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Abstract: Ligand K-edge XAS of an [Fe3S4]° model complex is reported. The pre-edge can be resolved
into contributions from the w2Ssuiige, t3Ssuifizes @Nd Stioate ligands. The average ligand—metal bond covalencies
obtained from these pre-edges are further distributed between Fe3" and Fe?°t components using DFT
calculations. The bridging ligand covalency in the [Fe,S;]" subsite of the [FeszS4]° cluster is found to be
significantly lower than its value in a reduced [Fe;S;] cluster (38% vs 61%, respectively). This lowered
bridging ligand covalency reduces the superexchange coupling parameter Jrelative to its value in a reduced
[FesS,]t site (—146 cm™ vs —360 cm™%, respectively). This decrease in J, along with estimates of the
double exchange parameter B and vibronic coupling parameter A?/k-, leads to an S = 2 delocalized ground
state in the [Fe3S4]° cluster. The S K-edge XAS of the protein ferredoxin Il (Fd II) from the D. gigas active
site shows a decrease in covalency compared to the model complex, in the same oxidation state, which
correlates with the number of H-bonding interactions to specific sulfur ligands present in the active site.
The changes in ligand—metal bond covalencies upon redox compared with DFT calculations indicate that
the redox reaction involves a two-electron change (one-electron ionization plus a spin change of a second
electron) with significant electronic relaxation. The presence of the redox inactive Fe®* center is found to
decrease the barrier of the redox process in the [FesS,] cluster due to its strong antiferromagnetic coupling
with the redox active Fe,S, subsite.

Introduction of these clusters have been studied using different spectroscopic
techniques and DFT calculatiofis?

In addition to the common FeS sites mentioned above,
trinuclear [FgS4] clusters are found in proteins such as
ferredoxin 1l from D. gigas and ferredoxin protein fromA.
vinelandii®” In some cases their biological functions are not
clear, but in the above proteins the §Bg sites are believed to
function in electron transport. These active sites have adjacent
irons bridged by on@,Ssuriige; all three iron atoms also share a
gugssumde (Figure 1) and each iron atom has a terminghiQe

bond. The oxidized cluster has three high spin ferric centers
giving a spin frustrate® = Y/, state® In the reduced state, a

Iron—sulfur clusters are found in the active sites of many
metalloenzymes in both higher and lower organisms. Their main
biological function is one-electron transfer. The most widely
distributed active-site cluster types are mononuclear, in rubre-
doxins, binuclear, in plant ferredoxins and tetranuclear, in
bacterial ferredoxin and HiPiP proteih¥he different structural
motifs and the wide range in redox potential, frer650 mV
to +500 mVZ make these proteins very versatile electron
transport agents in biological systems. The electronic structure
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[FesSq]° cluster present in the complex [Nff[FesSiLSs).

Figure 1.

2 ground staté. This delocalization is also present in the
[FesSy]t+2m3+ clusters. However, in contrast, the reduced
[FexS;]™ centers in plant ferredoxins are localiZ€d! This
dramatic difference in ground state (delocalization/localization)
can have contributions from several physical interactions.
Delocalization of the excess electron in the mixed-valence

state is accompanied by a net ferromagnetic coupling between

the iron centers leading to & = %, dimer ground staté?
This phenomenon of spin alignment in mixed-valence systems
with delocalized ground states is called double exchange in
analogy to Kramer’s superexchange mecharitsine physical
origin of double exchange as elucidated by Girerdnkky and
co-workers and by Noodleman and Baerends is that electron
delocalization leads to a loss of spin polarization energy for
the antiferromagnetic but not for the ferromagnetic configura-
tion.13'l4

There are three interactions to consider between the magnetic

centers in a mixed-valence pair, namely the above-mentioned
double exchange (parametrized BY, superexchange (param-
etrized byJ (usingH = —2JS,S,)), and vibronic coupling 42/

k- where A?/k_ = 4x2cMv_n(Ar)2, whereM is the reduced
mass of the<. mode,v- is the frequency of the antisymmetric
combination of breathing modes on both Feis number of
ligands, andAr = metal-ligand bond length distortion with
oxidation). The energies of the different spin staf&$ ére given

by
E.(S)=—-I5E+ 1)+ ( )X +

2(1132)2 n Bz(sr n 1) )

wherex- is the dimensionless antisymmetric breathing mode
of the [FeS;] unit which may be an isolated cluster in case of

(9) Weigel, J. A.; Holm, R. H.; Surerus, K. K.; Munck, E. Am. Chem. Soc
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plant ferredoxin or may be a part of a higher nuclearity cluster
as in the case of bacterial ferredoxins and HiPIPs.

Superexchange leads to antiferromagnetic coupling, whereas
double exchange leads to delocalization of the excess electron
and thus ferromagnetic coupling. Vibronic coupling is the
driving force for localization of the extra electron. The interplay
among these three interactions leads to interesting potential
energy surfaces for the spin states in the antisymmetric breathing
modex-. From eq 1, double exchange, as the driving force for
electron delocalization, is more effective in the higher spin states
(proportional to § + /,)). Thus, strong superexchange, which
leads to antiferromagnetic coupling and stabilization of the lower
spin states, makes the double exchange less effective and thus
decreases the tendency for electron delocalization.

It has been considered that the delocalization of the extra
electron in the mixed-valence dimer subsites of;fzF¥ and
[FesSy)tH2+3+ results from spin frustratiotf:5° The spins in
these clusters cannot all be aligned antiferromagnetically due
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to the presence of three or four bridged spin centers. This spintransition of the ligand is electric-dipole allowed. The intensity
frustration contributes to the parallel alignment of the spins. of this transition depends on the ligand character in the 3d
The parallel spin alignment assists the double exchange leadingantibonding orbital ¢?), from which the covalency of the
to the delocalized dimer subsite. It has been proposed that doublemetat-ligand bond can be quantified according to
exchange and vibronic coupling interactions, without super-
exchange coupling, can lead to a delocalized ground state in I(Lys— Mgy = oA <L,dr| Lgy> (3)
these [FeS;]" subsiteds-18

The mixed-valence model compound [LEeQH)sFeLP" (L
= 1,4,7-trimethyl-1,4,7-triazacyclononane) synthesized by
Wieghardt, Chaudhuri, and co-workers consists formally of one
Fe** and one F&" ion but was shown to be a class IlI fully
delocalized (F&°"), mixed-valence dimer with a ferromagnetic

