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Five series of [2Fe-2S] complexes, FSgCl—x(CN)] ™, [FE&SASEth—Cl]™, [FESHSEth-«(CN)]-,
[FexSCl,—(OAc)]~ (OAc = acetate), and [R&,(SEth_«(OPr)]~ (OPr = propionate) X = 0—2), were
produced by collision-induced dissociation of the corresponding [4Fe-4S] complexes, and their electronic
structures were studied by photoelectron spectroscopy. All the [2Fe-2S] complexes contaifR| [E@e

similar to that in reduced [2Fe] ferredoxins but with different coordination geometries. For the first three
series, which only involve tricoordinated Fe sites, a linear relationship between the measured binding energies
and the substitution numbex)(was observed, revealing the independent ligand contributions to the total
electron binding energies. The effect of the ligand increases in the order-SHt— CN, conforming to

their electron-withdrawing ability in the same order. The carboxylate ligands in th&,{Fe «(OAc),]~ and
[Fe:Sy(SEtr-x(OPr)]~ complexes were observed to act as bidentate ligands, giving rise to tetracoordinated
iron sites. This is different from their monodentate coordination behavior in the [4Fe-4S] cubane complexes,
reflecting the high reactivity of the unsatisfied three-coordinate iron site in the [2Fe-2S] complexes. The
[2Fe-2S] complexes with tetracoordinated iron sites exhibit lower electron binding energies, that is, higher
reductive activity than the all tricoordinate planar clusters. The electronic structures of all the [2Fe-2S]
complexes were shown to conform to the “inverted energy level scheme”.

1. Introduction calculations have been one of the major theoretical methods

Iron—sulfur clusters are common metallocenters in a wide US€d 0 study the electronic structures of-=eproteins and

variety of proteins and enzymes. To understand the propertiesanglogue%:Hz The calculations are consistent with both electron
and functionalities of FeS proteins, it is important to under-  SPIN resonance (ESR) and Mossbauer experirfferitsand
stand the electronic structure of the-F® cluster cores. The  Showed that the electronic structure of the [2Fe-2S] clusters
most extensively studied FeS active centers include mono- conforms to the so-called “inverted level scheme”, in which
nuclear [1Fe] clusters in rubredoxins, [2Fe-2S] clusters in the energy levels of the ligand orbitals fall in the gap between
ferredoxins, and [4Fe-4S] clusters in ferredoxins and high- the minority and majority spin states of the Fe 3d orbitéi§?
potential iron protein (HiPIPY3 All of these clusters typically We are interested in using photoelectron spectroscopy (PES)
have tetrahedral coordination geometry at the Fe sites. On theto investigate the electronic structures ofFclusters in the
other hand, tricoordinate Fe sites may play important roles in gas phas& 4! PES gives direct energy level information and
the active center of nitrogenase, the iranolybdenum cofactor  has the advantage that in the gas phase mass selection techniques
(FeMoco)?~** According to the original structural determination,  allow species-specific information to be obtained from an
FeMoco consisted of an MoF® cluster!”® Six of the seven  equilibrium of different complexes in solution. Combining with
iron atoms in the cluster core possessed the rare distorted trigonahjoinorganic structure design and synthesis, we have been able
geometry, forming an approximate trigonal prism. The existence (4 perform systematic studies on ligand-free clusteféclusters

of an internal ligand atom X (%= C, N, or O) in the center of ~ ish small molecule ligands (both organic and inorga#sfc$?

