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The demetalation process of 10 multi-iron Wells—Dawson polyoxometalates is studied by cyclic voltammetry and
controlled potential coulometry. Eight sandwich-type complexes (occaio-Nags[(NaOH,)o(Fe")o(XaW150s6)2], ccaSat-
Nal4[(NaOH2)(Fe”|oHz)(Fe”l)z(szlsose)z], (lﬂﬂ(l-Nalz[(FellloHz)z(Felll)z(X2W15056)2], and aﬂﬁa-Na14[(Mn"OHz)g-
(Fe"™,»(X,W150s6),] (Where X = P(V) or As(V))) and two monomeric complexes (o-Nay[(P2(Fe"Cl),(Fe"OH,)Wi50s0)]
and a-Nays[(As,(Fe"'Cl),Fe"OH,)W;50s,)]) were selected for this study. All 10 complexes show Fe(lll) waves which
are well-separated from the redox activity of the W(VI) centers. At room temperature and under mild conditions,
iron release from the complexes is observed upon reduction of the Fe(lll) centers. This release is controlled by the
ionic strength of the medium, the nature and concentration of the anions present in the supporting electrolyte, and
by the pH of the solution. This behavior parallels those described for most siderophores which depend on the
same parameters.

Introduction type POMs are formed by the fusion of two trivacant
a-XWgOs"™ (X = P(V), As (V), Si(IV), Ge(1V), Fe(lll),
Co(ll), Cu(ll), or Zn(ll)), 0-XW4O33"~ (X = As(lll), Sb-
(1, Bi(lln, Se(Iv), or Te(IV)), or a-X,W1s0s¢™ (X = P(V)

or As(V)) units via two or more d-electron centers and now
constitute one of the largest classes of transition-metal-

Early transition metatoxygen anionic clusters, or poly-
oxometalates (POMs) for short, simultaneously exhibit many
properties that make them attractive for applications in
catalysis, separations, imaging, materials science, and medi
cinel? Among these properties is the ability to undergo . )
reversible multi-electron-transfer reactions, synthetic versatil- SUPstituted heteropolytungstatés:

ity and accessibility, and thermodynamic stability toward ' "€ formation of sandwich-type POMs from solutions of
oxidative degradation. Recently, we reported a series of metal cations and trivacant heteropolytungstate species may

multi-iron sandwich-type complexes that are effective cata- alternatively be viewed as a means to sequester the cations
lysts for the HO.-based epoxidation of alkenes and elec-

(4) Zhang, X.; Chen, Q.; Duncan, D. C.; Campana, C.; Hill, Clnlorg.

trocatalysts for the reduction of;8, and Q.32 Sandwich- Chem.1997 36, 4208-4215.
(5) Zhang, X.; Chen, Q.; Duncan, D. C.; Lachicotte, R. J.; Hill, C. L.
* To whom correspondence should be addressed. E-mail: nadjo@Icp.u- Inorg. Chem.1997, 36, 4381-4386.
psud.fr (L.N.); chill@emory.edu (C.L.H.). (6) Zhang, X.; Hill, C. L. InCatalysis of Organic Reactionsierkes, F.
T Universite Paris-Sud. E., Ed.; Marcel Dekker: New York, 1998; Vol. 75, pp 51924.
* Emory University. (7) Zhang, X.; Anderson, T. M.; Chen, Q.; Hill, C. Inorg. Chem2001,
(1) Pope, M. THeteropoly and Isopoly Oxometalatedpringer-Verlag: 40, 418-419.
Berlin, 1983. (8) Anderson, T. M.; Hardcastle, K. I.; Okun, N.; Hill, C. lnorg. Chem.
(2) Reviews of POMs include: (a) Pope, M. T.;'Na, A. Angew. Chem., 2001 40, 6418-6425.
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Figure 1.

Polyhedral representations of (A)BBa-[(MOHy),(Fe'),-
(X2W150s6)2]"~ (M = Fe(lll) or Mn(ll), n = 12 or 14, and X= P(V) or
AS(V)), (B) QGﬂ(l-[(NaOHz)(Fé”OHz)(Fé”)2(X2W15056)2]14_ (X = P(V)
or As(V)), and (Caaa-[(NaOH)2(FEM)2(X2W150s6)2] 16~ (X = P(V) or
As(V)). Most of the N& cations are omitted for clarity.

Figure 2. Combination polyhedral/ball-and-stick representation of
a-[(Xz(Fé”CI)2(Fé“OH2)W15059)]11’ (X = P(V) or AS(V)).

from solution. The question then arises as to whether
reversible dissociation of the metal centers from the multi-

Keita et al.

structures. The catecholate-based siderophores typically bind
iron far more tightly than hydroxamates. As a result, the
catecholates are generated by the microorganism when iron
concentrations are low, whereas the hydroxamates are
generated when iron concentrations are high.

