Florida State University. Samples were prepared byesults of 'H-NMR titrations described subsequently, we
dissolving weighed amounts of the sodium salt of propose that the second protonation involves the nitrogen
H.DMDFT in D,O. The acidity of the solution, [0, was  on the pyridine ring. The values are in good agreement with
adjusted with fresh BD solutions of 20% DCI orl0%  those previously reported for,BMDFT [11] and H,DFT
NaOD. Sodium 3-(trimethylsilyl}i-propane-sulfonate was [5]. A third protonation, which may occur under strongly
used as an internal standard. acidic conditions, was not observed because, in the
potentiometric titrations, the pH did not reach a sufficiently
low value to observe this protonation.

Potentiometry

UV/Vis spectrophotometry

1
A computer-controlled Cary4 spectrophotometer (modi- H-NMR
fied by On-Line Instrument Systems, Inc.) was used for the’H-NMR data for HDMDFT and its complex with Th(IV)
spectrophotometric experiments. Three milliliters of solu-are shown in Tablé. The chemical shifts of all the protons
tion were placed in a quartz cell with an optical path of were influenced by the protonation and the complexation
1.0cm. The absorption spectra of the solutions ofwith Th(lV). A series of'H-NMR titrations were performed
H,DMDFT, H,DMDFT + Th(lV), H.DMDFT + Th(IV) to determine the third protonation constant in strongly
+ EDTA, and HDMDFT + Th(lV) + oxalate were col- acidic region. The chemical shifts were followed as a func-
lected in the wavelength range between 250 nm andion of pD (i.e.,—log[D*]) between pD 0.56 and 7.7 with
450 nm. The pH of the solutions was maintained at 4.7 withmore data in the lower pD region. As shown in Fig. 3, there
sodium acetate buffer (0LM). was a break in the region around pD 0, which we



Complexation of thorium(IV) with desmethyldesferrithiocin 853

Table 1. '"H-NMR data for desmethyldesferrithiocin and its complex The protonation constants of,BMDFT determined in
with Th(IV). ("H-NMR spectra were recorded in,0 at 300 MHz.) this study are summarized in Table 2. The protonation con-

Hy stants of the parent compound,[l¥FT [5], are also listed
H, X ~OH for comparison. All the three protonation constants of
‘ H.DFT are higher than corresponding values gDMNIDFT,
H G N which can be attributed to the electron-donating nature of
N =\ _LCOOH the methyl group in EDFT.
S ""’//Ha
H! Hy UV/Vis spectrophotometry

: : At pH 4.7, desmethyldesferrithiocin has absorption bands
System Chemical shifts, ppm near 309 nm and 386 nm in the UV/Vis region with molar
absorptivities of 9390 M' cm™' (309 nm) and 2940 M

M o o Hf cm™' (386 nm), respectively. These bands are assigned to

Desmethyl- 5.331H) 3.57(H) 7.46 (2H) 8.07(H) HDMDFT ! based on the protonation constants determined
desferrithiocin 3.741H) by potentiometry andH-NMR. In this species, the pheno-
PH = 7.7 late group (pKa= 9.81) remains protonated. When Th(IV)
Desmethyl- 5.641H) 3.97(H) 7.73(2H) 8.32(H) was added to the solution of HDMDFT, a new band
Sasfrgtggoc'n 4.091H) appeared near 336 nm and isobestic points were observed

' at 324 nm and 37 nm. Since Th(IV) does not have absorp-
;:('Z)f?MDFT 567 (1H) %5788%:3 ;:gj gﬂg 810 (1H) tion bands in this region, the new band near 336 nm was

assigned to the desmethyldesferrithiocin ligand in the com-
plex. Two series of spectrophotometric titrations were per-
formed to determine the stoichiometry of the complex. In

ascribe as due to the third protonation. When the pD wa$ne series, the concentration of Th(IV) was constant
raised from 0.56 to 25, the changes in the chemical shifts (8.9 10°° M) while the total concentration of the ligand,
of all the protons are in the order:.H~ H, (0.16—  [H:DMDFT].., Was changed from OM to 3:610 M.
017 ppm) > H. (0.14 ppm) > Hy. (0.12 ppm) > H, In the other series, HDMDFT],. Was constant (2.8
(0.09 ppm). Based on these observations, the third prol0 “M) while the concentration of Th(IV) was changed
tonation was assigned to the carboxylate group on the thiaffom 0 M to 5X10~*M. As shown in Fig. 4, the intensity
zoline ring. The relationship between pD and pH is D  Of the band at 336 nm increased proportionally with the

pH + 0.4 [13, 22], leading to a third protonation constant increase in the ratio of [lDMDFT]../[Th] (Fig. 4a) or
of log K, = 1.5. [Th])/[H ., DMDFT],w (Fig. 4b) until the ratios reached 2.0

(Fig. 4a) and 0.5 (Fig. 4b), respectively. These results sug-
gest that a1:2 Th/desmethyldesferrithiocin complex was