itzferZiyoonC%gvn?/Se erﬁcingz dd;f]g()\slﬁfoﬂﬁ\giivegixbﬁg?]u:l?o:115 i and H-bonding effect§: We have confirmed the validity of the
9 “‘inverted energy scheme” for ligand free clusters,%g*®

not strong and X is hypervalent, the-F¥ bonds are most likely _
) . ; . - mononuclear complexes [FgX and [FeX]~ (analogues of
disrupted during catalysis. Therefore, three-coordinate iron . . 36 40
erubredoxm active centef¥,; 36 and tetranuclear complexés:

complexes are perhaps still reasonable candidates to mimic th or the [4F b | b d that the terminal
possible reactive forms of FeMoé&3The electronic structure orthe [4Fe] cu oané complexes, we observed that the termina
ligands do not significantly perturb the electronic structure of

of the few reported synthetic three-coordinate iron compléxts T o
all exhibits characteristics of antiferromagnetic interactions the cubane, but they significantly change the electron binding
between the two iron sité&; 24 similar to that of the [2Fe-2S] energies, that is, the intrinsic redox potentials of the cuBaffe.
clusters with tetracoordination found in either ferredoxins or Most interestingly, symmetric fissions of the doubly charged

analogue complexé4-28 Density functional theory (DFT)  [F&sSil4]®” cubane complexes into two identical BSgl o]~
clusters have been obserdThis finding provides the

*To whom correspondence should be addressed: e-mail Is.wang@pnl.gov.opportunity to access dinuclear +8 clusters with novel
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coordination, which would have been difficult to synthesize in @) [Fe,S4(SEt),Cl ]2
solution.

Here we present a PES study on several series of [2Fe-2S]
clusters with tri- and tetracoordinatedF8 sites, produced by [FesS4(SEL)CI12) | [FeSq(SE,CIF

symmetric fission of [FgS,L4]%~ complexes, to explore the
influence of ligand and coordination geometry on their electronic
structures and redox properties.

105 110 115

2. Experimental Methods (b)

. ) [Fe2S,(SEt)CI]-
2.1. Sample Preparation.All sample preparations were

carried out in a dry K glovebox with Q-free acetonitrile as

solvent. Solutions (Ix 1073 mol/L) of [FesS4Clg)?~ (1) and

[FesSy(SEth]?>~ (-SEt = -SGHs) (2) were prepared from [Fe,S,Cll

(t-BusN)2[FesSCly] and ¢-BusN)o[FesSu(SEt)] solid samples. [Fe;S,(SEt),I
Solution samples of [R&ClL-x(CN)*" and [FaSs T 08 410 11s
Cls—x(OAc)?~ (OAc = acetate) were prepared by mixirg Time of Flight (us)

with .Varylng equivalents of tﬂBu4N)CN and acetic aCld. Figure 1. Electrospray mass spectra from a mixed solution of
Solutions of [FeSu(SEt)—x(CN)J*~ and [FaSy(SEt)-(OPr)? [FesSu(SEty]?~ and [FaSsCls]?~ in 1:1 molar ratio under (a) normal
(OPr= propionate) were prepared by mixigwith different electrospray conditions and (b) collision-induced dissociation conditions.
equivalents ofttBus;N)CN and propionic acid® The concentra-

tion of the second ligand was tuned to optimize the abundancepgs peak maxima. Listed in Table 1 are the ADEs for the first
of a given dianionic species as the precursor for collision- pgS peak and VDEs for both the first and second PES peaks

induced dissociation (CID) experiments to produce the relevant for || the species from the respective 266 or 193 nm spectra.
[2Fe-2S] fission products. Solutions of PSRCls—x(SEt)]%

were obtained by simply mixing solutionk and 2. Singly 3. Experimental Results
charged anions with two identical terminal ligands,f&& 5] o
(L = Cl, SEt, CN, OAc, and OPr), were obtained by CID of  3.1. Collision-Induced Dissociation of [FgS(L 1)a—x(L 2)x]*"-