= 9 9,20 i i . . .
Sr = % ground staté?*® Thus, delocalization of the excess ¢ yononyclear, binuclear, and tetranuclear irsnlfur active
electron with parallel spin alignment is possible without spin ;ioq in protein and relevant model compleXedt26

frustration in a dimer. A study comparing the delocalized mixed- | e present study, the S K-edge XAS of an&# model

valence model [LF§i(-OH)3FeL]2Jr with th_e Io_calized mixed- and the resting ([F&4]%) and oxidized ([FS4]*) active site of
valence dimer [F£5;]* showed that the main difference between the protein ferredoxin Il fronD. gigasare reported. The three

these tWOZLS the reduced superexchange cogpling in the f-Fe( COMPONENt$t:Ssuide aSsufide ANA Shiolate ar€ resolved in the
OH)sFeL["" model as compared to the £& dimer, due tothe  yAg pre_edge. The bonding of this cluster is analyzed and
reduced covalency of the hydroxide bridging ligands with the compared to those of [F8;]2* and [FaSyJ2+ clusters. The effect
metal centers. , _of covalency on the exchange interaction in thefzE" subsite
An approximate relation _between the superexcljan_ge c_oupllngOf the [FeS,° cluster is evaluated using egs 3 and 2 and
constant,J, and the experimentally observed bn_dglng "Qa”d combined with estimates of the delocalization and vibronic
covalency (from K-edge XAS) has been obtained using a o hjing in eq 1 to evaluate their contribution to electron
valence bond configuration interaction (VBCI) model for e incalization in the [F£5;]* subsite. The bonding of the model
SngfXChange’ where LMCT states Cl mix with the VB ground q\5jex is compared to that of the resting protein in the same
states redox state to evaluate the effect of the protein environment on
the bonding of the cluster. Finally, the changes in bonding upon
J 0 (covalencyj (2) oxidation, observed experimentally, are analyzed using geometry-

) ) optimized DFT calculations, and a possible role of the redox-
It has been found, from S K-edge studies comparing the jhactive F&*+ center in this cluster is discussed.

[Fe;S;] T and the [FgS4]2* clusters, that the change in bridging _ _
ligand fromu; to us sulfide significantly reduces the bridging ~ Experimental Section

In eq 3,1(1s — Lsp) is the transition moment integral or the
intensity of a purely ligand 1s> 3p transition, which depends
on theZg of the ligand?® Thus the pre-edge intensity provides
a direct estimate of liganeimetal bond covalency. This method
has been used in the past to investigate the electronic structures

ligand covalency on the [E8;]* subsite of the [Fg&&]?* cluster. Sample Preparation. The model complexes [Bt]s[Fe;Su(LSs)] and
Through eq 2, this decreaseldiis enough to change the ground  [Et,N]; [FesSe(LSs)] (Where LS is 1,3,5-tris((3-mercaptophenyl)thio)-
state of the cluster fror® = Y, in [F&S;]™ to S= 9, in the 2,4,6-trisp-tolylthio)benzene) were prepared according to published
[FexS;] ™ subsite in [FgS4]2+ cluster. methods’ For XAS experiments, sample preparations were performed
Ligand K-edge X-ray absorption spectroscopy (XAS) pro- in adry, nitrogen-filled anaerobic atmosphere glovebox. The samples
vides a direct estimate of ligananetal bond covalenciéd The were ground into a fine powder and dispersed as thinly as possible on

sulfur-free Mylar tape. This procedure has been verified to minimize

transition. However, due to the covalent mixing of the ligand se_:lf-absorpnon eﬁ.eCtS' The sample was then mouﬁ‘ted across the
window of an aluminum plate. A 6.3%om polypropylene film window

3p _Orb'tals into thQ _partlally OCCUpIe_d metal 3d a_nt'bond'ng protected the solid samples from exposure to air during transfer from
orbitals of Fe, transitions to these orbitals from the filled ligand o glovebox to the experimental sample chamber.

1s orbital obtain absorption intensity as the intrinsic-23p The protein was extracted and prepared as described in refs 28 and

@5) | ete loadi s for T0% of the ob dch This point 44.The reduced protein solutions (in 100 mM phosphate buffer, pH
ncomplete loading accounts for 10% of the observed change. This poin - . .
is further illustrated by Figure S2 in the Supporting Information. The data /-3~ /-6) were pre-equilibrated in a water-saturated He atmosphere for

clearly show the decrease inSsuide contribution to the pre-edge of the ~1 h to minimize bubble formation in the sample cell. The protein

reduced protein relative to the model complex even when the contribution idi i i

of the usSsurige Of the protein is scaled to the contribution of that in the sample W.as OXIdI.Zed bgfore the expe_rlments by usmgza-tbld_excess.

model complex to account for any incomplete loading. of potassium ferricyanide. The solution was then loaded via a syringe
(46) Note that in similar active sites of some proteins which contain boj&Fe into a Pt-plated Al block sample holder sealed in front using au3

and FeS, clusters (e.g.A. vinelandii), it has been found that the reduced | | ind

[FesSy]° site is protonated based on MCD and electrochemical measure- polypropylene ‘_Nm ow. )

ments. Protonation of @,Ssurige ligand would produce a similar decrease Data Collection and Reduction.XAS data were measured at the

of ligand metal bond covalency as observed here. However it has been iati i - i

determined that the [B84]° protein fromD. gigas does not show the Stanfo!'d Synchrotrqn Radiation Lz_';tboratory us_lng the 54-pole wiggler

protonation. See ref 47. beam line 6-2. Details of the experimental configuration for low energy

(47) Shen, B.; Martin, L. L.; Butt, J. N.; Armstrong, F. A.; Stout, C. D.; Jensen,  studies and data reduction methods have been described in an earlier
G. M.; Stephens, P. J.; La Mar, G. N.; Gorst, C. M.; Burgess, BJK. blication2?
Biol. Chem.1993 268 25928-39. pu .|C.a ons . . .