This paper focuses on the demetalation process of eight
closely related multi-iron WellsDawson sandwich-type
complexes and two multi-iron WelsDawson monomers
(Figures 1 and 2). We have chosen cyclic voltammetry and
controlled potential coulometry as the primary means of
characterization for two reasons. First, the electrochemical
properties of the multi-iron heteropolytungstates have been
well established, and cyclic voltammetry has been shown to
be a powerful and species-specific means of characterization
over a wide range of POM concentrations and pH values.
Second, electrochemistry provides a means of circumventing
the shortcomings of UV vis spectroscopy (lack of species
specific characterization and interference from the intense
oxygen-to-tungsten charge-transfer bands). In addition, it
avoids the long acquisition times and high concentration
requirements associated wiftWw NMR, the most powerful
solution technique for the determination of the structure/
symmetry of a POM.

Experimental Section

General Methods and Materials. Samples of o-Na»
[(X 2W15055)] -18H,0, (l(l(l(X'Nale[(NaOHz)g(Fé" )2(X2W15055)2] .
54H,0 (Fe2X4), aaa-Nay(NaOHy)(Fe' OHy)(FE")2(X2W150s6)2]
20H,0 (Fe3X4), a5pa-Nag(Fe" OH,)o(Fe") (X2 W150s6)7] -54H,0
(Fe4X4), aﬁﬁa-Nald(Mn"OHz)z(Fé")2(X2W15056)2] -18H,0 (an-
Fe2X4), anda-Nay[(X o(Fe" Cl)y(Fe" OHp)W150sg)] - 14H,0 (Fe3X2)
(where X = P(V) or As(V)) were obtained by published

dentate ligands is possible as well. The sequestration andProcedurest+"18and purity was confirmed by IR, elemental
subsequent release of metal cations under appropriate condi@nalysis, and cyclic voltammetry. Infrared spectra (1 wt % of POM

tions is of considerable interest in waste decontamination
technology as well as in medicide.Our interest was

stimulated by the possibility that reversible metal binding
by POM ligands might mimic naturally occurring ion

chelators. Specifically, we were interested in investigating
how closely our recently reported multi-iron sandwich-type
complexes might mimic the behavior of siderophores.
Siderophores are powerful and selective low molecular

in KBr) were recorded on a Perkin-Elmer Spectrum One FT-IR
spectrometer. UVvis spectra were recorded on a Perkin-Elmer
Lambda 19 spectrophotometer. Measurements of pH Kpavpre
performed with a Tacussel MVN 83 millivoltmetepH meter. The
water content of the samples was measured by thermogravimetric
analyses (TGA). All chemicals used were high purity grade and
were used without further purification.

Electrochemical Experiments.For a few series of experiments,
the following media were used: ;80, (pH 0), 1 M NaCl+ HCI

weight iron chelators produced and secreted by bacteria andpH 1), and 0.5 M NgO;, + H,SOs (pH 1-3). For a majority of

other organisms to regulate environmental iron concentra-
tions® Chelation is established through hydroxamate or
catecholate groups, regardless of the diversity of the overall

the experiments, however, buffer solutions ranging from pH 2 to 7
were used. Solutions between pH 2 and 3 congi&tid NaCl and
HCI. Buffers between pH 4 and 5 are composé& & NacCl, 0.1

M CH3COONa, and CEHCOOH, and buffers between pH 6 and 7

(13) Dong and co-workers have also recently published the synthesis ang@re¢ made upfo2 M NaCl, 0.05 M NaHPQ,, and 0.05 M NaOH.

characterization oFe4As4 See: (a) Bi, L. H.; Liu, J. Y.; Shen, Y.;
Jiang, J. G.; Wang, E. K.; Dong, S. Gaodeng Xuexiao Huaxue
Xuebao2002 23, 472—-474. (b) Bi, L.; Liu, J.; Shen, Y.; Jiang, J.;
Dong, S.New. J. Chem2003 27, 756-764.
Representative papers on sandwich-type POMs include: (a) Finke,
R. G.; Droege, M. W.; Domaille, P. horg. Chem1987, 26, 3886-
3896. (b) TourngC. M.; Tourne G. F.; Zonnevijlle, FJ. Chem. Soc.,
Dalton Trans.1991, 143-155. (c) Mialane, P.; Marrot, J.; Rivie,
E.; Nebout, J.; HerveG. Inorg. Chem2001, 40, 44—48. (d) Laronze,
N.; Marrot, J.; Herve G. Inorg. Chem.2003 42, 5857-5862. (e)
Ruhlmann, L.; Nadjo, L.; Canny, J.; Contant, R.; Thouvenotz&.
J. Inorg. Chem2002 975-986. (f) Kortz, U.; Savelieff, M. G.; Bassil,
B. S.; Keita, B.; Nadjo, LInorg. Chem.2002 41, 783-789.
(15) Cohen, S. M.; Petoud, S.; Raymond, K.Ghem—Eur. J. 2001 7,
272-279.

