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Abstract: The cubane [4Fe—4S] is the most common multinuclear metal center in nature for electron transfer
and storage. Using electrospray, we produced a series of gaseous doubly charged cubane-type complexes,
[FesSalq]?~ (L = —SC,Hs, —SH, —ClI, —Br, —1) and the Se-analogues [FesSesLs]>~ (L = —SC,Hs, —ClI), and
probed their electronic structures with photoelectron spectroscopy and density functional calculations. The
photoelectron spectral features are similar among all the seven species investigated, revealing a weak
threshold feature due to the minority spins on the Fe centers and confirming the low-spin two-layer model
for the [4Fe—4S]?>" core and its “inverted level scheme”. The measured adiabatic detachment energies,
which are sensitive to the terminal ligand substitution, provide the intrinsic oxidation potentials of the
[FesS4L4]?~ complexes. The calculations revealed a simple correlation between the electron donor property
of the terminal thiolate as well as the bridging sulfide with the variation of the intrinsic redox potentials. Our
data provide intrinsic electronic structure information of the [4Fe—4S] cluster and the molecular basis for
understanding the protein and solvent effects on the redox properties of the [4Fe—4S] active sites.

Introduction In proteins, the cubane [4F&S] unit is usually coordinated
Cluster science is a relatively nascent research field that PY the amino acid cysteine (Figure 1). The [4#5] core func-
promises a molecular-level understanding of catalysis and tlops as electron transfer agent usually between the following

discovery of new nanomateriaisHowever, nature has been OXidation states, [4FedSJ « [4|:e__43]2+ < [4Fe-4SF".
utilizing clusters from the beginning of life. Among the A fourth state, the all-ferrous species [4F4SP, was also
important clusters in biochemistry are the-f®clusterg which detected in the iron protein of nitrogena8e!?

constitute the active sites of a growing list of proteins in such  Itis important to understand the intrinsic electronic structure
essential life-sustaining processes as respiration, nitrogen fixa-0f the Fe-S clusters and modifications by their surroundings
tion, and photosynthes#s® The most prototypical and ubig-  in order to understand the properties and functionalities of the
uitous Fe-S cluster is the cubane-type [4F4S] cluster, which, iron—sulfur proteins. Various spectroscopic techniques and
in addition to its catalytic and regulatory roles, appears to be theoretical methods have been used to interrogate the magnetic
nature’'s most favorite agent for electron transfer and Stoﬁ’age] and electronic structures of the +8 clusters in both synthetic
such as in ferredoxins (Fd&igh potential proteins (HiPIPg), ~ analogues and proteifd*2* Extensive theoretical works using
and the integral machineries of hydrogenases and nitrogehses.

(6) Dauter, Z; Wilson, K. S.; Sieker, L. C.; Meyer, J.; Moulis, J. M.
TW. R. Wiley Environmental Molecular Sciences Laboratory, Pacific Biochemistryl 997 36, 16 065. _
Northwest National Laboratory. (7) Kerfeld, C. A.; Salmeen, A. E.; Yeates, T.Blochemistry1998 37, 13 911.

+ Department of Physics, Washington State University. 8) g’se;'erlsgélgw Lanzilotta, W. N.; Lemon, B. J.; Seefeldt, LS€lencel 998

§ School of Molecular Biosciences, Washington State University. (9) Einsle, O.; Tezcan, F. A.; Andrade, S. L. A.; Schmid, B.; Yoshida, M.;
' Department of Chemistry, Georgetown University. Howard, J. B.: Rees, D. (Science2002 297, 1696. e
U Department of Biological Chemistry, John Innes Centre. (10) Watt, G. D.; Reddy, K. R. NJ. Inorg. Biochem1994 53, 281.
(1) Wang, L. S. Clusters. I&Encyclopedia of Chemical Physics and Physical  (11) Angove, H. C.; Yoo, S. J.; Burgess, B. K.;"kk, E.J. Am. Chem. Soc
Chemistry Moore, J. H., Spencer, N. D., Eds.; IOP Publishing: Philadel- 1997, 119, 8730.
phia, 2001; Vol. Ill, pp 21132130. (12) Musgrave, K. B.; Angove, H. C.; Burgess, B. K. Hedman, B. Hodgson, K.
(2) Beinert, H.; Holm, R. H.; Muack, E.Sciencel997 277, 653. 0. J. Am. Chem. S0d 998 120 5325.
(3) Lovenberg, W. Edlron—Sulfur Proteins Academic Press: New York, (13) Yoo. S. J.; Angove, H. C.; Burgess, B. K.; Hendrich, M. PXindk, E.J.
1973; Vols. | and Il. Am. Chem. Sod 999 121, 2534.
(4) Spiro, T. G. Ed.Iron—Sulfur Proteins Wiley-Interscience: New York, (14) Ibers, J. A.; Holm, R. HSciencel98Q 209, 223.
1982. (15) Holm, R. H.; Ibers, J. Alron—Sulfur Proteins Il| Lovenberg, W., Ed.;
(5) Cammack, RAdv. Inorg. Chem 1992 38, 281. Academic Press: New York, 1977; p 205.

14072 = J. AM. CHEM. SOC. 2003, 125, 14072—14081 10.1021/ja036831x CCC: $25.00 © 2003 American Chemical Society



Probing the Structure of Cubane [4Fe—4S] Cluster

ARTICLES

Cys—s\
S\ S—Cys
‘ s— 6
S(’ """ F‘ej*‘}S—Cys
Fe S
/
Cys—S

Figure 1. Schematic structure of the [4FdS] active site in proteins.

broken-symmetry density functional thedry?* have shown that
the [4Fe-4SF" core can be viewed as a two-layer system, where
two high-spin Fe in each [2F€S] sublayer are coupled
ferromagnetically, and the two [2F&S] sublayers are coupled
antiferromagnetically to give a low-spin state. The theoretical
results are consistent with experimental observations from
Mossbauer and EPR spectroscapy.

