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Biological systems extensively employ iresulfur clusters
with cuboidal FgS,; and cubane-type E8, cores for electron
transport, catalysis, or other functions such as oxygen sensin
and DNA regulatior:2 The operative redox couples of protein-
bound clusters are [E84]1™0, [F&sSy3"2", and [FaS,2™1t.
Because electronic structure is essential to reactivity, a variety

of physicochemical techniques have been employed to charac-

terize the electronic configurations of these clusters.sdidauer,
ENDOR, and NMR studies have revealed that the iron sites of
these clusters are either localizedFer Fet or they belong

to valence-delocalized F&"Fe*5t pairs2® These delocalization
patterns profoundly influence the magnetic properties of the
clusters. The low-lying electronic states of;Bgand FeS,
clusters are generally spin multiplets arising from exchange-
coupled iron sites. For an F# cluster, the spin states depend
on as many as six exchange-coupling constakts Addition-

ally, the presence of delocalized #&Fe?>" pairs requires
consideration of double exchantj&, adding at least one
parameterB, per mixed-valence pair. The large number of
unknowns has made a determination of 3halues exceedingly
unreliable. For instance, for structurally similarFEe*" pairs

in [FesSy]3" and [FeSy*" clusters,J-values § = Jrerric-ferric)
ranging from 40 to 797 cmt have been reportedH( =
JS;°S;),""15 while Xa. calculations have yieldedl= 795 cnt?

for [F&;S43".6 NMR studies of the3-CH, cysteinate protons
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Figure 1. Left: Fe&S,Cl; portion of2, showing selected bond distances
(A) and angled? Right: FaS, portion of 2, (dashed) shown in the
same orientation as on the left, superimposed with$f&" core of
C. vinosumHiPIP1® The Fé*Fe** pair of HiPIP, as identified with
NMR by Banciet al,lis matched with FEFe** of 2. The diagram

was generated with Chem3D by superimposing the two structures

gWithout scaling.
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Figure 2. xpMaraT vs T plot for 1.0 Tesla data of clustédr The plotted
data were obtained by removing contributions of the sample holder,
ligand, TIP, and F& impurity. The solid line is a theoretical curve
generated from eq 1 faF= 280 cnT andg = 2.00. For comparison,
theoretical curves foi = 240 cnt! andJ = 320 cnt? are also shown.

of the [F&S4]** cluster in oxidizedDesulfaibrio gigas ferre-
doxin (Fd) Il have suggestetl= 300 cn11,8 while magnetiza-
tion studies have yieldedi> 200 cnt1.1* These values are in
disagreement witd ~ 40 cnt! inferred from low-temperature
EPR’16

Accurate values ol are essential to an understanding of the
electronic structures of these clusters. An opportunitylfact
determination of] for the rhomboidal fragment [R:3-S)]?>"
is afforded by the [2:2] site-differentiated clusters {6,
(RNC)] (L = CI~, ArO~, RS") whose [F&eS4]%" cores contain
this fragment and two diamagnetic low-spin2F8&(RNC)
sitest”18 Unlike in [F&S'" and [FeS,]3* cores, the foregoing
fragment is not subject to additional intracluster exchange
interactions. The clusters [F&(SEtR(tBUNC)]” (1) and
[FesS4Clx(tBUNC)]*8 (2) have been selected for magnetization
studies. Although only the structure ®has been determined,
2 and two other clusters contain essentially congrueni(lize
S))?t fragments;-*making highly probable a similar relation-
ship betweenl and 2. Cluster 1 was chosen because its

(16) The differentJ-values obtained by EPRJ(~ 40 cntl) and
magnetization and NMR studied ¢ 200 cnt1) point to some fundamental
problems which have to be resolved (requiring perhaps amending the spin
Hamiltonian with terms describing interactions such as anisotropic ex-
change).
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ethanethiolate ligands closely resemble cysteinyl ligands. As
shown in Figure 1, the structure of the paes-S)]?+ fragment
of 2 is virtually superimposable on the corresponding fragment
of the [FeS3" cluster of the High-Potential Iron Protein
(HiPIP) of Chromatiumzinosum®® This relationship extends
to the [F@S4]'* cluster ofD. gigasFd 11.2°