(14
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Certain experiments required the use of more specialized buffer
solutions. These buffer solutions are described in the text of the
Results and Discussion section or in the figure captions of their

(16) References for siderophores include: (a) Bergeron, hdm. Re.
1984 84, 587-602. (b) Miller, M. J.Chem. Re. 1989 89, 1563~
1579. (c) Meyer, M.; Telford, J. R.; Cohen, S. M.; White, D. J.; Xu,
J.; Raymond, K. NJ. Am. Chem. S0d997 119 10093-10103. (d)
Cohen, S. M.; Meyer, M.; Raymond, K. N. Am. Chem. Sod.998
120 62776286. (e) Hantke, KCurr. Opin. Microbiol.2001, 4, 172—
177.

(17) Hornstein, B. J.; Finke, R. Gnorg. Chem.2002 41, 2720-2730.

(18) Bi, L.-H.; Wang, E.-B.; Peng, J.; Huang, R.-D.; Xu, L.; Hu, C.-W.
Inorg. Chem.200Q 39, 671-679.
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respective cyclic voltammograms. Solutions were deaerated with

Ar for 30 min prior to measurements and kept under positive b3y
pressure at all times. The concentration of the POM in solution

was 2x 1074 M, unless otherwise stated. The source, mounting, 0.0}
and polishing of the glassy carbon electrodes (GC, Tokai, Japan, 3 <

mm diameter) were described in previous w&tkThe counter %_0 ,

electrode was a platinum gauze of large surface area. The
electrochemical apparatus was an EG and G 273A under computer
control (M270 software). All experiments were performed at -0.6}
ambient temperature, and potentials are quoted against a saturated
calomel electrode (SCE). Controlled potential coulometry deter-

minations were performed as described for the cyclic voltammetry R , , ‘ , ‘ ,

experiments except that the working electrode uses avd cm -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
surface area glassy carbon plate. In addition, after deaeration, Ar
was continuously bubbled through the solution to ensure a constant

stirring of the mixture. |
Results and Discussion 0.5 B
Background. The synthesis and structural characterization
of the eight multi-iron Wells-Dawson-derived sandwich < 0.0
POMs has been previously reporte@%11.12All of these 2
compounds are stable in the pH 5 buffer solution (1 M Te0.51
CH3COOLi + 1 M CH3COOH) over the time scale of the
voltammetric studies. The electrochemistry of the trivacant A0p S FedAsd
a-PW150s6'2~ anda-As,W1s0s6'%~ ligands consists of one o §M1 maNcalm
four-electron wave followed by a two-electron procg€s$.2? 15 '
These waves feature the reduction of W(VI) centers. The 02 00 02 04 06 03
positive potential shifts of the first two W(VI) waves of
0-AsW1s0s612~ compared to those of-PAW;50s612~ (20 mV _ _ E/Vvs.SCE
and 54 mV. respectivel) are in agreement with the finding {5, CJele lenmesane o corpenEsirimarer -
thato-As;W1062°~ is easier to reduce thanP,W1g06° .2 the reference electrode was SCE. (A) The scan rate was 2 ¥)\arsd the
In contrast to the voltammograms of-P,W 1505612~ and arrow indicates the oxidation of free Fe(ll). (B) Evolution of the cyclic

_ 12— i ; ; voltammogram ofe4Asd4as a function of the ionic strength of the solution
a-AS;W1s0s6*, those of the multi-iron sandwich Species i line") "5 M NaCl + HCI; dotted line (), 0.1 M NaCl-+ HCI).

Fe()X4 (X = P or As;n = 2, 3, 4) show 2-4 new waves The scan rate was 10 mV*% and the arrow indicates free Fe(ll) oxidation.

in the potential domaint-0.2 to —0.5 V. The stepwise

reduction of the Fe(lll) centers observed in these sandwich- detected and is shown in Figure 3. Controlled potential
type species indicates there is electronic communication coulometry was used to confirm that each of the four Fe(lll)-
among these metal centétsThis interaction generates and/ based waves represents the one-electron reduction process
or reinforces inequivalence among the Fe(lll) centers, of Fe(lll) to Fe(ll). Here again the As-containing species,
especially in the reduced state. lon pairing also influences Fe4As4 is more easily reduced than the P-containing
the electrochemistry of the multi-iron sandwich complexes analogue Fe4P4, with the interesting finding that the
Fe()X4 (X = P or As;n = 2, 3, 4) with protonation influence of the heteroatoms appears to be larger on the first
superseding ion pairing upon decreasing the pH of the two redox coupleg?

supporting electrolyté:*® The voltammetric characteristics of the Fe(lll)-based
Demetalation StudiesSamples ofi3fo-Nay [(Fe" OH,).- centers in the WellsDawson-derived sandwich complexes
(F€")2(PW15Os6)2] (Fe4P4 and oppo-Naw(Fe'" OHy).- change with scan rate similar to those reported for the

(Fe")2(As,W150s6)2] (Fe4Asqd were dissolved in a pH 3 Keggin-derived tetra-iron analogu&Figure 3A shows the
medium wih 2 M NaCl to study the demetalation process. main change is the appearance of an oxidation wave located
All of the cyclic voltammograms are restricted to the Fe(lll) petweent+0.5 and+0.7 V for scan rates lower than 10 mV
waves. A demetalation process of the reduced POMs was