(48) Factors other than H-bonding in particular dipoles around the cluster can  Fitting Procedure. Pre-edge features were fit using pseudo-Voigt

also significantly affect redox potentials. See ref 49. However model studies |; i i ; i i
(to be published) indicate that H-bonds do strongly perturb Féond line shapes (sums of Lorentzian and Gaussian functions). This line shape

primary transition at the ligand K-edge is the ligand-%p

covalency. is appropriate as the experimental features are expected to be a
(49) %S?'},b'\g/'g“ M.; Gongyi, H.; Warshel, A. Am. Chem. So2003 125, convolution of a Lorentzian transition envelope and a Gaussian line
(50) Pimenta, M. A; Licinio, PPhy. Re. B: Condens. Mattet994 50, 722~ shape imposed by the beam-line spectrometer offtiés fixed 1:1

726. ratio of Lorentzian to Gaussian contribution successfully reproduced

16870 J. AM. CHEM. SOC. = VOL. 126, NO. 51, 2004
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§17{ — Fe:SyLSy* (Q s /@
B ---- 2" derivative
S FesSey(LSs)*
a 1.2 - Ars
= 2™ derivative
2
3% .
N ’
E ; r"‘:.
5 021 L
= T T U T = bt :.' ' T x 'L .
o246 2467 2468 2469.. 2470 451 2472 2473 2474 . 2475
posulfide + pssulfide N §
0.8 - Energy (eV) ¢

Figure 2. Normalized S K-edge XAS of [R84(LS3)]3~ (orange solid line) and its second derivative (orange dashed line) and thatB&{ESs)]3~ (red
solid line) and its second derivative (red dashed line). Inset: the ligan&#'LS3

the pre-edge features. The rising edge functions were also fit with
pseudo-Voigt line shapes. Good fits reproduce the data using a
minimum number of peaks. There are three resolvable contributions
in the pre-edge region of [E84(SR)] sites: uoSsuitide, #3Ssuifider @Nd
Shiolate (Vide infra). Fits were performed using single peaks to simulate
the pre-edge contributions of each component with a half-width of 0.6
0.7 eV. Fits were performed using both the same full width at half-
maximum (fwhm) for all contributions or by letting their fwhm vary
independently. The later procedure did not significantly change the

result. The energies of the pre-edge features of the reduced model§05 |

complex and of the protein were allowed to shift by-8al2 eV from
the known values obtained from the previous studies (2469.5 eV for
Fe?Jr—/,{stumde, 2470.1 for Fé5+—/4385u|ﬁd& and 2470.9 for Fe&t—
Shiolate)-2>?* The intensity of a pre-edge feature (peak area) is the sum
of the intensity of all the pseudo-Voigt peaks which successfully fit
the feature for a given simulation. The reported intensity values for

25 12Sauitise*Fell)
— [Fe;S;Cl* ']-}Sssurlde+ Fe{2.5)
5204 .- [FesSLCly* g
E | — rFesesend K
215 - [FeSe,(SPh)]
3 ,,,,,,,,,,,,

%10

0.0
2486

2457 2468 2469 2470 2471
Energy (eV)

Figure 3. S K-edge XAS spectra of [F8,Cls?~ (black solid line),

2472 2473 2474 2475

both the model complexes and the proteins represent an average of al[F&:S«Cla]*~ (black dashed line), [R&8e(SPh)]* (blue solid line), and

of the good pre-edge fits, which differ from each other by less than
5%. The ligane-metal bond covalencies (per ligand) are obtained by
dividing the total hole covalency of a ligand (obtained by using eq 2
in ref 15) by the number of liganemetal bonds present in the complex
(as discussed in ref 26 (a)).

DFT Calculations. All calculations were performed on IBM 3BT-
RS/6000 workstations on an SGI Origin 2000 using the Amsterdam
Density Functional (ADF) program versions 2002.03 and ADF 2000
developed by Baerends et & .A triple- Slater-type orbital basis set
(ADF basis set TZP) with a single polarization function at the local
density approximation of Vosko, Wilk, and Nus&iwith nonlocal
gradient corrections of Beckeand Perde#® were employed. Full
optimizations were performed for all model complexes starting from

crystal structures wherever available. The electronic structures of the

clusters were calculated in the broken symmetry sfafethe crystal
structure for the [F€OH)sL ;] complex was used for calculation of
the delocalization parameteB, (vide infra), of this model comple®.

[FesSey(SPh)]2~ (blue dashed line).

different types of sulfur ligandsusSsuide, #2Ssulfide, aNd Shiolate

The S K-edge of the [[8e(LS3)]*~ complex has one pre-edge
feature at~2471 eV, assigned to the envelope of transitions
from only the 1s orbitals of the ligatedhGiaee to the unoccupied
metal antibonding orbital manifold. In both complexes, there
are at least two distinct rising-edge features around 2473.5 and
2474.8 eV, corresponding to sulfur s C—S ¢* transitions

of the two different types of €S bonds (thiolate and thioether
of the ligand, Figure 1). Due to the presence of the noncovalently
bound thioether sulfurs in the ligand, the normalized XAS
spectra have to be renormalized (by a factor of 13/7 for the
sulfide complex and 3 for the selenide complex) to account for
the fact that these additional thioether sulfurs contribute to the
edge jump but not to the pre-edge transitions.

Complete coordinates of all models presented in the text are included  1he second derivative of the S K-edge XAS of these model

in the Supporting Information.
Results

A. S K-Edge XAS of Model ComplexesThe S K-edge XAS
spectra of [F&54(LS3)]®~ (where LS is 1,3,5-tris((3-mercapto-
phenyl)thio)-2,4,6-trig¢-tolylthio)benzene) and its selenide sub-
stituted analogue [R8ey(LS3)]3~ are given in Figure 2 (orange
and red lines, respectively). The spectrum okfz S3)]°~ has
two broad pre-edge features betweeP468-2471 eV, which

complexes (Figure 2) allows assignment of the specific types
of S contributions to the pre-edge. The second derivative of
the [FeSe(LS3)]3 S K-edge XAS (Figure 2, dotted red line)
data shows the presence of one feature at 2470.9 eV. Since the
complex has only thiolate bound to the iron atoms, this feature
corresponds to the thiolate s Fe 3d (antibonding) transitions.
The S K-edge XAS spectrum of [E&(LS3)]3~ shows the
presence of multiple components in its pre-edge region of its
second derivative (Figure 2, dotted orange line). The highest

represent envelopes of transitions to the unoccupied metalenergy pre-edge feature corresponding to the minimum in the
antibonding orbitals from the 1s orbitals of the three chemically 2nd derivative at 2471.0 eV can be assigned to the thiolate 1s
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Figure 4. Components of [F£54] model complexes [F£54(LS3)]3~. Normalized data (black solid line), fitted data (red dashed linggulfide (blue solid
line), usSulfide (green solid line), thiolate (red solid line), and background (bold red solid line).