[FesSiL4)?~, while [FeS,LL']~ with two different terminal Figure 1 shows the mass spectra obtained from a sample solution
ligands were obtained by CID of [F&ylL'5]?.4041 prepared by mixing solutionsand2 at a 1:1 molar ratio. We
2.2. Electrospray Photoelectron Spectroscopylhe experi- observed three species under our normal ESI conditions (Figure

ments were carried out with a PES apparatus equipped with an12): [FaS«(SEt)CE]*~ atn/z= 259, [FaSy(SEtpCl,]*~ atnvz
electrospray ionization (ESI) source, a time-of-flight (TOF) mass = 272, and [FeSy(SEtkCI]?~ atm/z= 285. No parent dianion,
spectrometer, and a magnetic-bottle TOF photoelectron ana-[F€sS«Cla]? (m/z = 246), and only very weak [RE4(SEty]?~

lyzer#2 The precursor dianions [F&L4]2~ and [FaSsLL']2" (m/z = 298) signals were present in the spectrum, indicating
were produced by spraying the sample solutions through a 0.01that at the l:l.mola.r ratio in the original ESI solution the
mm diameter syringe needle (biased-82.2 kV) under N formation of mixed-ligand complexes was greatly favored.

atmospheré&’ CID experiments were carried out by applying a Under CID conditions (Figure 1b), only one dominant peak,
voltage of 2.56.0 V to the first skimmer of the instru- [FESASEYCI]” atm/z= 272, was observed at the same position
ment402.40b.42A || the anions were guided by a radio frequency @as the parent, [R&(SEtpClo]*". But the [FeS(SEH)CII
quadruple ion guide into a 3D quadruple ion trap, where they daughter anions have a different isotope pattern. Figure 1b
were accumulated for 0.1 s and then were pulsed into the indicated that the fission processes in our ESI source under the
extraction zone of a TOF mass spectrometer. The species ofCID conditions were rather complete with very little parent
interest were selected by a mass gate and decelerated beforénions left. Similar mass spectra were obtained for other mixed-
being intercepted by a probing laser beam in the photodetach-ligand systems.
ment zone of the magnetic-bottle photoelectron analyzer. Inthe 3.2. PES Spectra at 193 nmWe were able to obtain the
present study, we used three detachment photon energies, 15PES spectra of all five series of [2Fe-2S] complexes at 193 nm,
nm (7.866 eV), 193 nm (6.424 eV) from an excimer laser, and as shown in Figure 2. The gradual spectral changes induced by
266 nm (4.661 eV) from a Nd:YAG laser. All experiments were the ligand substitution were revealed in each series.
performed at 20 Hz repetition rate with the ion beam off at  3.2.1. [FeS,Cl,x(CN)]~ (x = 0—2). The spectral patterns
alternating laser shots for background subtraction. Photoelectronsf these three species (Figure 2a) are similar to those of their
were collected at nearly 100% efficiency by the magnetic bottle cubane parents, [F8,Cls]?~, [FesS/,Cl(CN),]?~, and [Fa-
and analyzed in a 4-m long electron flight tube. Photoelectron S4(CN)]2~.2° The first two peaks (X and A) are well separated.
TOF spectra were collected and then converted to kinetic energyThe gaps between peaks X and A change with the” CN
spectra, calibrated by the known spectra ofand O. The substitution, increasing from 0.59 to 0.65 to 0.79 eVxer 0O,
electron binding energy spectra presented here were obtainedl, and 2, respectively. This observation is different from the
by subtracting the kinetic energy spectra from the detachmentdoubly charged cubane parents, where the separations between
photon energies. The energy resolutidtE(E) was about 2% the first two similar spectral features were relatively constant
as measured from the spectrum ofdt 355 nm. with respect to the CN substitution® The ADEs of the three
Due to the lack of vibrational resolution, the adiabatic species are 3.77, 4.01, and 4.32 eV, respectivelyx for0, 1,
detachment energies (ADEs) were measured by drawing aand 2, due to the stronger electron-withdrawing capability of
straight line along the leading edge of the threshold band and CN~ than CI.
then adding a constant to the intersection with the binding energy  3.2.2. [F&S(SEty—«(CN)] ~ and [F&S(SEth—«Cl] ™ (x =
axis to take into account for the instrumental resolution. The 0—2). The PES spectra of these two series were also well-
vertical detachment energies (VDEs) were measured from theresolved, exhibiting similar spectral patterns to their respective
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(a) 193 nm (b) 193 nm () 193 nm