(26) This observation is consistent with the X-ray crystal structures of

(19) Keita, B.; Girard, F.; Nadjo, L.; Contant, R.; Belghiche, R.; Abbessi, Fed4P4 and Fe4As4 that show there are two pairs of symmetry-
M. J. Electroanal. Chem2001, 508 70-80. equivalent Fe(lll) centers. The “external” pair of Fe(lll) centers have
(20) Keita, B.; Mbomekalle, I. M.; Nadjo, L.; Contant, Electrochem. aqua ligands and can thus be considered as less electron rich than the
Commun 2001, 3, 267-273. “internal” Fe(lll) centers, which contain a sixth oxo ligand. As a result,
(21) Contant, R.; Thouvenot, an. J. Chem1991 69, 1498-1506. the “external” Fe(lll) centers are likely to be reduced first. Furthermore,
(22) Song, W.; Wang, X.; Liu, Y.; Xu, HJ. Electroanal. Chem1999 Fe3X4andFe2X4 which have been shown by X-ray crystallography
476, 85—89. to lose one or both of their external Fe(lll) atoms, also show the loss
(23) Keita, B.; Mbomekalle, 1. M.; Nadjo, L.; Contant, Rur. J. Inorg. of one or two of their most positive Fe(lll)-based redox potentials,
Chem.2002 473-479. respectively. This is also consistent with the observation that the two
(24) Toth, J. E.; Anson, F. d. Electroanal. Cheml988 256, 361—370. most positive redox potentials are more sensitive than the two most
(25) Keita, B.; Mbomekalle, I. M.; Lu, Y. W.; Nadjo, L.; Berthet, P.; negative potentials to changes in pH and ionic strength. For more
Anderson, T. M.; Hill, C. L.Eur. J. Inorg. Chem.in press. information, see ref 25.
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s 1. The potential position of this anodic process with no

apparent cathodic counterpart coincides with that of free

Fe(ll) oxidation. The absence of the reduction branch for
free Fe(lll) in several experiments indicates the rapid
reincorporation of this cation into the sandwich-type com-

plex. The results show that demetalation is slow and is only
observed for slow scan rates. Complete reduction of the four

Fe(lll) centers withiFe4As4was performed to enhance the

demetalation process, followed by an attempt to regenerate

Fe(lll) by electrolysis. A new redox couple appeared after
electrolysis and was identified as the Fe(lll)/Fe(ll) redox
couple by addition of authentic Felsee Supporting

Information (SI)). Controlled potential coulometry shows this

Keita et al.

Table 1. Selected Peak Potentials (mV versus SCE) for Fe(lll)
Reductions inFe4X4 (X = P or As) as a Function of NaCl
Concentration €°nac)) in a pH 3 Mediunt

Fed4P4 FedAs4
C°Naci (M) Fe2 Fe4 Fe2 Fe4
2.0 82 —120 122 —118
1.0 60 —118 100 —112 with merging
0.4 30 —128 84 —126
0.1 0 —212 56 —172

aThe POM concentration was2 10~4 M. The cyclic voltammograms
were run at a scan rate of 2 mV's The Fe waves are numbered from 1
to 4 for the least to the most negatively reduced centers.

ence, lower ionic strength values are found to shift the

shortly after the forward and backward electrolysis but might
not indicate the stoichiometry of the primary demetalation
reaction. The observation is consistent with NMR studies
which show the tri-iron complexpafa-Nag{(NaOH,)-
(Fé”OHz)(Fé”)z(P2W15O56)2] (FG3P4, iS more stable than
the di- and tetra-iron specieadoo-Nag[(NaOH,) (Fe! ).~
(P2W15056)2] (F92P4 and aﬁﬁa—Nalg[(Fe'”OH2)2(Fe“')2—
(P.W15Os6)2] (Fe4P4, respectively)? These results show
that only one Fe(lll) center dfe4P4andFe4Asdis involved

strength changes as previously observed in a pH 5 me#fium.
These results are consistent with a decrease in the extent of
ion pairing since it was previously proposed that the first
two redox couples are assigned to the “external” Fe(lll)
sites?® Demetalation was observed to be more favorable for
both Fe4P4and Fe4As4 at low ionic strength values and
slower scan rates (see Sl). Table 1 summarizes the reduction
peak potentials of two of the Fe(lll) centers (Fe2 and Fe4)
for FedP4andFe4As4as a function of NaCl concentration

in the demetalation process. Therefore, the demetalation ofin @ PH 3 mediunt® These values were measured for cyclic

Fe4P4and Fed4As4results in the formation of the tri-iron
sandwich complexes;e3P4and Fe3As4 respectively. In
addition, the tri-iron complexeBe3P4and Fe3As4 show
better complexation of Fe(lll) than Fe(ll), sinEe' Fe'' 3X4

(X =P or As) is not observed in solution and the reoxidation
of Fe''4X4 results exclusively in the formation &&" 3X4.