Table 1. Pre-edge Energies and Metal—Ligand Bond Covalencies
of [Fe3+282C|4]27, [F82'5+4S4C|4]27, [Fe3*252(SPh)4]2*, and
[Fe25+,S4(SPh)42—2

pre-edge covalency per
energy (eV) metal—ligand bond (%)
[FE¥T,S,Clg)%~ 2469.5 68
[Fe25t4S4Clg) 2~ 2470.1 39
[FE3T2S,(SPh)]2~ 2470.7 36
[FE25,S4(SPh)] 2~ 2470.8 36

aDetermined from the minima of the second derivative of the normalized
S K-edge XAS of these complexes.

— Fe 3d transitions due to its presence in thesfegLS3)]3~
complex. Theuy- and usSsuiige COMponents contribute to the

the Shiolate The observed pre-edge shift, 0.1 eV lower in
[Fe3*,Se(SPh)]2 relative to [F&5,Se(SPh)]2-, then pro-
vides an estimate of the orbital energy difference betweén Fe
and Fé5" (Fe¢t being lower) in these complexes, which reflects
a combination of contributions from differences in ligand field
andzeff on the metaP’ Hence theuSsyirige 1S Orbital energy in
[Fe&S,Cly)?~ is estimated to be about 0.5 eV higher than the
u3Ssuifide 1S orbital energy of [F£5,Cls]?~. The 1s orbital energy
of the usSsuitige in the [F&S4(LS3)]3~ complex will be further
lowered relative to the [84Cls]?~ complex as the:Ssuie
will donate more charge to the Fepresent in [FgSs(LS3)]3".
Similarly, the 1s orbital energy of theSsurige Will be higher

in [FesSy(LS3)]3~ than in [FeS,Cly?™, as it will donate less

broad lower energy region in the asymmetric second derivative charge to the P&* present in [FgSy(LS3)]*~. Thus the pre-

from 2468 to 2470 eV (Figure 2, dotted orange).
To resolve the contributions for theSsuifide aNd3Ssuiide O

edge contribution ofisSsurige Should be at least0.5 eV higher
in energy than that of the,Ssurie in [FesSs(LS3)]3", as the

the pre-edge the following procedure was applied. The pre-edgetransitions from both types of sulfides are to the same metal

feature of the complex [R&:Cls)?~ having all usSsuige atoms
ligated to F&°" is at 2470.1 eV (Figure 3 dotted black), while
the pre-edge feature of the complex §5£CI4]%~ having all
w2Ssurfige ligated to Fé' is at 2469.5 eV (Figure 3, black liné}2>

d-manifold.

The experimental spectrum was fit to obtain the pre-edge
intensities of theu,Ssuriide, #3Ssulfides @NA Shiolate COMpPoONENts
(Figure 4). The integrated intensities of the fit (Table 2) give

The observed shift in the pre-edge energy position (0.6 eV) hasthe covalencies of each type of +8 bond involved (total %

contributions from the difference in 1s orbital energy:e®suiide
in [F&xS,Clg)? relative to that ofusSsuiride in [FE4S4Cl4]?>~ and
from the energy difference between the3Feand Fé&°"
d-manifolds of these two complexes. An estimate of this

hole covalencies divided by number of liganahetal bonds).
The average Feassulfide,ussulfide, and ioae bONd covalencies
are 56%, 39%, and 36%, respectively. ForgF@(LS3)]2 the
average Fe Sniolate bONd covalency is 27%. The decrease in

d-manifold energy difference can be obtained from the pre-edgethiolate covalency in the Se model complex indicates that the

energy difference of [F&,Se(SPh)]2~ and [Fé5+,Se(SPh)]2
(Figure 3)?521The metatligand bond covalencies (36%, Table

sulfide is a poorer donor to Fe than selenide resulting in higher
charge transfer from ySoate in [Fe3S4(LS3)]3~. This is also

1) are the same in these complexes indicating similar chargereflected in the pre-edge energy position of th&,ge contribu-
transfer to the metal and thus equivalent 1s orbital energies oftion in [FesSy(LS3)]3~ which is 0.1 eV higher than that for

Table 2. Experimental Metal—Ligand Bond Covalencies of [FesS4] Model Complex and proteins

/uzssulﬂde ﬂsssulﬂde Sthmla\e
% energy % energy % energy
covalency? position covalency? position covalency? position
Model Complex
[FesSy(LS)3]3 [FesSq)° 56+ 1 2469.4 39t1 2470.2 36t 1 2471.0
[FesSe(LS)]® [FesSe]® 2941 2470.9
Ferredoxin Il fromD. gigas(5 H-Bond tou-2 Sulfides, 3H-bond to §oiate)

[FesS«(S-Cys)f~ [FesSy° 25+ 2 2469.7 28+ 3 2470.2 24+ 1 2470.9
[FesSu(S-Cys)P [FesSa ™t 38+2 2469.4 38t 2 2470.0 381 2470.6

aTotal hole covalency per metal ligand bond.
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Figure 5. Renormalized S K-edge XAS of model complex {6€LS3)]3~ (orange solid line) and oxidized (blue solid line) and reduced (blue dashed line)
ferredoxin Il fromD. gigas

[FesSey(LSs)]3 . It should be noted that although the contribu- 181 Components of ferredoxin ll reduced
tions from the different sulfur 1s donors could be resolved, the § 141 (@)
relative pre-edge contribution Feand contributions for the §-1,2 . )
transitions to the two P€* could not. Thus the bond covalencies & , | — E'i‘:{;';agzetg Data
reported above are their average. DFT calculation on the cluster;s __ .Sufide
will be used to distribute the P& and Fé* bonding contribu- %87 mSL.iﬂde
tions (vide infra). gos: _ iolate
B. S K-Edge of Protein Active SitesThe S K-edge spectra S04 — Background
of the protein ferredoxin Il fronD. gigasin the resting [Fg54]° So2-
form (same redox state as the model) and the oxidizesSjFe 0
form are given in Figure 5. The resting protein spectrum (solid 2465 . 248G 2471 2472 2475

blue in Figure 5) shows a broad pre-edge feature similar to that Energy (eV)
of the model (solid orange in Figure 5) but with less intensity.