The reduction potential is one of the most important func-
tional characteristics for an electron-transfer protein. For the
[AFe—4S] core, the redox couple in Fds involves [&¢
(Scy94l? /[FesSu(Scy9)4]®~ with reduction potentials ranging from
—645 to 0 mV. The redox couple in HiPIP involves [Sg
(Scy9al* /[FesSu(Scye)4]>~ with reduction potentials ranging from
50 to 450 mV; the [F£Sa(Scy9)a] > /[FesSa(Scy94]®~ redox couple
in HiPIP was estimated to lie near1000 mV?526Because the
free energy of a reduction reaction can be divided into the
intrinsic free energy of the prosthetic group, the [48&] core,

[4Fe—4S] cluster were also carried out, in which environmental
effects were evaluated using a continuum dielectric m&til.
However, the environmental effects on the electronic structure
and redox properties of the [4FdS] core remain uncertain.
Gas-phase photodetachment photoelectron spectroscopy (PES)
is a powerful experimental technique to study the electronic
structure and chemical bonding of isolated molecules without
perturbation of the solvents or crystal field or the protein
environment, yielding the intrinsic properties of the =&
clusters and providing the basis for elucidating the complex
cluster-protein interactions. Photodetachment, involving removal
of an electron from a molecule (AB — AB(™1 4+ g7), is an
oxidation process. The measured adiabatic electron detachment
energy (ADE) reflects the energy difference between the
oxidized and reduced species in the gas phase, providing the
intrinsic reduction potentia® AGj,y ~ AEn = —ADE =
—(VDE + Aoxd), Where VDE represents the vertical electron
detachment energy aridyq represent the oxidation reorganiza-
tion energy. We have developed an experimental technique,
which couples an electrospray ionization (ESI) source with a
magnetic-bottle photoelectron spectrométdzS| is a versatile
technique, allowing ionic species in solution samples to be
transported into the gas phase. Our research has shown that the
new ESI-PES technique is ideal for investigating multiply
charged anions in the gas-ph&sas well as anionic metal-com-

and the extrinsic free energy due to the protein surrounding andplexes commonly present in solutiéh®43 Using this tech-

the solvent at the redox siteAG® = AGjy + AGeny +
AGinyeny),%’ identifying the intrinsic and environmental deter-
minants that lead to this large range in reduction potentials is
crucial in understanding the functions of the-F& proteins.
Major environmental factors contributing to the reduction
potentials of Fe-S proteins have been suggested to include the
H-bonding to the cysteine and bridging sulfide ligands, dipole
interactions with the FeS cluster from the solvent and the
protein side-chain/backbone, and electrostatic interactorg.
For instance, the larger number of NFS H-bonds to the redox

nique, we have reported systematic PES and theoretical studies
on a series of [1Fe] FeS complex anions, which are analogues
of the redox site in rubredoxir*243and Fe(l)-Fe(l) model
complexes for the di-iron subsite of the [Fe]-hydrogerfaséery
recently, we observed symmetric fission in a series of doubly
charged gaseous cubane complexes,3pe]?™ — 2[F&S:X,] ™
(X = ClI, Br, SGHs).#546

Here, we report a comprehensive investigation of the intrinsic
electronic structure of a series of free cubane F4#8] com-
plexes, [FeS4L4]>~ (L = SH, SGHs, Cl, Br, 1) and the Se-

site in the Fds than in the HiPIPs, as well as the more solvent- substituted [F§&SelL]>~ (L = Cl, SGHs species using PES and
exposed redox sites in the Fds, was suggested to be responsibldensity functional theory (DFT) calculations. PES spectra were
for the differences in their reduction potentials. Alteration of taken at five different photon energies: 532, 355, 266, 193,
the reduction potentials of the [4FdSE/[4Fe—4S]+ couple and 157 nm. The photon energy dependent studies allowed us
have been reported by changing the cluster environgéat.  to probe the intramolecular Coulomb repulsion and the repulsive
Theoretical calculations of the reduction potentials of the Coulomb barrier (RCB) in these doubly charged anitriBhe
influences of both the terminal ligands and the bridging ligands
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(substitution of S by Se) on the electronic structure of the cubane optimizations, electronic structure, and energy calculations of the
core are investigated. Similar spectral features are observed folFe:SiLa]* /[FesSiLa]* /[FesSiLa]*~ (L = SCH;, SH, Cl) and [FeSe-

all the cubane complexes, revealing their similar electronic (SCH)«J* /[FesSe(SCH),]*" redox couples. We used the simpler
structure and the robustness of the [4B&] core as a modular ~ ~SCHb ligand in all the calculations, instead of the more complex
unit. The spectral features confirm the low-spin two-layer model —SHs ligand, which does not significantly change the electronic

o roperties of the complexes. No symmetry constraints were imposed
for the [4Fe-4SF" core and its “inverted level scheme”. The g P npiexe y y 'mp
uring geometry optimizations, and each structure was confirmed to

measured ADEs provide the intrinsic oxidation energies of the be a ground-state structure by several separate calculations on different
[FesSaL4]*~ complexes. We found the ADEs of [F&X4]*~ are possible configuration states. This procedure is necessary because the
very sensitive to the types of the terminal ligands, whereas electronic structure is very sensitive to the iresulfur cluster structure.
very little change in ADE was observed upon substitution of The calculated energies were refined at the B3LYRB(+)sG**//

the inorganic (bridging) S by Se. DFT calculations showed that B3LYP/6-31G** level, wheresp-type diffuse functions were added to

the major factor contributing to these changes is due to the the 6-31G** basis set of the sulfur and chlorine atd#8! which
electron donor property of the terminal ligands, which destabi- significantly improved the accuracy of the calculated oxidation
lize the electron to be oxidized from the singly occupied potentials of the irorsulfur redox couple$® Because of the doubly