(d) 193 nm (€) 193 nm
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Binding Energy (eV)

Figure 2. Photoelectron spectra at 193 nm (6.424 eV): (a):F€l—«(CN)J*™; (b) [FESASEth-«(CNX'; (€) [FeS(SEth—Ch*™; (d)
[FexSy(SEty «(OACK ! ; (e) [FeS(SEth-x(OPr)]t .

cubane parenf8.In the case of the [R&,(SEth—«(CN),] ™ series
(Figure 2b), the second feature (A) for= 0 and 1 was shown

as shoulders. For this series, the-X gap remains the same at
about 0.76 eV in all three species. The ADEs of the three species
were determined to be 3.17, 3.68, and 4.32 eV, with increasing
CN-~ substitution. The %A gap for the [FeSy(SEth_Cl]~
series decreases from 0.76 to 0.63 to 0.59 eV, but the ADEs
increase from 3.17 to 3.46 to 3.77 eV, respectively Xer 0,

1, and 2.

3.2.3. [FeSCl,x(OAc)] ~ and [F&S(SEty-x(OPr)] ~ (x=
0—2). It was surprising that the ADEs seemed to decrease with
the OAc ligand substitution in the [F8&:Cl,—x(OAC)] ~ series
(Figure 2d), quite different from the above three series.Xor
=0, 1, and 2, the ADEs decreased from 3.77 to 3.39 to 2.80 X
eV. Furthermore, the spectrum of fSe(OAc),]~ appeared to (b)
be poorly resolved. The X and A bands became part of what A SEt
seemed to be a long tail at the lower binding energy side. This
series is clearly very different from the other [2Fe-2S] complexes (@)
and is also very different from the [F&Cls—n(OAC),]> cubane 2':',"'."5'.,"';';'
parents, where the ADEs increase with increasing OAc substitu- Binding Energy (eV)
tion.3° The PES spectral features of the OAc-substituted cubanesFigure 3. Photoelectron spectra at 157 nm (7.866 eV): (a)
were also better resolved and were similar to the parent |re,s,(sEt)]": (b) [FeS:Cli " (¢) [Fe:SACN) " (d) [F&:S:CI(CN)];
[FesSiCla)?. (e) [FeS.CI(OAC)]".

The PES spectra of [E8,Cl,—x(OPr)] ~ are shown in Figure
2e. With the substitution of SEt by OPr, the ADEs were also 3.4. PES Spectra at 266 nmPES spectra for a selected set
observed to decrease in the {E€SEtp(OPr)| ™ series, similar  of [2Fe-2S] complexes were also taken at 266 nm, which gave
to the [FaSiCls-n(OAC)]? series. [FS(OPry]~ gave an  petter resolved spectra for the X band (Figure 4) and yielded
almost identical spectrum to that of fS3(OAc),] ~, suggesting  more accurate ADEs and VDEs for these species (Table 1).
that the additional Chl group in the -OPr ligand has no  Spectra at 266 nm were not able to be obtained for other [2Fe-
detectable influence on the redox properties of the [2Fe-2S] 2S] species, either due to their high binding energies or weak
complexes. mass intensities.

3.3. PES Spectra at 157 nmFigure 3 shows the 157-nm
spectra of [FgS,L,]~ (L = SEt, Cl, CN) and two mixed-ligand
species, [F£,CI(CN)]~, [F&S,CI(OAc)]~. The 157-nm photons
allowed a broad energy range to be observed. All the 157-nm  4.1. Influence of Terminal Ligands on the Intrinsic Redox
spectra shown in Figure 3 exhibit similar spectral patterns in Potentials of [FeS,L,—«L'x]~. Photodetachment involves re-
the low binding energy range with the two well-resolved bands, moval of electrons from occupied molecular orbitals. Thus, the
X and A, similar to the 193-nm data (Figure 2). In the high ADE of the lowest binding energy peak (X) represents in fact
binding energy range, features from the terminal ligands, that the intrinsic oxidation energy of a [2Fe-2S] complex. In a recent
is, SEt, Cl, CN, and OAc, were observed, which were similar study3® we observed a linear correlation between ADE and