The fit to the experimental reduced protein spectrum (Figure 2] ® Components of erredoxin Il Oxidized
6b) allows the intensity decrease to be distributed over the "®] _  Nomalized Data
U2Ssufide 13Ssutide @Nd Shiolate COMpoNents. The bond covalencies _ "®7] --- Fited Data
(Table 2) decrease from 55%, 32% and 36% in the model to £ 47 — p.Sulfide
25%, 28% and 24% for the F&Ssufide. Fe#3Ssuifide and Fe- 8 127 — uaSufide
Shniolate DONdS, respectively, in the protein active site in the same 3 L Ejklagtreowld
oxidation state. Note that the decrease is largest fan18iide X 08
and least for the:sSsuide These results will be discussed in & 06+
the context of protein effects on bonding. 04 -
The S K-edge spectrum of the oxidized protein site shows =~ 02

an increase in pre-edge intensity relative to that of the reduced o : . : .
state (dashed vs bold blue, respectively, in Figure 5). Since %5 2467 2489 Ene {2:\7;] 2473 2475
oxidation involves creation of a hole, the pre-edge intensity is . 6 C ts of (R t'?yf doxin Il oxidized (a) and

. . igure 6. omponents o protein terredoxin oxidized (a) an
expected to increase. Based on the covalencies of th&ffe | 4 coq () Normalized data (black solid line), fitted data (red dashed line),

state (25%, 28%, and 24% for E@Ssuride. Fe13Ssuffide, and uzSulfide (blue solid line)usSulfide (green solid line), thiolate (red solid
Fe—Shiolate respectively), the increase from 14 to 15 holes on line), and background (bold red solid line).

oxidation should increase the covalencies to 27%, 30%, and
24%, respectively. However, the results of the fit (Table 2) show
that the individual bond covalencies in the oxidized state = A. DFT Optimized Geometric and Electronic Structure.
increase by more than this factor (38%, 38%, and 38% for Fe- Geometry-optimized DFT calculations were performed on the
U2Ssulfides: F€U3Ssulfide AN Fe-Stiolate respectively). Also DFT truncated structure [E84(SMe)]®~ to correlate to the S K-edge
calculations (vide infra) on the resting [f52]° form show that data on the model complex. The optimized structure exhibits

Analysis

the redox active molecular orbital (RAMO) has peSsuiiide overall reasonable agreement with the reported crystal structure
component (vide infra), while the experimental results show of the [F&S,LS3]3~ model complex (Figure 7. The optimized
that the covalencies of all three componemsS,uitide #3Ssulfide structure shows a small expansion of the core, as reflected by

and Sholatd increase on oxidation. These deviations from the slightly longer (0.03 A) Fe'Fe and Fe-S; distances. There is
ground state predictions may indicate that electronic relaxation also an increase of about 0:68.08 A in the Fe-Snilate

is involved in the redox process in this cluster and this is distances in the optimized structure as compared to the crystal
evaluated below using DFT calculatioffs. structure. This has contributions from the GGA functional used
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Figure 7. Crystal structure (a) and geometry optimized structure (b) of3ff&cluster. Sis the bridging sulfide in the [R&;] " subsite, while Sis the
sulfide bridging the F&>™’s to the Fé*.

0.6 - contours of the orbitals/l (the delocalizegs Fe de-y + Fe
0.5 | —Fitted pre-edge de-y? bonding orbital), & (¢ HOMO-1), 2(1 (HOMO), an.d Yii .
=77 cal (LUMO) are shown. Note that the bonding and the antibonding
B culated pre-edge . Rk
504 | — Fitted _ orbitals on Fé&" are energetically well separated from the
| Galculﬁ“‘“‘; _ HOMO and LUMO and hence are not considered in the
8034 HaSsuriae following analysis. The HOMO-1 (@), HOMO (20), and the
| Fitted usSerice LUMO (28) are antibonding orbitals centered on the delocalized
5-0.2 1--- Calculated 113S,y1ige [FexS;] T subsite of the cluster. TheSsuride, #3Ssuffide aNd Shiolate
n —— Fitted Siioiate contributions are 38%, 15%, and 3% in the HOMO-1; 39%,
520-11--- Calculated Sinoiate 4%, and 15% in the HOMO; and 5%, 2%, and 0% in the

0 . e LUMO, respectively (Figure 9). The short +€&e distance in
2460 2465 2470 2475 2480 this cluster (2.69 A), compared to thefk'?e distance in reduced
Energy (eV) [FexS;)* clusters (2.73 A), has a significant effect on the MO
Figure 8. DFT calculated density of states (DOS) (in dotted lines) compared description of the [Fs54° cluster relative to the [R&]" cluster.
to experimentally observed DOS (in solid lines) foBsuride (DIU€), #aSsuiride The strong Fe Fe interaction causes tife-e de-y2 + Fe de_2

(green), ant_j Bolate (red). The re_Iative energy positions of calcul_a}ted DOS bonding orbital (B in Figure 9) to be stabilized and tifeFe
are determined from the relative experimental pre-edge positions of the . . . -
components, and their calculated covalencies are rescaled by the factorstZ*y2 —Fe dﬁzfyz an“b?”_d'”g orbital (8 LUMO in F_|gure 9)
they are off from in experiment (Table 4). to be destabilized. This is the reason the HOMO is thd-2
de-y2 — Fe de-y2 antibonding orbital rather than th@ Fe de-y2
(the calculated bond lengths in Fe(3RY~ are 0.05-0.07 A + Fe dz-y2 bonding orbital which is the HOMO in a delocalized
longer than those in reported crystal structures using the sameFeS, cluster (Figure 93¢ Note that the HOMO which is the
level of theory) and constraints imposed by the bulky tris- redox active molecular orbital (RAMO) in Figure 9) does
arylthiolate ligand® not have significanisSsurrige Character. However the experi-
The calculated bond covalencies (total hole covalency of a mental results (Table 2) clearly show an increasgdBsuride
donor ligand divided by number of Fe-donor ligand bonds) for covalency upon oxidation. This implies that there is electronic
UsSsulfides M3Ssulfide @Nd Shiolate are 35%, 24%, and 20%, relaxation which changes the wave function on oxidation.
respectively, which are a factor of 1.5 to 1.8 less than their ~ B. Bonding in the [FesS4]° Cluster. The S K-edge results
experimentally observed total hole covalencies of 53%, 39%, on the resting state model [F&R(LS3)]3~ (Table 2) give the
and 36%, respectively (Table 2), for the model complex. A average (F&+2F&5") u>Saurfide #3Ssuifider aNd Shiolate COVA-
similar underestimation of covalency by using a pure density lencies as 56%, 39%, and 36%, respectively. Previous studies
functional has also been found in DFT calculations of3e have determined the covalency of arf-Fe-u,Ssurige to be 61%
clusters?® In terms of per hole per ligand covalency, this (for [FeS)] "), FE5" —usSuide to be about 39% (in [F&4Cl4]%),
difference corresponds to a 2% decrease in the calculations. and both F& —Spioae and F&5"—Sypioiae 1o be 36% (in
Though the calculated covalency is less than the experimen-[Fe;Sex(SPh)]?~ and [FaSs«(SPh)]?-, respectively). However
tally determined covalency, the density of states (DOS) esti- the covalencies observed reflect an average of tw@Fand
mated from the DFT calculation on the optimized structure one Fé&"(a better charge acceptor thar?fg. DFT calculations
agrees well with the experimental pre-edge features (Figure 8).were used to distribute the experimental total hole covalencies
This indicates that the DFT calculations, although quantita- into Fé* and F&5" components.
tively underestimating the bonding in this cluster, give a  The calculated F& and F&5" components of each individual
reasonable description of the relative contributions of the type of donor ligand (Table 3) were scaled up by the ratio of
different types of sulfur to the electronic structure description total experimental to total calculated hole covalency. This gives
in the [FeSy(LSs)]* cluster. experimental estimates of the ¥ecovalencies as 64%, 53%,
A schematic energy diagram of the cluster showing the energy and 41% fom;Ssuriide, #3Ssulfide @Nd Shiolate DONS, respectively.
levels involved in the redox process is given in Figure 9. The The corresponding P€" covalencies are 46%, 31%, and 34%,
reduced ground state has d@lectrons and B electron in the respectively?® The F&5 -u3S.uside cOvalency in the [Fg5,]°
delocalized [Fg5;] " subsite (in red) and B electrons localized cluster has decreased significantly to 31% from 39% in the
on the high-spin F& center (in blue). For clarity only the  [FesS42" cluste?! due to both the stronger charge donation by
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Figure 9. Schematic diagram of a reduced §B¢ cluster. The [FgS;] subsite (in red) has 10 occupiedorbitals (bold red) with HOMO and the HOMO-1
marked as @ and X, respectively. It has an occupied delocalizedrbital 15 (which is HOMO in bold red). The unoccupig¢torbitals (in red) have 2