0* re_s molecular orbital (MO) of [F&S(SR)]2~. The major charged Qat_ure of the cubane complexesz, the addition of the diffuse
factor influencing the reduction energy of fSa(SR)J2" is functions is important. The ADE of [R84L4]?>~ was calculated as the

s total energy difference between the ground states of3fEeg]?~ and
found to be the donor property of the bridging S. Our data [FesSuL4]—; the VDE was calculated as the energy difference between

provide intrinsic electronic structure inf_ormation of the cgbane the ground state of [R&L42 and the energy of [R&Ls" at the
[4Fe—4S] core and the molecular basis for understanding the geometry of [FeSiL4]2~. All calculations were performed using the

protein and solvent effects on the properties of the {448] NWChem program packag&The molecular orbital visualizations were
active sites. performed using the extensible computational chemistry environment

. (Ecce) application softwar®.
Experimental Methods )
Experimental Results

The experiment was carried out using an experimental apparatus Photoelectron Spectra of the [FeSil 2~ Complexes at 193 nm
equipped with a magnetic-bottle time-of-flight photoelectron analyzer - ’
The 193-nm spectra of [F8&L4?> (L = SGHs, SH, CI, Br, I) are

and an ESI source. Details of the experimental method have been givenshown in Fiqure 2. The spectral patterns of all the data show certain
elsewheré$ Briefly, the anions of interest, [F84L4]?>~ (L = —SGHs, 9 ' P P

—SH, —Cl, —Br, ~I) and [FaSaLd? (L = —SGHs, —Cl), were similarities. A weak but well-defined threshold feati¢evas observed

produced from electrospray of 10M solutions of their corresponding In the spectra of all the samples. A second bandell separated from

) ) . } the threshold band, was not well resolved in the spectrum of
tetrabutylammonium salts in&ree acetonitrile. Anions produced from [FeiS{(SGHe)? (Figure 2a), but became a well-defined peak in the
the ESI source were guided into a quadruple ion-trap, where ions were & 54 9 ’ p

P ) .
accumulated for 0.1 s before being pulsed into the extraction zone of _spectra of [FeS(SH)]*" and the halide complexes. The relative

a time-of-flight mass spectrometer intensities of the bandX andA, their bandwidths, as well as the-A

During the PES experiment, the [SL4?~ or [Fe:Sal?~ species energy gap {0.75 eV), are almost identical in all the spectra. High

were mass-selected and decelerated before being intercepted by a probblndlng energy features in the spectra exhibit differences due to the

laser beam in the photodetachment zone of the magnetic-bottle(%ﬁeremtem;inaI Ilgands.Apromlnentfeature_e Merges in the S.peCtrum
- of [FesSClg)> at ~4.4 eV. It shifts to lower binding energies in the
photoelectron analyzer. In the current study, we employed five

. spectra of the bromide and iodide complexes and is easily recognized

oS85 4651 o o 3 ARG, 199 5454 2 th hlogen gand fatr (Figure2.Th spcta o e B

; . ’ L and the SH complexes are nearly identical, except that the broad feature
and 157 nm (7.866 eV) f?‘.’”‘ an excimer Ia_ser. All experiments WETE 4t the very high binding energy side-% eV) appeared to be more
performed at 20 Hz repetition rate W't.h the ‘on beam off_a}t aIternat_lng intense in the spectrum of Qs (Figure 2a), reflecting the contribution
laser shots for background subtraction, which was critical fo_r high from the GHs groups. In addition to the pr’ominent halide features. the
photon energy experiments 4.661 eV) due to boackgr_o_und NoISEs. major difference between the spectra of the halide complexes and those
Photoelectrons were collected at nearly 100% efficiency by the of the SGHs and SH complexes is in the spectral range above the A
magnetic-bottle and analyzed in a 4-meter long electron flight tube.

: . nd. Th rall ral intensities in th ral ran re higher
Photoelectron time-of-flight spectra were collected and then converted band. The overall spectral intensities in these spectral range are highe

to kinetic energy spectra, calibrated by the known spectra anid n th_e s_pectra of the .E ¥ _and SH complexes, reflect_mg t.h.e
B A . ontribution from the terminal ligand S. Despite the overall similarities
O. The electron binding energy spectra presented here were obtained”

by subtracting the kinetic energy spectra from the detachment photon Z;Zfﬁgge\l/:/:raengtzgzzz do?ogdtgeefrl]\:jeocnotrﬂglfxees,Omiel;riljictirnocr:et:;dnlngi;n
energies. The energy resolutiohH/E) was about 2%, i.e;+10 meV g P yp g ' g

for 0.5 eV electrons, as measured from the spectrunt af B55 nm. the direction SgHs — SH— Cl — Br — I.