voltammograms recorded at a scan rate of 2 mV and
were selected because they are the most sharply defined at
this scan rate. The formal potential for the free Fe(lll)/
Fe(ll) redox couple is determined to bed.445 V (versus
SCE) in the pH 3, 0.1 M NaCl medium. Noteworthy is the
fact that traces of free Fe(ll) are detected at scan rates as

Furthermore, this observation is in agreement with the much high as 500 mV'stin the 0.1 M NaCl medium. As the ionic

lower stability constant of Fe(ll) complexation with OH
(a hard base) than Fe(lll) with the same anion (og 4.3
versus 11.9 for Fe(ll) and Fe(lll), respectively)The overall
reaction sequence is then given by egst(with X = P or
As). Study of the Fe(lll) reincorporation rate constant into
Fe3X4 as well as any Baker-Figgis rotational isomerism

strength increases, slower scan rates must be used if any Fe
loss is to be observed. In summary, there are two main effects
of ionic strength on the redox processes of the Fe centers
within Fe4P4andFe4As4 First, an increase in ionic strength
favors ion pairing between the POM and thetNzations,

thus decreasing the overall negative charge of the polyanion

which may accompany this reaction is beyond the scope of hd consequently making its reduction eadeecond, in

this work. Therefore, eq 4 may be only partially operable
on the time scale of cyclic voltammet#§2%2

Fe'"4x4 + 1e < Fe'Fe" 3x4 (1)
Fe'Fe" 3X4 < Fe' + Fe" 3X4 (slow step)  (2)

Fe' — 1 < F€" @A)

Fe' + Fe'" 3x4 <~ Fe'" 4x4 @)

lonic Strength Effects. lonic strength effects were studied
at pH 3 in regards to their influence on the demetalation
process. The concentration of NaCl in the buffer solution
was gradually changed from 2 to 0.1 M (Figure 3B). Using
the cyclic voltammogram of th2 M NaCl solution as a refer-

(27) Martell, A. E., Smith, R. M. IrCritical Stability Constantslst ed.;
Plenum: New York, 1982; Vol 5.

(28) Keita, B.; Belhouari, A.; Nadjo, L.; Contant, R.Electroanal. Chem.
1998 442 49-57.
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the presence of high Naconcentrations, the reduced Fe(ll)
centers are stabilized within the sandwich complexes by ion
pairing.

Supporting Electrolyte Effects. The ability of the sup-
porting electrolyte anions to complex to Fe(lll) and/or
Fe(ll) is expected to influence the demetalation process.
Therefore, the study with the Chnion is extended to other
classical anions (ClQ, SO?-, H,PO,~, and CHCOO")
commonly used for electrochemical studies of POMs in
aqueous media. A pH 3 medium with a total concentration
of 0.4 M Na" was selected to facilitate the comparisons.
Under these conditions, the stability of the Fe(ll) form of

(29) (a) The analogous ejection of Fe(ll) was observed previously upon
reduction of the single Fe(lll) center withi-[P2(FEOH)W17061] "~
(see ref 28) and-[Zn(FeOH)W1103¢]”~. See: Cheng, L.; Sun, H,;
Liu, B.; Lin, J.; Dong, SElectrochem. Commuri999 1, 155-158.
(b) The Fe(lll) waves are numbered Fel through Fe4 for the least
negative to the most negative reduction potentials, respectively.
(30) (a) Grigoriev, V. A,; Hill, C. L.; Weinstock, I. AJ. Am. Chem. Soc.
200Q 122 3544-3545. (b) Grigoriev, V. A.; Cheng, D.; Hill, C. L,;
Weinstock, I. A.J. Am. Chem. So2001, 123 5292-5307.
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Table 2. Formal Potentials (mV versus SCE) for the Fe(lll)/Fe(ll)

1.0 Redox Couples withifFe4X4 (X = P or As) as a Function of the pH of
the Supporting Electrolyte
0.5
« 7 Fe4P4 FedAs4
a 00 pH Fel Fe2 Fe3 Fed Fel Fe2 Fe3 Fe4
- 2 234 -19 -135 266 178 -19 —124
-0.5¢ 3 227 124 -16 -93 264 152 -13
------- 4 207 105 —34 —142 231 140 -27 —149
1.0} FedAsd 5 194 99 -—46 —188 221 127 -29 —175
) 6 147 67 —47 -—188 169 86 —25 —162
15 = —CI0; 7 101 32 -58 —193 123 28 -54 —172
o we B PO,
0.2 0.0 0.2 04 0.6 0.8 the demetalation process. Second, the potentials for the
E/Vvs.SCE Fe(lll) waves shift with a change in pH. The latter phenom-
Figure 4. Evolution of the cyclic voltammogram observed for210~4 enon has been the subject of a previous investig&tidhe