as thef LUMO. The Fé" center has 5 occupig@l orbitals (in bold blue) and 5 unoccupiedorbitals (in blue). They are energetically separated from the
FeS, subsite orbitals. The numbers (in %) above and below the orbital picture indicate:Beir.S, and Sioiate Coefficients in reduced ground state.

Table 3. Calculated Per Metal—Ligand Bond Covalencies and
Experimental Covalencies Divided into Fe3" and Fe25*+
Components (in Italics) Using the Calculated Results

UaSsuiide UaSsulide Striolate

Table 4. Values of J, B, and A?/2k Obtained from Experimental
Covalencies, DFT, and Resonance Raman Studies, Respectively

Fe-S covalency estimate  estimate  estimate

Us, U, avg, of J, of B, of A2/2k,

Fe* Fe?s* total Fe®* Fe?™ total Fe’* Fe*> total % % % cm! cm! cm? Bl2J
[FesSd]° 64 46 56 53 31 39 36 36 36 [FeS]* 61 61 —360 875 3660 1.34
experimental, localized
extrapolated [FexS* 31 46 39 147 1600 3660 5.16
[FesSy]° 41 29 35 57 19 24 20 20 20 [Fessy]°
optimized,
calculated

the usSsurfige to the FE™ center and also the strong competitive
charge donation by the,Ssurige decreasing its charge transfer
to the F&5tcenters. The strong,Ssuride charge donation also
decreases the charge transfer from the oth&irge, as the
covalency of the "t —u,S bond (48%) and Fé—u,S bond

(64%) (Table 3) observed here are less than their values of

619! for Fe5"—u,S and 88% for FE—u,S, respectively.

Itis important to emphasize that the covalency of the bridging coupling)2°

sulfide ligands of the redox active [F]'" subsite of [FgS4]°
has decreased to 39% (averageua®Bsurige (48% ) usSsulfide
(31%)) from 61% in the reduced & cluster?! This will have
a significant effect on the delocalization within the §Bg"
subsite as evaluated below.

C. Delocalization in the [FeS;]* Subsite of the [F&S$4]°
Cluster. In this section], B, andA%/2k in eq 1 will be estimated

Superexchange Coupling Constant]): The effect of the
decrease in the covalency of the bridging ligand of the$gé
subsite of the [F£54]° cluster on the energies of the different

spin states can be estimated by using an approximate relationship

between the phenomenological superexchange coupling con-
stant,J, and the covalency of the metal ions with the bridging
ligands (eq 2!

The exchange coupling in reduced {Bg* was determined
to be J = —360 cnt! (this is the pure superexchange
contribution, corrected for double exchange and vibronic
and its bridging ligand covalency was estimated in
ref 15 to be 61%. The bridging sulfide covalency in the;fE"
subsite of the [Fs54]° cluster is determined here to be 39%
(Table 4, using the average @f andus bridges). Thel for the
[FexS;] ™ subsite of the [F£54]° cluster is thus estimated to be
—146 cnTl,

Double Exchange Parameter,B: The double exchange
parametemB is calculated, using DFT, from the ground-state

from experimental results and DFT calculations to evaluate their energy difference of the bonding and antibonding combinations

contributions to the delocalization of the FSg]* subsite of
[FesSy)°.

of the Fe 3d orbitals on the two metal centers representing the
directo delocalization pathway (this is obtained from the energy
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Figure 10. Potential energy surface of different spin states in the (a) reducss4 &ed (b) reduced [F84]° cluster using eq 1.

Scheme 1.