. (53) Francl, M. M.; Petro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.;
Theoretical Methods DeFrees, D. J.; Pople, J. A. Chem. Physl1982 77, 3654.
(54) Hariharan, P. C.; Pople, J. Aheor. Chimica Actdl973 28, 213.
The broken-symmetry DFT methd@specifically with the Becke's (55) Clark, T.; Chandrasekhar, J.; Schleyer, P. WJ.R-Comput. Chenl983 4,

)
- : 294.
three-parameter hybrid exchange functié#iaf and the Lee- Yang— (56) Krishnam, R.; Binkley, J. S.: Seeger, R.; Pople, JJ.AChem. Phys198Q
Parr correlation functional (B3LYP) using two different basis sets, 72, 650.
)
)

_ Hok *% 52-54 i (57) Gill, P. M. W.; Johnson, B. G.; Pople J. A.; Frisch, M.Chem. Phys.
6-31G** and 6-31(++)G**, was utilized for the geometry Lett, 1092 197 490,

(58) High Performance Computational Chemistry Grdd/Chem, A Compu-

(47) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and Molecules tational Chemistry Package for Parallel Computers, Version R&cific
Oxford University Press: Oxford, 1989. Northwest National Laboratory, Richland, WA 99352, USA, 2003.
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(49) Becke, A. DJ. Chem. Phys1993 98, 1372. E.; Keller, T.; Matsumoto, S.; Mendoza, E.; Nordwall, D.; Olander, M.;
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(51) Lee, C.; Yang, W.; Parr, R. ®hys. Re. 1988 B37, 785. G.; Vorpagel, E.; Windus, TEcce, A Problem Seing Ernvironment for
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109 1223. Laboratory, Richland, WA 99352-0999, USA, 2000.
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/\;"J YTy
PR [T T T the barrier height for each dianion can be estimated, as discussed later.
0 1 2 3 4 5 6 High binding energy sharp features in the 266 nm spectra in Figures
Binding Energy (eV) 6—8 and the 355 nm spectrum in Figure 8 were due to the halide anions
) ” . L~ (L = Cl, Br, 1) as a result of photodissociation of the parent dianions
Figure 2. - Photoelectron spectra of (a) [Sa(SCoHz)a]™", (b) [FaiSy(SH)*", and subsequent photodetachment by a second photon.

) [FesSsClg)2, (d) [FesSsBrg)2-, and (e) [FeSal4]2~ at 193 nm.
@1 = @1 4 @1 4 ADEs and VDEs. The ADE and VDE of the threshold peak)(in

the spectrum of each complex are listed in Table 1. Due to the lack of
vibrational resolution, the ADEs were measured by drawing a straight
shown in Figure 3 along with a comparison with the corresponding IN€ along the leading edge of the threshold band and then adding a
[FesSiL4]2 anions. It seems that the substitution of the bridging S by constant to the intersection with the binding energy axis to take into

Se has little effect on the PES spectra, i.e., the electronic structure of&ccount the instrumental resolution at the given energy range. This
the cubane core. Both the spectral patterns and the electron bindingProcedure was rather approximate, but consistent data were obtained

energies of the two [R8aL42~ species are almost identical to those _from the spectra taken a_t different photon energies. The ADEs reported
of their [FaS:L4]2~ counterparts except the slight change of the relative " Table 1 were determined from the lowest photon energy spe(_:trum
intensities of ban& andA and the energy gap between them. Phe (532 or 355 nm) for each complex because of the better resolution at
band is relatively stronger in the spectra of the Se-bridged complexes. (€ lower photon energies. The VDE was measured straightforwardly
TheX—A energy gaps of [F&e(SGHs)?~ and [FaSeCly? are the from the peak maximum.
same {0.69 eV), which is slightly smaller than those observed for
the [FaSiL4)> species £0.75 eV).

Pho“(’f'ec”g“ Spectra at Va“O‘:S IThr?ton E”erg_'es_The photop]- ~ Generally, the cubane [4FdS] redox site can be regarded
energy-dependent PES spectra of all the seven dianions are shown iNs the coupling of two [2Fe2S] redox layers according to

Figures 4-10, respectively. PES spectra of [Bg 4>~ (L = SGHs, . o4 o
SH) and [FeSe(SGHs)4)?~ were taken at all the five photon energies, brok(?n syn;mr(]atry DF-II- CaICUIatIOﬁi_'. hone. pc;SSIbmty for the I
whereas only 355, 266, 193, and 157 nm spectra were taken for theCOUP!ING OF t ? tWO. ayers 'S. a nignh-spin erroeragnetlca y
four complexes with halide ligands due to their higher electron binding couPled state, in which the spins of the [B¢SR)]*" site are

energies. In the lower photon energy spectra, high binding energy @ll aligned in a parallel manner in the two redox layers with
features observed in higher photon energy spectra disappeared as a diretventy Fe 3da. electrons (ge-re)* and two Fe 3d3 electron
consequence of the RCB in multiply charged aniarom these data,  (dre-ro)?, resulting in a high spin stateS(= 18/2). Another

Photoelectron Spectra of the [FgSel ]2~ Complexes at 193 nm.
The spectra of the Se-substituted fFaL %>~ (X = SGHs, Cl) are

Theoretical Results
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Figure 4. Photoelectron spectra of [FR(SGHs)4]2 at (a) 532 nm (2.331
eV), (b) 355 nm (3.496 eV), (c) 266 nm (4.661 eV), (d) 193 nm (6.424
eV), and (e) 157 nm (7.866 eV).

possibility is a low-spin state, in which the symmetry is broken
because while each redox layer of the fE£SR)]%~ site
couples ferromagnetically5(= 9/2), the spins of the two redox
layers couple antiferromagnetically, giving rise to the low-spin
state 6= 0). As shown schematically in Figure 11 for three
oxidation levels of the [4Fe4S] cubane, our DFT calculations
showed that for [F£5,(SCHs)4]3 /271~ the low-spin state is
favored by~0.7 eV relative to the high-spin state, which is in
good agreement with the previous broken-symmetry DFT
calculation324 and experimental observations froni 8&tauer
and EPR spectroscopy.