42 8.1 very strong and dominant under the experimental con-
al el ol e ditions. The spectra data alone do not suffice to answer the
guestion whether the complex is Th(DMDET)or
s T Th(HDMDFT),2*. However, we assign the formula
w9t 78 Th(DMDFT), to this complex based on the following argu-
ments. 1) The strong interaction between “Th and
¥l b HDMDFT ' would facilitate the deprotonation of the phe-
g V[ 76 T nolate group and result in the formation of Th(DMDET)
& i sl 2) The crystal structure data for the desmethyldesferrithio-
o cin complex with trivalent cationsl[I] show that the ligand
2 Yoo 10 20 30 40 30 "o 1o 20 30 a0 50 in the complex is fully deprotonated (i.e., DMDFY. 3)
% ' ) oD Spectra analysis by a modified SQUAD program [24], to
e ¥ .Y B be described subsequently, indicate that the best fit to the
g ss b el ' experimental data is obtained by assuming the complex is
5 Th(DMDFT),.
T T To obtain the stability constants of very strong com-
s6 | g4 | plexes by spectrophotometry, it is necessary to use a com-
sl ol petition technique. EDTA and oxalate were selected as the
» competing ligands because neither the two ligands nor their
s4 b s2f \ complexes with Th(IV) have significant absorption in the
ss b o1 | region of 250 nm to 450 nm that could interfere with the
L L present study. The stability constants of the Th-EDTA
00 10 20 30 40 50 0g 10 20 30 40 50 complex and thel: 1, 1:2 and1:3 Th-oxalate complexes

PD PP are available in the literature [25] and listed in Table 2.
Fig. 3. '"H-NMR titrations of HDMDFT protons. The assignment of Fig. 5 shows that when EDTA was added to a solution
the protons is shown in Table containing HDMDFT ' and Th(IV) (molar ratio 21), the
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i ] Table 2. Summary of the protonation con-
Reactions Ligand (L) stants of HDMDFT and the formation con-
stants of Th(DMDFT). (25°C, ionic strength
DMDFT DFT* DFO Oxalate  EDTA g1 M, numbers in parenthesis represeatde-
viation.)
log K, H*+L> = HL- 9.81 (4)° 9.91 (4) 3.83
9.53 (3
log K, H*+HL™ = H,L 3.02 (5 3.31 (1) 4.93'
3.16 (6)
log K H'+H,L = HoL* 1.5 (1)° 1.65 (2)
1.95 (20§
log i Th**+L*>" = ThL** 10.6° 23.2f
logf. Th*+2L> = ThL, 26.7 (1)* 20.2
Al3*+2L2 = AlL ,- 220(0)°  22.2()
Ga* +2L2 = Gal, 27.8 (2p
Fe+2L% = Fel, 29.09 3  29.6 (1)
|Og ﬂ3 Th**+3L% = ThL> 26.4°
logf, Th*+HL> = ThHL>" 26.6 (1)
PU*+HL* =PuHL** 30.8°

a: This work, 01 M NaCIQ,. b: Ref. [i1], 0.1 M KCI. c: Ref. [5], 01 M KNO.. d: Ref. [13],
0.1 M KCI. e: Ref. [13, 23]. f: Ref. [25], I= 0.1 M. g: Ref. [25], | = O M.

intensity of the absorption band of the complexedsuggest that, for some reasons, EDTA was not able to re-
DMDFT2" at 336 nm decreased, and the absorption bandplace both DMDF¥- ligands in the Th(DMDFT,) com-

of the free HDMDFT ! ligand at 309 nm and 386 nm ap- plex. Instead, it has a strong tendency of forming a Th-
peared and increased with the increase in the concentratidbMDFT-EDTA mixed complex (molar ratiol:1:1), in

of EDTA. This indicates that DMDFT in the complex
was replaced by EDTA. The replacement seemed to bé similar mixed complex containing Th(IV), EDTA and a
complete when the molar ratio of EDTA to Th(IV) reached derivative of desferrioxamine B (DF®2-HOPO) was also
1:1. At this point, however, the band of the complexed reported in the literaturelp].

DMDFT?" at 336 nm was still significant, with the intensity

decreased by only about from the initial intensity. With
the further increase in the concentration of EDTA, the ab-complex. Representative absorption spectra of Th-desmeth-
sorption spectra did not show further change. These resultgldesferrithiocin-oxalate solutions were shown in Fig. 6. As
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Fig. 4. The absorption at 336 nm (assigned to the DMBPHigand in

the Th(DMDFT), complex) as a function of the ligand/metal ratio.

pH = 4.7. (a) [Th] = 8.9X 10°M, [H,DMDFT],o ranges from 0 M
t0 3.6X 10°*M; (b) [H.DMDFT] ot = 2.0X 10~ * M, [Th] ranges from
0 Mto 5.0x107* M.

which the coordination number of Th(IV) is fully satisfied.