We have studied polycrystalline sampleslofnd?2 with a
SQUID magnetometer in the temperature range8@0 K in
applied fields of 1.0, 2.0, and 3.0 Tesla. For clustea plot
of xg"araT vs T is shown in Figure 2. The data shown were
obtained by subtracting from the raw data the contributions of
the sample holde?, ligand diamagnetism, temperature-inde-

pendent paramagnetism (TIP), and a mononuclear ferric con-

taminan® The data were modeled using the expression for
the molar magnetic susceptibility of an exchange-coupled dimer

5
NAgZué;S(S+ 1)(2S+ 1) exp-EgKT)

M
X para™

(1)
5
3kTZD(ZS + 1) expEJKT)

whereSis the total spin andEs = /,J[S(S+1)—35/2] are the
energies oH = JS;-S; + gugH-S in zero field, withS, = S
= 5/2. For the fitting procedure]) was treated as a free
parameterg-values were assumed to be isotropic and kept in
the range 2.002.052* After accounting for uncertainties in
sample weight, diamagnetic corrections, agdalues, the
J-values were determined to de= 280+ 20 cnt?! for 1 and
J = 240+ 15 cnt! for 2.25

Complex1, presumably more appropriate for comparison with
cysteinate-coordinated [E®]t and [FeSy3* clusters, has a
J-value in agreement witll ~ 300 cnt?! reported for the
[FesSy** clusters ofD. gigasFd 118 and Rhodopseudomonas
palustris7Fe Fd'> However, for their NMR analyses, Macedo
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et al® and Bertiniet al.® lacked data for the magnetic hyperfine
constantsAy,, of the cysteinatg-CH, protons, and they adopted
the valueAs, = 1 MHz. Recent experimental data suggest that
the Aisi-values of such protons may vary from 1.2 to 3 M##7
J-values may range considerably depending on the values for
Aiso used in the analysis of the cysteingfeCH, proton
resonances. For example, using the reported valuggqhe
Curie-type resonances considered by Macetl@l® can be
modeled withJ-values ranging from 300 to 500 cth

Magnetization data of the synthetic complex JE£SR)]1~
(3) (R = 2,4,6-(i-PryCeH>)1° have been fit using models that
include contributions from Heisenber@irac—van Vleck ex-
change and double exchange. From these data Joréaab\?
determined = 797 cnt! andB = 592 cnt!. Using a modified
model, Belinskiyet al. obtained from the same dala= 730
cm ! andB = 40 cnT1.28 Because thd-value of1 is much
smaller than those reported f8f we wondered whether the
data of3 could be fit with a smalled. Using the model of
Jordanovet all® we found that the magnetization data above
50 K can be modeled, within the experimental uncertainties,
with a smaller value fod (350 cnt?) provided thatB is kept
large (<900 cnt1).29

The question arises to what extent thealues obtained here
are representative for those of biological clusters. The-[Fe
(us-S)]?" fragment of2 (and probablyl) matches closely the
corresponding fragments in the clusters of HiPIP and Fd 1I; a
minor difference concerns the #e-S—Fe*™ angles (. in Figure
1) of 2 which are 3 larger than the corresponding angles in
HiPIP and Fd Il. A comparison of the properties of heS
bridged (planar) [F£5,]%" cores and thas-S bridged (dihedral
angle= 158.3) Fe¢t—S,—Fe*t fragment of2 reveals exchange
couplings of similar strengthd-values of 296-316 cn7! have
been reported for [&;]2" synthetic complexéd). With the
caveat that cancellation of different contributionsJeould
occur, these observations suggest to us that exchange coupling
is dominated by the bridged structure and that the slight increase
in o. associated with the enhanced-Hee distances between
the two low-spin ferrous sites ihand2 (Figure 1) has a minor
influence on thel-value of the F&" Fe*' pair.

In conclusion, we provide here precise valueslgfic-teric
for 1 and2. These are the first directly determindesalues
for [Fex(us-S)]?t fragments incorporated in a cubane-type
cluster, and are relevant tBpic-terric Values in protein-bound

holder. The magnetic dipoles of the sample and the holder, in the geometrycuboidal [FgS4]1* and cubane-type [G84]3" clusters. Indeed,
generally used, are displaced with respect to one another, and the resultingye suggest thalkeric.terric & 300 ¢! be adopted as the initial

response functions are highly asymmetric. In order to avoid misjudging
the magnetization, the individual response functions for both the sample

and the empty holder were recorded for all temperature points. The measured
sample holder contribution was removed at this stage of the analysis so as,

to produce symmetric response functions. Analysis of these functions
according to a standard procedifréhen yielded accurate values for the

value for fitting the magnetic data of such clusters.
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