Our MO analysis showed that the spin-coupled interaction
may split the MOs of the four individual iron sites in the
uncoupled state into the Fe(3d) majority sporbitals and
Fe(3d) minority spir-orbitals of the spin-coupled broken-
symmetry state, [R8'°, which interact with the MO’s of the

ligands, the terminal S(3p) and bridged S*(3p), to generate the.

higher-lying minority spin-orbitals and a set of lower-lying
Fe(3d) majority spir-orbitals (Figure 12). On the basis of the
broken-symmetry DFT calculations, the Fe(3d) majority spin
states stabilized by5—6 eV relative to the minority spin levels.

The mainly ligand MOs are energetically situated between the

minority and majority spin levels of Fe, giving rise to the so-
called “inverted level schemé?; 24 where the ligand levels are
higher in energy than the Fel&vels (the majority spin levels),

14076 J. AM. CHEM. SOC. = VOL. 125, NO. 46, 2003
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Figure 5. Photoelectron spectra of [F&(SH)u]?~ at (a) 532, (b) 355, (c)
266, (d) 193, and (e) 157 nm.

as shown schematically in Figure 12a. The single valence-
delocalized minority spin in each sublayer of §Bg occupies

the highest occupied molecular orbital (HOMO) of j5g2"

and this electron is transferred in an oxidation reaction or
photodetachment of the [F&L4]2~ complexes.

Figure 13 shows the pictures of the HOMO and the lowest
unoccupied molecular orbital (LUMO) from our calculations
and the schematic MO diagrams. The HOMO of f&e
(SCH)4)%~ (Figure 13b) exhibits a terminal F& antibonding
charactero*re—s, with a strong bonding interaction between
the two Fe on one sublayer. The LUMO (Figure 13a) shows a
bridging Fe-S* antibonding charactet;* ge-s+, with a strong
antibonding interaction between the two Fe on one sublayer.
When [FaSy(SR)]? is oxidized to [FeS,(SR)]*~, the process
involves removing one electron from the HOM®g.-s. The
sublayer on which this oxidation process occurs is called the
“oxidized layer”. When [FgS4(SR)]?~ is reduced to [F£5s-
(SR)]®", one electron is added to the LUM& re-s+ 0N the
‘reduced layer”, as schematically shown (Figures 11 and 13).

The B3LYP/6-31G** optimized geometries of [F&-
(SCHg)4]3~/21~ are given in Table 2 and compared with the
X-ray crystal structuré8-62 of [Fe;S4(SPh)]3~/2-/1~. It should
be pointed out that the optimized geometries are for isolated

(60) Carney, M. J.; Papaefthymiou, G. C.; Whitener, M. A.; Spartalian, K.;
Frankel, R. B.; Holm, R. Hinorg. Chem 1988 27, 346.

(61) Excoffon, P.; Laugier, J.; Lamotte, Brorg. Chem 1991, 30, 3075.

(62) O’sullivan, T.; Millar, M. M. J. Am. Chem. S0d.985 107, 4096.
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Figure 6. Photoelectron spectra of [F&Cls]2~ at (a) 355, (b) 266, (c)
193, and (d) 157 nm.
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Figure 7. Photoelectron spectra of [&Br4]2~ at (a) 355, (b) 266, (c)
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Figure 8. Photoelectron spectra of [F&l4]%~ at (a) 355, (b) 266, (c) 193,
and (d) 157 nm.

structures. It is shown that from [F&(SCHs)4]2 to [FeSs-
(SCH)4]%~ both the Feg—Feeq and the Frg—S*.eq distances

in the reduced layer increase. From JE€SCHs),]%~ to
[FesS4(SCHe)4] ™, Fexd—Fenxg distance in the oxidized layer
increases, but the Eg—Soxq bond lengths decrease. We note
that from [FeSi((SR}]?™ to [FesSs(SR)]®~ or [FesSu(SR)]*™,

the Fe-S* bond lengths within the reduced or oxidized layers
tend to increase. The geometries of the reduced and oxidized
sites determine these intrinsic electronic structures and pin the
locations of the redox electrons. ADEs and VDESs ofyfize 4]~

(L = SGHs, SH, Cl) and [FgSe(SGHs)4]?~ were calculated
and compared with the experimental data (Table 1).

Discussion

The PES features shown in FiguresID represent transitions
from the ground state of the [F&lLj]?~ or [FeSels?
dianions to the ground and excited states of the corresponding
singly charged anions. Within the single-particle approximation,
the PES features can be viewed as removing electrons from the
occupied MOs of the parent anions. Therefore, unlike other
various experimental methods based on electronic transitions
from occupied MOs to empty or partially occupied MOs, PES
provides a direct map of the occupied MOs. Furthermore, for
anions involved in electron transfer reactions, such as the{4Fe
4S] centers in Fds and HiPIPs, PES data directly yield the
intrinsic oxidation energy and intramolecular reorganization
energy in the gas phaseln the following, we will first discuss
the repulsive Coulomb barrier and the electrostatic interactions
in these doubly charged anions. We will then discuss the PES
data and the electronic structures of /& 4]2~ in conjunction

complexes in the gas phase without counterions or the crystalwith the theoretical results. Finally, we will discuss the

environment. So the calculated+Ee and Fe-S bond lengths

influences of the terminal and bridged ligands on the intrinsic

tent to be larger than those determined from the X-ray crystal redox potentials of [F£&4L4]2~/1~ couple.
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Figure 9. Photoelectron spectra of [[®e,(SGHs)4)2 at (a) 532, (b) 355,
(c) 266, (d) 193, and (e) 157 nm.
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Figure 10. Photoelectron spectra of [Fee,Cls]2~ at (a) 355, (b) 266, (c)
193, and (d) 157 nm.