In contrary to EDTA, oxalate was found to be able to
replace both DMDFT ligands from the Th(DMDFT)

the concentration of oxalate was increased, DMBFRVas
gradually replaced by oxalate, resulting in the increase of
the intensity of the free HDMDFT bands (309 and
386 nm) and the decrease of the intensity of the band of
complexed DMDFT~ (336 nm). The latter band disap-

2.0

1.6 | HDMDFT"

Absorbance
-

0.8

HDMDFT

0.0 . . . h .
230 270 310 350 390 430 470

Wavelength, nm

Fig. 5. Absorption spectra of the system of Th(IW¥) H.DMDFT +
EDTA. pH = 4.7. Optical path:1.0cm. [Th] = 9.1 X10°°M;
[H.DMDFT]iow = 1.82X 107" M; [EDTA] = 0 M (1), 1.82X10°M
(2), 3.64<10°M (3), 5.46x10°M (4), 1.09X10*M (5), 2.18
X107* M (6), 3.27<107*M (7).
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Fig. 6. Absorption spectra of the system of Th(I\) H.DMDFT +
oxalate. pH= 4.7. Optical path:1.0cm. [Th] = 8.9X10°M;
[H.DMDFT] o, = 1.78X107* M; [oxalate] = OM (1), 4.5X10*M
(2), 9.0x10*M (3), 1.35X10°*M (4), 1.8X103*M (5), 2.7X
107*M (6), 5.4 10 *M (7).

strong as or slightly stronger than the Th(DMDETpm-
plex. This probably results from the higher denticity of the
DFO ligand [13].

No attempts were made to obtain crystals of the
Th(DMDFT), complex in this study. However, the crystal
structure of K[AI(DMDFT)] - 1.166 H,O - MeOH ob-
tained from wet methanol by Langemaen al. [11] can
provide insight into the structure of Th(DMDHI)In
K[AI(DMDFT) ,] - 1.166 H,O - MeOH, the two DMDFT
ligands coordinate to Al with the phenolate oxygen atom,
the nitrogen atom on the thiazoline ring, and the carboxyl-
ate oxygen atom. Both ligands are planar due to a delocal-
ized = system involving the hydroxypyridine ring, the
double bond in the thiazoline ring, and the sulfur atom,
resulting in a distorted octahedral coordination geometry
for Al(Ill) in the complex. Based on the similarities in the
change of chemical shifts of the ligand proton upon metal
complexation, it is reasonable to assume that DMDFT
forms similar tridentate complex with Th(IV) involving the
phenolate oxygen, the thiazoline nitrogen, and the carbox-
ylate oxygen.

peared almost completely when the molar ratio ofAcknowledgmentThis work was performed at the Florida State Uni-

Th(IV): DMDFT :oxalate was aboutl:2:10. With these
spectral data and the formation constants of Th/oxalat

versity, Tallahassee, Florida. Preparation of this manuscript was sup-
orted by the Director, Office of Science, Office of Basic Energy Sci-
nces, Chemical Sciences Division, U.S. Department of Energy under

complexes from the literature [25], the formation constantContract No. DE-AC03-76SF00098 at Lawrence Berkeley National
of the Th(DMDFT), complex (logp,) was calculated to be Laboratory.

26.7+£ 0.1 by the modified SQUAD program [24]. In the

calculations, corrections were made for the complexatiorheferences

of Th(IV) with acetate (the pH buffer). The hydrolysis con-
stants of Th(IV) [25] were also included in the calculation. 1-
However, it was found that the concentrations of the hy-
drolyzed Th(IV) species were negligible, suggesting that 3
the complexation of Th(IV) with DMDFT effectively
suppressed the hydrolysis at pH 4.7. 4.
Attempts were also made to fit the spectral data with 5
the formation of Th(HDMDFT}* or the co-existence of '
Th(DMDFTY* and Th(DMDFT). However, the inclusion ¢
of Th(HDMDFT),?* gave very poor fit while the inclusion
of Th(DMDFT)** had little effect on the logp, for
Th(DMDFT), (the value of logp, changed from 26.7 to !
26.6). The calculated log, for Th(DMDFT)?** was small 8.
(around 9.0) with large uncertainties. In addition, the calcu-
lated concentration of thé: 1 complex, if it did form, was 9.
much lower than that of thé: 2 complex. This is consistent
with the results shown in Fig. 4 and supports the assump-
tion that thel:2 complex is dominant. As a result, only a 11.
value for the formation constant of thé:2 complex,
Th(DMDFT),, is reported in Table 2. 12.
Langemannet al. [11] studied the complexation of
desmethyldesferrithiocin with a few trivalent metal ions 3
(AlI**, G&* and Fé&*). The chemical shifts of the protons
of the ligand changed upon metal complexation in a similarl4-
fashion as in the Th(DMDFT)complex. The formation
constants of the complexes (ranging frd@* to 10°°) are 5
comparable with that of Th(DMDFT)obtained in this
work (10°%7) (Table 2). This is not surprising as the charge 16.
densities of the cations are similar. The formation constants
of the complexes of Th and P&+ with desferrioxamine B
(DFO) are also listed in Table 2 for comparison. Thel
(metal:ligand) complex of DFO with h and Pd* is as
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