Flowchart Showing the Changes in Calculated Total Hole Covalencies (Expressed As Ratios to the Reduced Hole Covalency)

of Individual Components along the Redox Pathway in a [FesS4] Cluster (the Protein Ratio Is the Experimentally Observed Value)

S=3/2 Unrelaxed
1.18:1.05:1.25

S=3/2 Relaxed

> 1.14:1.08:1.23

_>

Protein ratio
1.5:1.34:1.57

S=1/2 Relaxed
1.24:1.14:1.37

No s increase s ratio is better

but relative
ratios still off

splitting of the 3 and 23 orbitals in Figure 9). The calculated
values ofB are 1550 and 850 cm % for an [FeS;]" subsite
of [FesS4]° and the [FeS;] ™ cluster, respectively. The highBr
in the [FeS;]™ subsite of the [F£54]° cluster is due to shortening
of its Fe—Fe distance from 2.73 A in the B cluster to 2.66
A in the subsite, which allows for a stronger-Fge interaction
and thus a higheB. The value ofB for the Class Il valence
delocalized complex [ROH)s(tmtacn}]?" has been experi-
mentally determined to be 1350 c#¥?® The DFT calculated
value for the same complex is 1300 tinThis experiment-to-

Relative ratios are better

D. Change in Electronic Structure on Oxidation (Elec-
tronic Relaxation). From Table 2 the«:Ssuitide, #43Ssurfide, @Nd
the Shiolate CONtributions to the total hole covalencies increased
by the ratios 1.5, 1.34, and 1.57, respectively, upon oxidation
of the [F&S4]° cluster to the spin frustrated [F&]t S= >
final state® However DFT results on the [E®&]° ground state
indicate that the RAMO (@ in Figure 9) does not contain
significant usSsuifige Character. Hence, on oxidation, the hole
created cannot significantly increase theSsurge pre-edge
intensity in contrast to the experimental results (calculated ratios

calculated ratio is then used to scale the calculated values 0f1.18, 1.05, and 1.25, Scheme 1). Also, on oxidation of the

the [FeS;] ™ sites to obtain calibrated estimates of Bealues
(Table 4).

Vibronic Coupling Parameter, A%2k: The value of the
vibronic coupling parametei?/2k has been experimentally
determined from resonance Raman spectra foyJffe 4! and
[FesSy)2+ 4 clusters which were used to estimate the effective
frequency of thex- mode representing the antisymmetric
combinations of local breathing modes of the JE&" subsite
of the cluste’! While the appropriate resonance Raman data
for the [F&S4]° cluster does not exist, the vibronic coupling is
likely to be similar to that of the [F&;]" subsite of the [F£54]2"
cluster (3190 cm?) as the geometric structures of thesefzE"
subsites are quite similar. Here we use the vibronic coupling
value for the reduced [8;] " cluster (3660 cmt) as it provides
an upper limit for this analysis, making the system harder to
delocalizet?

Potential Energy Surfaces (PES) of the Different Spin
States: With estimates of the superexchange parameigr (
double exchange parametdB)( and the vibronic coupling
constant £%/2k), the potential energy surfaces of the different
spin states of the reduced PSg] ™ cluster (Figure 10 A) and of
the [FeS;]* subsite of the [F£54]° cluster (Figure 10 B) were

RAMO, anS= %, state (Scheme 1) is obtained (i.e., there are
9 o and 64 electrons, Figure 9) which is not the final spin
state of the oxidized form3 = /,). On letting the system
electronically relax (i.e., the electronic structure is allowed to
change to charge compensate the hole produced on oxidizing
the RAMO), theusSsuiiige CONtribution increases and the relative
intensity ratios (Scheme 1) now become 1.14, 1.08, and 1.23
for uaSsuitide, U3Ssulfides @Nd Shiolate respectively. However the
relative increase of theusSsurige IS sStill small relative to
experiment, and the spin state is s8H#= 3/,. To obtain arS=

1/, ground state, an additional spin forbidden transition from
the nowoa HOMO (1a in Figure 9) of theS = 3/, oxidized
state to thegg LUMO (24 in Figure 9) also occurs. This creates

a hole (T in Figure 9) with 15%usSsuiide Character and depletes

a hole (& in Figure 9) with 2%usSsurige Character leading to

an overall increase in thesSsurige Character in the total hole
covalency. This calculation corresponds to the oxidized site in
the S = 1/, spin state as observed experimentally. Now the
calculated ratios of increase in hole covalency are (Scheme 1)
1.24, 1.14, and 1.37 fopoSsuide, 3Ssuide aNd  Shiolate
respectively, for thi§= 1/, oxidized cluster. Though these ratios
are still low relative to experiment, their relative magnitudes

obtained using eq 1. The analysis shows that the ground stateparallel the experimental results. One contribution to this

of the [FeS;]* unit of [F&S4]° cluster is a delocalize8 = °/,
state. This delocalization as observed experimenitaéigults
from a simultaneous decreasediand increase iB relative to
their values in the reduced £ cluster in which the larged
and smalleB stabilize the localize® = 1/, ground state.
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difference between the calculated and observed change is the
differential effect of the protein environment (see below) on
the covalencies of the oxidized and reduced clusfeis-
bonding, in the protein will more significantly affect the reduced
cluster as it has increased charge density. This will increase
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the ratio of the total hole covalencies of oxidized to reduced
relative to the values calculated for an isolated cluster.

Discussion

A. Effect of Protein Environment. The experimentally
observed total;Ssuifides #3Ssulfide @Nd Shiclate NOlE covalencies
in the [FeSs(LS3)]3>~ model complex are 56%, 39% and 36%,
respectively (Table 2). However, the experimentally observed

total hole covalencies of the corresponding protein active site

in the same redox state [fR(S—Cys)y]®~ are 25%, 28% and

24%, respectively (Table 2). This decrease in the observed total, X S
hole covalency in the protein active site compared to the model 'S Predicted to b&=

complex (Figure 5) can have contributions from incomplete
loading of the active sité and differences in structure imposed
by the tri-arylthiolate ligand relative to the protein. However,
it is important to note that the decrease of pre-edge intensity o
the uoSsuriige Of the protein active site relative to model is much
larger than that of thesSsuiige anNd Shiolate (@ factor of 0.44 vs.,
0.77 vs 0.67, respectivelyy.Similar decreases in metal ligand
bond covalencies in the Fe active sites of 1Fe rubredoxins,
and 2Fe and 4Fe ferredoxins have been previously rep&rtéd.
H-bonding in the protein will decrease the ligarnaetal bond
covalency by stabilizing the charge density on the ligand. The
mononuclear rubredoxin site hae-8 H-bonds which reduced
the Fe-S bond covalency from 37% in the model to 31% in

reflects the stronger charge donation by th&8iides and the
preferential charge donation of thgSyiige to the FE' center
(Figure 1).

These effects reduce the bridging covalency and thus decrease
the superexchangd, between these two F&" centers. This
decrease id, coupled to the increase B) due to the decreased
Fe&5"—Fe25 bond length in the [F£54]° cluster (similar to that
of the [FaS4]?" cluster), changes the potential energy surface
(PES) of the different spin states (Figure 10, according eq 1).
It shows that the ground state of the reduced$ cluster
1/,, while that for the [F&S;]™ subsite of
the [F&S4]° cluster should b& = 9,. Though spin frustration
can make a significant contribution to the energies of different
spin states of these clustéfsthese results indicate that the

f unique bonding features of the [F=2] ™ subsite of the [F£54]°

cluster (i.e., replacing the thiolates of BS(SR]%~ by u2Ssuifide
in [Fes$4]% can alone stabilize a valence delocalizge= %,
ground state in the [R&;]" subsite.