Table 1. Experimental Adiabatic (ADE), Vertical (VDE)
Detachment Energies, Repulsive Coulomb Barriers (RCB), and
Oxidation Reorganization Energies (Aoxd) for [FeaXals]?~ (X = S,
Se; L = SCyHs, SH, CI, Br, I)

ADE VDE
Photon Energy Dependent Studies and the Repulsive ops epd  cal RCB  Jug
Coulomb Bgrnerg (RCB). Qne unique property of multiply [FerSa(SGHIZ 029 016 052 047 16 023
charged anions is the existence of intramolecular Coulomb e g spj2- 039 041 063 080 15 024
repulsion between the excess charges. When an electron is [Fe,S,Cly)? 076 069 1.00 1.00 20 0.24
removed from a multiply charged anion (AB, the two [F&&Bfg]f‘ 0.90 113 1.9 023
photoproducts (AB~1- + e7) are both negatively charged. The {EZ?;‘E]SCsz)d?* é'gg 0e 10'2581 0.39 1186 06253
superposition of the long-range Coulomb repulsion between the [Fe,s5eCl,j2- 0.72 ' 0.94 ' 20 022

outgoing electron and the remaining anion and the short-range
electron binding produces an effective potential barrier for the
outgoing electrod’63-66 |f the detachment photon energy is
below the top of the RCB, then no electron detachment will
occur even if the photon energy is above the asymptotic electron
binding energy. In this case, detachment can only take place
through electron tunneling, which depends exponentially on the
distance between the photon energy and the RCB top and
become negligible if the photon energy is far below the barrier
top. When the photon energy is around the RCB top, the
detachment signal may be reduced. In the tunneling regime,
the appearance of the PES peak tends to shift to the lower
binding energy side, due to a convolution of Frar€ondon
factors and tunneling probabiliti€®,which depend on the
electron kinetic energies exponentially. The intramolecular
Coulomb repulsion and the resulting RCB have profound effects
on the chemical and physical properties of multiply charged

(63) Wang, X. B.; Wang, L. SNature 1999 400, 245.
(64) Wang, X. B.; Ding, C. F.; Wang, L. $hys. Re. Lett 1998 81, 3351.
(65) Wang, L. S.; Ding, C. F.; Wang, X. B.; Nicholas, J. Bhys. Re. Lett

aThe estimated uncertainty for the ADEs49.10 eV.? The estimated
uncertainty for the VDEs ist0.06 eV. Theoretical ADEs and VDEs for
several complexes at B3LYP/6-31%+G** level are shown for comparison.
All energies are in eV.

anions. We have shown that the Coulomb repulsion is equal in
magnitude to the RCB if the detached electron corresponds to
the negative charge carrier or is localized on the charge carrier
group®67 In general, the RCB decreases with increasing
physical sizes of the anions.

We have taken the PES spectra of fE4]2~ (L = SGHs,
SH) (Figures 4 and 5) and [Fee(SGHs)42~ (Figure 9) at
five different photon energies and [BaL4% (L = Cl, Br, 1)
(Figures 6-8) and [FeSeCls]?~ (Figure 10) at four photon
energies, from which the height of the RCB can be estimated.
The RCB effects on the PES data were seen most clearly in the
photon-energy-dependent PES spectra, where the high binding
energy features observed at high photon energies were severely
cut off in the low photon energy spectra, as shown in Figures
4-10. On the basis of the spectral cutoff, the magnitude of the

1998 81, 2667.
(66) Wang, X. B.; Ding, C. F.; Wang, L. £hem. Phys. Leti1999 307, 391.
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(67) Wang, X. B.; Nicholas, J. B.; Wang, L. $.Chem. Phys200Q 113 653.
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Figure 11. Schematic models of the spin couplings between the two redox sublayers ef48Feubane complexes at three different oxidation states, (a)

37, (b) 27, and (c) I. In each sublayer, the two high spin Fe centers couple ferromagnetically, while the two sublayers couple antiferromagnetically to give
a low spin state. The 10 majority spins (represented by the large hollow arrows) are stabilized relative to the minority spin (represented bgrtbessynall

which is delocalized between the two Fe in each sublayer.