MhFe4As4With the nature of thianionlgreserllt inthe suppor}ing electrolyte. \waves of Fe4As4 and Fe4P4 are shifted in the positive
The scan rate s 10 v he woting olectode was gasey caben, vl clrection when the pH was changed from 3 to 2
oxidation. The pH 3 buffer solution was composed of 0.4 M NaClo (with the ionic strength kept constant). During the reoxidation
HCIO;4 (—) or 0-4; M NaHzP(tDic\tl e+ t';3POQStit(i'\;;e)' a(;‘tg;g; scyf%l;ﬁ) V\\/I?Atafgfgos- ¢ Process, a new wave is observed in the pH 2 medium
Eri:;:?cl)seleac:{erolr;gs ;irg.z%%g:noko.zsgvmr tthIQ* and HPO;~ r%edia, between+0.5 and+0.7 V which is consistent with the
respectively. oxidation of free Fe(ll) (see Sl). The identity of this species
is confirmed by the addition of an authentic sample of Fe(ll).
the POM was found to depend strongly on the nature of the These results, along with the observation that an increase of
anion present in the supporting electrolyte, with the stability pH from 3 to 4 does not induce demetalation (see Sl), suggest
decreasing in the following order: ;AQ,” > CIO,~ > SO that an increase in acidity favors demetalation. This is
> CI” > CHyCOO". The cyclic voltammograms in the  consistent with the fact that protonation of the POM would
presence of the two anions least prone to facilitate demeta-gecrease its overall negative charge and consequently dimin-
lation, PO, and CIQ", differ only by the fact that partial  jsh its ability to complex with Fe(ll). Table 2 gathers the
ejection of Fe(ll) is observed in the presence of £l(see  formal potentials of the Fe(ll)/Fe(ll) redox couple within
Sl). The reduction characteristics of the Fe(lll) centers are Fe4As4andFe4P4as a function of the pH of the supporting
not modified from one medium to the next, but the ejectrolyte (from pH 2 to 7). All four sets of waves shift
reoxidation waves are modified in two ways. First, there is wjith a change in pH, albeit to different exteRtsThe
a decrease in the current intensities of the first two reoxi- reduction domains shown in Table 2 for the Fe centers in
dation waves in the CIO medium. Second, a new wave these sandwich-type structures are in a range accessible to
attributable to demetalation appears in the £l@edium  the ysual biological reductants, thus reinforcing the idea that
between+0.5 and+0.7 V. In contrast, no Fe(ll) loss is  these complexes can mimic the behavior of siderophres.
observed in the presence otP0,", even atascanrate a8 comparative Demetalation Studies.For these experi-
low as 2 mV s In order to enhance the demetalation ments, we compare the cyclic voltammograms of the tetra-
process, the cyclic voltammograms in Figure 4 were run from .o, speciesFe4AsdandFe4P4 with those of their di- and
the negative to the positive potential direction, following 60  i_iron sandwich-type analoguesiooo-Na(NaOHy),-
s of microelectrolysis at-0.266 and—-0.284 V for the CIQ~ (FE")2(XW1s0se)2]  (Fe2X4d) and aoBa-Nayf(NaOHy)
and HPO,~ media, respectively. Under these conditions, the (FE"OH,) (FE")2(XW1:0s5),] (Fe3X4), respectively (X=
Fe(ll) and Fe(lll) centers remain stable within the POM in
the HPO,~ medium, but demetalation is clearly enhanced (31) (a) The phenomena of electrolyte anion effects parallel the complex-
in the CIQ;~ medium. A small reduction wave for free Fe(lll) ation a_biIity of the ar)ions towards the Fe(ll) centers within the reduced
can even be observed betweed.3 anc+0.5 V on potential Stabilzation found experimentally. except for Gioand CHCOO
reversal. The order of stabilization of the Fe(ll) center within For ClO;~, no literature value is found. The value found for {30~

; is comparable to that of S®, which contrasts somewhat with the
the reduced POMs generally parallels the complexatlon clear differences found for these two anions in our experiments. Such

constants of free Fe(ll) with #0,~, SQ?, and CI, but erratic correspondence is not unexpected considering that the experi-
complementary effects should be invoked for explaining the mental conditions for determination (or calculation) of these constants

- : 31 were very different from those used in our experiments. In addition,
relative behavior of CI@m and CHCOO™.>*2 the dissymmetry of charge distribution within the sandwich POMs,

pH Effects. The pH variation effects (pH-27) on the on one hand, and in the complexing anions, on the other hand, might

; ; ; be important in the overall observations made in the present work.
demetalatlon propertle_s ﬁe4p4andFe4_AS4W8re_ studied (b) The behavior of W(VI) waves within POMs as a function of pH

by adding the appropriate amount of mineral acid or base to has been the subject of several previous investigations. See: (i)

a 2 M NaCl solutior’t® The large concentration of NaCl Reference 1. (ii) Reference 4. (iii) Reference 14. (iv) Reference 19.