C. Two Step Oxidation Process in Fg5;: lonization and
Spin Flip. The S K-edge XAS data on the oxidized protein
clearly indicate an increase insSsurige CONtribution upon
oxidation (Figure 5). Such an increasenis predicted by DFT
calculations on the resting ground state, as these show no
significant usSsufige Character in the RAMO @ HOMO in

the protein active site. The decrease was even large for theFigure 9). This increase ipsSsurice Character in the resting

U2Ssuifide—Fe bond (88% to 77% with-24 H-bonds) probably
due to increased charge density on the sulfide. Th8/faetive
site of ferredoxin Il fromD. gigas has 5 backbone Nt
U2Ssuliide, 3 backbone NM-Syiolate H-bonds, and no H-bonds
to the usSsurice?® Hence, the expected relative decrease of
covalency igu2Ssuiide > Sthiolate > #3Ssulfide.*®4” Experimentally,

oxidized state reflects the fact that the redox process ins5[Pe
cluster involves two steps. The first involves removal of an
electron from the HOMO of the cluster 2localized on the
FeS, subsite Figure 9) giving first as = 3/, excited state.
This process increases the hole covalencieg8,ige and
Shniolate (&S seen in the pre-edge intensity increase in Figure 5);

the observed decrease reflects this order suggesting that Hhowever, as thesSaurice Character in the HOMO is insignificant,

bonding makes a major contribution to the reduction of
u2Ssuridge—Fe bond covalency in the protein active site. This
decrease in ligandmetal bond covalency in the protein relative
to the model complex in the same oxidation state will stabilize
the reduced [Fs54]° state of the cluster more than its one-
electron oxidized form and will significantly contribute to the
observed shift of the reduction potential of the{&4”* couple
from —790 mV in the model to-130 mV in the proteirf/-48:49

B. Bonding and Delocalization in the FgS, Cluster. The
general bonding within an [E8]° cluster (Figure 9) is described
as an Fé&" center antiferromagnetically coupled to the*Fe-
Fe?5" delocalized subsite. The bonding description obtained for
the Fé* site (vide supra) shows that the3fFe Spolate COValency
(36%) is similar to that obtained for Fetetrathiolates (42%);
however the F& —u>Ssuiide bond covalency (56%) is much
lower than that observed for oxidized fSg]2" clusters (88%)
due to its ligation to three competing sulfides compared to two
in [FeS3;)2". With respect to the [PE+,S;] T unit of the [F@S4]°
cluster, the bonding is quite different from that of the reduced
[FexS;] T site and the [F£5,]" subsite of the [F&54]%" cluster
with respect taSsurfide aNdusSsuiiide COValencies, respectively.
The Fe-u>Ssuiride bond covalency was estimated to be 61% in
a reduced [F£S;]" cluster, while for the [F£5;]™ subsite of
[FesS4]° this is greatly reduced to 46%. This results from the
strong charge donation by the other ligate8s,riqe (Figure 1).
The Fe-usSsuride bONd covalency in the [R&;]" subsite of
[FesSy° (31%) is also less than that of the F@sSsuiide bond
covalency in the [F£5;]" subsite of [F§S4]2" (39%). This also

the usSsuige hole covalency cannot increase in this step even
after electronic relaxation. The second step involves the transi-
tion of an electron from theec HOMO of the S = 3/, oxidized
state (b in Figure 9), which has significamtSsuride Character,
into the 8 LUMO, which has negligibleusSsurige Character,
and requires spinorbit coupling. This gives the experimentally
observeds = Y/, final state and also provides an explanation of
the increase in thesSsurige COValency upon oxidation in Figure
5 and Table 2.

D. Possible Functional Relevance of the Redox Silent e
Site. As discussed above, the redox process of aggfftcluster
is localized on the [F£5;] ™ unit. However the third F& center
can facilitate this process on the PS¢t subsite through
exchange coupling. Oxidation of an isolated Class Ill valence
delocalized [F&5;]™ unit should, upon removal of the single
delocalized electron, produce &= 5 state. However the very
covalent bridging sulfides stabilize the antiferromagnetically
coupledS= 0 ground staté® So theS = 5 excited state of the
oxidized cluster must relax to &~ 0 state. This requires five
spin flips each made possible by spiorbit coupling. In an
[FexS;)2t cluster the intermediat®= 5 and finalS= 0 oxidized
states have an energy gayH) of approximately 0.9 eV (Figure
11a). Hence this process will introduce an additiong@* of
this magnitude in an ET process involving these redu&ed (
9/,) and oxidized § = 0) states. This should be the case in a
delocalized dimer. However, the presence of the thiré"Fe
center in FgS, changes the spin topology of the cluster. The
highest spin state is all high spi8,= 1%/,, and the lowest spin
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Figure 11. Calculated spin ladder for (a) [E&]%" (high spinS= 5 to
low spinS= 0) and (b) [FeS4]** (high spinS= 1%, to low spinS= /).

Oxidation of reduced [F#54]° cluster givesS = ¥/, state.

state isS = Y, the final oxidized state (Figure 11b). One-
electron oxidation of the reduce®l= 2 stateproduces a®=
3/, state in the trimer (oxidation of®in Figure 9)°! The
calculated spin ladder for an [E®] " cluster (Figure 11b) shows
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S (Total spin)

that relaxation to the finab = 1/, state from this intermediate

S = 3, state involves only one spin flip and has\& of only

0.1 eV>2 This greatly reduces theG* of this ET process. Thus
the presence of the additional antiferromagnetic coupling to the
Fe*™ center can contribute to the ET process of the;Fje
subsite in the F£54 suggesting a possible functional role of the
redox inactive F& center in the [Fg5,] cluster.
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(51) Due to the presence of antiferromagnetic coupling of3ke?, [Fe,S;]*
with the Fé* (S= 5/,) in the [F&Sy]° cluster, the ground state of the reduced
cluster isS= 2.

(52) Note that if the minority spii electron from B (Figure 9) is oxidized
which will be the case of a reduced delocalized k" cluster, the
intermediate oxidized state is &~ %, state which is separated from the
final S= %, state by 0.25 eV. This barrier is still much less than the 0.9
eV separation for the reduced delocalized,fZE" cluster.