(a) eV) lies above the top of the RCB corresponding to this
(b) detachment channel. Thus, the RCB must be larger thhi
BOTTOM eV (hw — VDE of the B state, i.e., 3.52.2 eV) and less than
~2.5 eV (4.6612.2 eV). The stronX feature in the 355 nm
spectrum also suggested the RCB is less than 2.5 eV- (30
[Fe4S4CI4]2' eV). The relatively weak A band and its apparent shift to lower
binding energy indicated that the higher binding energy part of
0 this band was cut off by the RCB. On the basis of the relative
intensities between thA and X band, we estimated that the
cutoff point was around 1.5 eV, implying a RCB 2.0 eV
(3.5-1.5 eV). This value is in the range bracketed above and
is consistent with the cutoff in the 193 and 157 nm spectra
(Figure 10c,d). Therefore, we concluded that the RCB of
[FesSeCly]>~ should be around~2.0 eV. Similarly, we
estimated the RCBs for all the dianions from the photon-energy-
dependent PES spectra, as given in Table 1. We noticed that
the RCBs of the three halide complexes decrease from
[FesSiClg)?™ to [FesSyl4]?~ due to the increasing physical size,
i.e., the increasing Fe-halide bond lengths. The RCBs of the
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two [FeSel,]? species are identical to those of their S
counterparts.
PES Spectra and Electronic StructuresThe most striking
= ¥4 feature in all the PES spectra shown in Figures 2 and 3 is the
weak threshold peak regardless of the ligand type, suggesting
/”"ﬁ _|2- that it should have the same origin in all the seven species
Fe ﬁ ; ; g pecies.
\ This feature, corresponding to removal of the most loosely
bound electron, implies that the HOMOs of all the [&4]%~
b\ Fe " complexes are the same. In our previous PES study of [1Fe]
Fe—S complext®42 we observed a similar threshold feature
U present in all the ferrous Fe(ll)-complexes, but not in the ferric
X Fe(lll)-complexes. This band was assigned to removal of the
I’:’gulfe lrfémgfgﬁ??ﬁg ??Aegg'aﬁir?ft)gé?'tﬁ;afézT]gf‘ocwg‘a?n;hso‘;”"lzge‘j Fe 3d minority spin electron, i.e., fe—~ Fé!'. The similar
(2\\)1,6insiomparison with i‘tjs phol:gelegctron spectru?n (b)fJ b o_bse_rvatlon in the PES spectra of [Bgt 4|2~ and [FeSelL4]?~
dianions suggest that the HOMOs of the [4Fe4S] or [4Fe4Se]
RCB could be estimated by subtracting the binding energies atcomplexes may have the same character as those of the [1Fe]
the cutoff point from the photon energies. Here we use the ferrous complexes because the [4Fe] complexes all contain two
spectra of [FgSe,Cly)?~ as an example (Figure 10). The B band ferrous centers formally. This observation is consistent with the
was strong in the 266 nm spectrum (Figure 10b), but disappearedMO levels from broken symmetry DFT calculations, which
completely in the 355-nm spectrum (Figure 10a), indicating that showed that the HOMOs of the [F®]?" core contain two
the 355-nm photon (3.496 eV) lies below and the 266 nm (4.661 degenerate Fe 3d minority spin levels each from oneS3jfe
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Figure 13. Molecular orbital pictures of (a) LUMO and (b) HOMO of [F&(SCH)4]?~, and schematic molecular orbital correlation diagrams.

Table 2. B3LYP/6-31G** and Experimental Iron—Iron Distances
(A) and Iron—Sulfur Bond Lengths (A)

[FesSy(SR)J*~ [FesSy(SR)4J*~ [FesSy(SR)4*

cal? exp.? cal. exp. cal. exp.d
Feei—F&ed 3.234 2722 2.811 2.716 2.779 2.725
Fesxa—Fexa  2.749 2.709 2.811 2.716 3.121 2.754
Faed—Fesxd 2954 2738 2943 2.724  2.945 2.739
F&ed—S*red 2.469 2.327 2.361 2.263 2.367 2.279
Feoxd—S*oxd  2.373  2.299 2.361 2.263 2.368 2.271
F@ed—S*oxd 2.402 2.272 2.355  2.303 2.352 2.232
Féoxa—S*red 2.325  2.269 2.355  2.303 2.267 2.236
Feed—Sred 2355 2293 2312 2.259 2.260 2.204
Feyxd—Soxd 2.392 2.306  2.312 2.259 2.244  2.209

2R = CHz. PR = Ph ref 54.cR = Ph ref 55.9 R = Ph ref 56.

sublayer. TheX band corresponds to ionization from the
minority spin levels, as schematically shown in Figure 12b for
the [F@S4Cls]?~ complex.

The second photoelectron baAclso shows some similarity
in all the complexes (Figures 2 and 3). Even theX energy
gap (0.75 eV) is identical for all the [F84L4]?~ complexes
except for [FeSyl4)2~, which has a slightly smalleA—X gap
(0.68 eV). TheA—X energy gap in the two Se-cubane complexes
(Figure 3) is also identical (0.69 eV) with a slightly smaller

magnitude than that of their S-counterparts. However, the

relative intensity of theéA band increased in the spectra of the
two [FeysSel4)2~ species. This dependence of bakan the

Therefore, the current PES data directly show the metal
character of the HOMO and the bridge ligand character of the
HOMO-1 in the [4Fe] cubane complexes. The higher binding
energy features up to 5 eV in Figure 2 change with the different
terminal ligands. This part of the spectra are due to the ionization
from bonding and antibonding MOs of F& and Fe-S*, S
lone pairs, and other ligand-based MOs (Figure 12). The halide
features were easily recognizable in the four halide-coordinated
cubanes (Figures 2 and 3). The FetrBajority spin electrons
possess too high binding energies to be clearly observed at 193
nm. The higher binding energy tails in the 157 nm data (Figures
4-10) may contain detachment from the Fe r@ajority spin
electrons, as schematically shown in Figure 12.

The substantial energy gap between the threshold fexture
and the second ionization baidindicates the stability of the
high spin & electron configuration in Fe(lll)-complexes and
provide direct electronic structural basis for the fact that the
[4Fe—4SPE* cubane core is used as a reducing agent in HiPIPs
or other Fe-S proteins.