. . . L (v) References 3031. (vi) Reference 34. (vii) Keita, B.; Nadjo, L.
used in these experiments is intended to minimize any effect  pater. Chem. Phys1989 22, 77—103.

induced by ionic strength variations. There were two main (32) éa) %ogp:{é ?335 ';AscsAlrdlseésti \(/b;) %?]yr%on'\?, Pé-!tr?\;l:- lglag- _Acaéi-
. Cl. U.o. 3 — . eran, N.; Brik, vl. E.; bricard,
phenomena observed for the Fe-centered reductions as a L. Keita, B.. Nadjo, L. Gaudemer, &ioorg. Med. Chem. Let1.999

function of pH changes. First, the change in acidity influences 9, 2309-2314.
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P or As) (Figure 1). The number of waves corresponds to
the number of Fe atoms within each relevant compiéhe
number of Fe(lll) centers was confirmed by controlled
potential coulometry, which gives 2.95 0.06 and 1.95+
0.07 electrons per molecule for the exhaustive reduction of
these centers withiRre3X4 (at —0.300 V versus SCE) and
Fe2X4 (at —0.360 V versus SCE), respectively.
Electrolysis experiments were performed lB@3X4 and
Fe2X4analogous to those performed Ba4Asd4andFe4P4
(i.e., reduction of the Fe(lll) centers is immediately followed
by an attempt at their reoxidation). Regardless of the value
of nin Fe(n)X4 (X = P or As;n= 2, 3, 4), combined results
of cyclic voltammetry and electrolysis show that one primary
step following the reduction process is slow iron loss.
However, there are subtle differences in the complexes
depending on the number of Fe centers present. RédX4
(X = P or As), free Fe(ll) is detected in solution, accom-
panied by the formation ofe3X4 In the case ofe3X4,
iron loss is followed by its relatively rapid reincorporation,
resulting only in the reformation dfe3X4. This particular
behavior is interesting in the context of its possible reuse
after the initial iron release. Finally, fdfe2X4 (X = P or
As), the cyclic voltammograms become more complex after
the forward and backward electrolysis at pH 3. In addition

Keita et al.

0.5
0.0L
<
2
=-0.5L
o pH =3.00
—Fel3As2
1.5 wenF@ 3P 2
0.4 -0.2 0.0 0.2 0.4 0.6 0.8
E/Vvs.SCE

Figure 5. Comparison of the cyclic voltammograms ok210~4 M Fe3X2

(X =P or As) in a pH 3 medium (2 M NaCt HCI). The scan rate was
10 mV s1, the working electrode was glassy carbon (3 mm diameter), and
the reference electrode was SCE.

is interesting in that it is consistent with the Fe centers being
less labile as a result of their internal and trapped location.
Multi-lron Wells —Dawson Monomers.To date, there
has been no electrochemical characterization reported for the
multi-iron Wells—Dawson monomer complexas;Nay[(P,-
(Fé”C|)2(Fé”OH2)W15O59)] (FeSPa and (I-Na]_]_[(A52-

to the presence of redox processes associated with the fre¢Fe" Cl),(Fe'" OH,)W150s0)] (FE3As) (Figure 2)32 Figure

Fe''/Fe' couple and=e2X4, there is a new redox couple at
+0.069 V for the phosphorus derivative att@.115 V for

5 was recorded witiFe3X2 (X = P or As) in a pH 3
medium. The main reduction peak has a large current

the arsenic analogue. These values are those correspondinimtensity. In addition, it is chemically irreversible and is

to the most positively reduced Fe-center witlkie3X4 (X

= P or As) at pH 3. Therefore, electrochemistry has permitted
us to detect a mixture dfe2X4 andFe3X4 as a result of
the electrolysis reaction.

There is a shift in the negative potential direction with a
decrease in the number of Fe(lll) atoms. The formal
potentials measured from the cyclic voltammograms of the
Fe(n)X4 (X = P or As;n = 2, 3, 4) complexes are found to
support the previously mentioned distinction between the two
groups of Fe(lll) centers withifre4X4 and the suggestion
that the “external” Fe(lll) centers, which bear water mol-
ecules, are likely to be reduced before the “internal” Fe(lll)
centerg® An alternative reasoning might attribute the nega-
tive potential shifts of the Fe(lll) waves on going from
Fe4X4to Fe3X4andFe2X4 entirely to the increase in the
overall negative charge of the POMs, with no particular link
to the “internal” or “external” position of the Fe atoms. This

followed by a small shoulder peak. In contrast to the
sandwich-type complexes, the Fe(lll) centers are now
simultaneously reduced in the pH 3 medium. Free Fe(ll) is
detected betweer-0.5 and+0.7 V. Exhaustive reduction
of the Fe(lll) centers ofFe3X2 gives three electrons per
molecule. Controlled potential electrolyseskd3As2and
Fe3P2were performed as described for the sandwich-type
complexes (see Sl). The Fe(lll)/Fe(ll) redox couple is
unambiguously present after electrolysis and is accompanied
by the formation of the sandwich-type complexes4X4
andFe3X4 This transformation, obtained under mild condi-
tions, is consistent with previous reports showing that
prolonged heating of Ax-[X(MOH 2)3WyOs7]"™ (X = P or

Si; M = d-electron-containing transition metal) Be3P2
results in the formation of sandwich-type structuf®&¥:36

A brief study of electrolyte anion effects was also performed
at pH 3. Indeed, demetalation is slowed in ¢l@nd HPO,~

idea requires further experiments and/or theoretical calcula-media. However, unliké-e4X4, even pure phosphate me-

tions before any clear conclusions can be made.

Another interesting aspect of the behaviors of the multi-
iron sandwich complexes is illustrated by the electrochemical
StUdy 0faﬁﬂa-Na14[(Mn”OH2)2(Fé“)2(X2W15056)2] (X =P
or As) (Mn2Fe2X4). These complexes can be considered
as “saturated” species derived from the lacunary precursor
Fe2P4 and Fe2As4 These mixed-metal complexes were
found to be stable between pH 0 and??7> Controlled
potential coulometry confirms that exhaustive reduction of
the Fe(lll) centers consumes 2.G0 0.05 electrons per
molecule. Unlike their precursofse2P4 and Fe2As4 no

demetalation was observed, even at low pH. This behavior
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dium could not completely suppress demetalation at slow
scan rates in pH 3 buffer solution.

The simultaneous reduction of the Fe(lll) centers in these
monomeric species is puzzling. X-ray studies of crystals

S(33) The synthesis dfe3As2is identical to that oFFe3P2(ref 10) except

thatQ-Nalz[(A32W15055)] is used instead Qi-Nalz[(Pzwlsose)]. The

purity of the product was confirmed by elemental analysis and infrared

spectroscopy.

Knoth, W. H.; Domaille, P. J.; Harlow, R. Ilnorg. Chem1986 25,

1577-1584.

(35) Katsoulis, D. E.; Pope, M. T. Am. Chem. Sod984 106, 6, 2737
2738.

(36) Liu, J. G.; Ortega, F.; Sethuraman, P.; Katsoulis, D. E.; Costello, C.
E.; Pope, M. TJ. Chem. Soc., Dalton Tran$992 1901-1906.

(34)



Multi-Iron Wells —Dawson Heteropolytungstates

grown from agueous media of comparable pH, ionic strength, activity of biological reductants. In addition, the reduction
and chloride concentration show there are two different potentials of the Fe(lll) centers in the multi-iron complexes
groups of iron centers present. Two of the three Fe(lll) in this work fall in the domain accessible to usual biological
centers have a chloride terminal ligand while the third Fe(lll) reductants. The observation that these multi-iron heteropoly-
site has an aqua ligand (Figure 2). Furthermore, these centertungstate complexes are more stable than their precursor
are in adjacent edge-sharing octahedra, which should permitacunary speciesy-P,W150s6?~ and a-As,W150s6'%, sug-
some electronic communication between the Fe centers.gests that complexation of iron cations in solution by these
Therefore, we wondered whether the apparently simultaneoudacunary complexes is faster than hydrolysis of the het-
reduction of the Fe(lll) centers could be modified by an eropolytungstate cages, and that Fe(lll) is more strongly
appropriate change in the reaction medium. To test this idea,bound than Fe(ll). The rearrangement of redu€e8X2into

a cyclic voltammogram oFe3X2was recorded in a pH 5 a mixture ofFe3X4andFe4X4, that of reducedre2X4into
medium (see Sl). The main observation is the splitting into a mixture of Fe2X4 and Fe3X4, the fast reconstitution of
two steps of the formerly unique Fe(lll) reduction wave. This Fe3X4upon reduction, and the partial breakdowrFe# X4
splitting clearly indicates that the medium does play an into Fe3X4can all be cited as examples which support this
important role in the communication between the Fe(lll) view. Most importantly, these observations point to the
centers. In addition, the first of these waves appears to possibility that the complex remaining after iron release can
become slightly more reversible. In pure phosphate mediumbe used repeatedly, a feature reminiscent of the behavior

(pH 5), no iron loss is observed. encountered in hydroxamate-type siderophores.
Conclusions.In this work, we are interested in factors . _
that control the release of iron from multi-iron polyoxo- ~ Acknowledgment. This work was supported in part by

metalates. At room temperature and under mild conditions, the University Paris XI and the CNRS (UMR 8000). We
iron release from the complexes studied in this work is also thank the NSF (Grant CHE-0236686) for the research
observed upon reduction of the Fe(lll) centers. This releaseand Veonique Barra for running several experiments.
is controlled by the ionic strength of the medium, the nature
and concentration of the anions present in the supporting
electrolyte, and by the pH of the solution. This behavior . .

e . - supporting electrolyte, and pH effects and cyclic voltammograms
parallels and/or mimics that described for many S|derophoresfor Fe3As2andFe3P2showing Fe(lll) reduction and pH effects.

_that largely depend on the same parameters. In pQrticuIar, itThis material is available free of charge via the Internet at
is worth noting that iron release is favored on going from nitp://pubs.acs.org.

neutral to acidic media, exactly as observed for several
siderophores in which an increase in acidity facilitates the 1C035495I

Supporting Information Available: Cyclic voltammograms for
Fe4As4 and Fe4P4 showing Fe(lll) reduction, ionic strength,
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