The current PES data also provide a direct experimental con-
firmation for the inverted level scheme and the broken-symmetry
DFT description of the electronic structure and spin-couplings
of the cubane [4Fe4S] core (Figure 12). The similarity among
the PES data of all the complexes confirms the robustness of
the [4Fe-4SF" core as a modular udiend demonstrates that

bridge ligands (S or Se) is consistent with the electronic structure PES iS capable of probing its intrinsic electronic structure.

of the [4Fe-4S] cubane from the broken symmetry DFT

ADESs, Intrinsic Redox Potentials, and Oxidation Reor-

calculations (Figure 12a). The valence electronic configuration ganization Energies.A one-electron oxidation reaction, aside

of each [2Fe-2S] sublayer is [fre-s)*(0re-s+)*(0* Fe-5)*
(0* Fe-s9)*(0* F&S)ﬂ(O* F&s*)o]. The HOMO-1 [(* re-s+)%], Which
corresponds to th& band, is as antibonding orbital between

from solvation effects, is similar to electron detachment in the
gas phase. Therefore, the gas phase ADEs should be inherently
related to oxidation potentials, except that the solvation effects

Fe and the bridge ligand with mainly ligand characters. The are absent in the electron detachment in a vacuum. As dis-

strongero donor Se* in the [4Fe-4Se] complex increases the
energy level of this orbital and thus decreasesthé&\ energy

cussed above, the threshold featren the PES spectrum of
[FesSsL4]>~ complex corresponds to removing a minority spin

gap. Furthermore, the ionization cross section is expected to be3d electron from the HOMO of each species. This detach-
higher for the Se-dominated MO, consistent with the enhanced ment process represents an oxidation of the {4#8] core:

intensity of the A band in the Se-cubane complexes. The
[FesSsl4)>~ complex is special because of the large and soft
terminal ligand T. Its electron distribution is more diffused,
influencing the HOMO-1 orbital and reducing the-X energy
separation in [F£5414]2".

14080 J. AM. CHEM. SOC. = VOL. 125, NO. 46, 2003

[4Fe—4SP*—[4Fe—4SP+. The ADE of the X band thus
represents the gas-phase oxidation potential of theSjEg]2~
complexes. Consequently, the width of thedeature directly
reflects the geometry changes after one electron is transferred,
and hence is related to the intrinsic reorganization enéirgy) (
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upon oxidization of [FgSsL4]%.35686° The VDE and ADE Br, 1) and the Se-substituted species f&@L %>~ (L = Cl,
differences, which characteridg,q,3® of all the complexes are ~ SGHs) in the gas phase using photoelectron spectroscopy and
listed in Table 1. Thelog value is identical for all the seven  broken-symmetry density functional calculations. Photoelectron
cubane complexes within our experimental uncertainties, againspectra were obtained at several photon energies, allowing
implying that the [4Fe-4SP" core is identical regardless of the  characterization of the repulsive Coulomb barriers and intramo-
ligand type or the Se-substitution and further confirming its lecular Coulomb repulsion in these doubly charged anions. All
robustness as a modular uhi®ur measured,yg value (0.23 the seven cubane complexes exhibit similar spectral features,
eV) for the cubane complexes is in good agreement with a showing the robustness of the [4F4S] cluster as a modular
previous calculation [18.3 kJ/mol (0.19 e\#]. unit. A weak threshold peak was observed in all the spectra
Ligand Effects on the ADEs and Redox PotentialsAs due to ionization of the Fe 3d minority electrons. Spectral
shown in Table 1 and Figures 2 and 3, the ADEs of the cubane features due to the bridging ligands and the terminal ligands
complexes are largely influenced by the terminal ligand but not were also observed at higher electron binding energies. The
sensitive to the bridging S* or Se*. The strong electron donor spectral features confirm the low-spin two-layer model for the
ligands,—SGHs and —SH, yield much lower ADEs than the  [4Fe—4SPE' core and its “inverted level scheme” molecular
electron withdrawing halide ligands, suggesting that the HOMO orbital diagrams. We found the ADEs, which provide the
of [FesS4L4]?~ has considerable contribution from the ligand intrinsic oxidation potentials of the [E84L4]2~ complexes, are
orbitals, in addition to the Fedharacter. As shown in Figure  very sensitive to the terminal ligands, but independent of the
13, the HOMO of [FgS4(SCHs)4]2~ arises from the interaction  substitution of the inorganic S by Se. The DFT calculations
between the high-lying occupied minority-spin Fe(3d) orbitals revealed that the HOMO of [R84L4]?" is derived from the
and the terminal ligand lone pairs, Lp(S). Raising the energy interaction of the Fe 3d minority spirorbitals and the ligand
of Lp(S) causes the energy gap between the Lp and the.fed  lone pair electrons and that the HOMO energy depends on the
set to diminish and enhances the interaction between the ligandelectron donor property of the terminal ligands consistent with
and Fe. This would destabilize tl#g._s orbital, resulting in a the experimental observation of the variation of the ADEs with
decrease of the oxidation energy. Thus, the terminal thiolate the terminal ligands. The LUMO of [F&4L4]?" is derived from
ligands, which are strongdonors, decrease the ADE and VDE the interaction of the Fe 3d minority sptorbitals and the
of [FesS4(SCHs)4]?~ and make it easy to be oxidized. inorganic S (bridging) lone pairs. Thus, the reduction energy
However, the substitution of the bridging S* by Se* in  of [FesSyL4]?~ should be sensitive to the donor property of the
[FesSe*s(SR)]%~ has little effect on the ADE and VDE, bridging S* or Se* substitution. The current study provides a
compared to the S counterparts (Figure 3). This is consistentmolecular basis for deconvoluting the factors that control the
with the nature of the™* re—s orbital, which has little contribution redox properties of the proteins, such as the effects of solvent,
from the bridging S* (Figure 13). hydrogen-bonding, and electrostatic potentials induced by local
On the other hand, the LUMO of [E84(SCH)4]%~ arises charge groups or protein mutations, which is the focus of future
from the interaction between the minority-spin Fe(3d) orbitals studies.
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