X

4. Discussion

to those observed in the cubane compleRebpugh at much ligand substitution number for several series of cubane com-
higher binding energies in the singly charged [2Fe-2S] com- plexes, [FeSsL4—xL'x]?", indicating that each ligand contributes
plexes. In fact, the whole spectral patterns of the$he, L'y~ independently and additively to the redox potentials of the

complexes revealed at 157 nm are very similar to those of their cubane complexes. This result also suggests that the [4Fe-4S]
cubane parents, reflecting the similarity in their underlying cubane core is a robust structural unit and that the-eligand
electronic strucrure¥.402 interactions are electrostatic in nature. This behavior is remi-
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Figure 5. Linear correlation between electron binding energies and
(c) ligand substitution numbex for (a) [Fe&SClo_(CN)Y", (b) [FeS-
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Figure 4. Photoelectron spectra at 266 nm (4.661 eV): (a) S*(p) S (p}*
[Fe:SSEY]  (b) [FeSASEYCIT; (c) [FeSLCI0AC) " (d) [FesCl Fe-S* Fe
(e) [FeSASEY)(CN)T. ciip) Cl(p)
TABLE 1: Adiabatic and Vertical Electron Binding NC (p) Ac(p
Energies of the [Fe,;S;L,]~ and [Fe;S;LL ']~ Complexes
ADE VDE (X)  VDE (A) éE Fe(d) jE Fe(d)
[Fe&S:Clo] 3.77(6) 3.92(5) 4.51(5)
FeSy(SEty]~ 3.17(6) 3.31(6) 4.07(6)
[Fe:Sy(SEt)CIT 3.46(5) 3.62(5) 4.35(10) s s
[Fe,Sy(SEt(CN)I 3.68(10) 3.87(8) 4.62(10) P an N § AN /0\
[FeS,CI(OAC)]™ 3.39(8) 3.56(6) 4.27((6) Cl—Fe Fe —CN Cl—Fe Fe C-CH,4
[FexSy(SEL)(OPNT 3.05(10) 3.22(12) 3.97(8) b S 5/ 1 Jl\s P e B 4
[FexS(OPry) - 2.84(13) 3.20(15) 3.70(15) (o)
[FexS(OAC)]~ 2.80(15) 3.20(15) 3.77(15) Figure 6. Schematic diagrams of the “inverted energy level scheme”
[F&:SCI(CN)]~ 4.01(6) 4.19(5) 4.84(10) of the [2Fe-2S] clusters with two different terminal ligands and their
[FE2S(CN)z] - 4.32(6) 4.44(5) 5.23(6) structures: (a) [F&S.CI(CN)]~; (b) [Fe:S,CI(OAC)]".

aBinding energies are given in electronvolts and were measured from - .
the photoelectron spectra (Figures 2 and 4). [FexS;]**" would occupy the lower energy majority spin states
to give two high-spin Fe sites. Antiferromagnetic coupling
niscent of mononuclear transition metal complexes, where between the two Fe sites results in an overall low-spin cluster
similar linear correlation was known for mixed-ligand speéfe$ (S=0). In the reduced state, the extra electron in$e would
In the present work, we observed similar linear correlations for occupy a minority spin level and localize on one of the two Fe
the three series of [2Fe-2S] complexes involving the SEt, Cl, sites, giving rise to an overall spin state®f /. In the MO
and CN ligands, as displayed in Figure 5. Although there are energy levels, the MOs dominated by the ligands fall in the
only three points for each series, the linearity is obvious. Hence, gap between the minority and majority spin states of the d
we can conclude that these three ligands contribute to the redoxorbitals, resulting in the so-called “inverted level scheme”. The
properties of the [2Fe-2S] core independently and additively. validity of this model was proved by both ESR and Mossbauer
Furthermore, we observed that the contributions to the binding experiments#28 There is experimental evidence of two high-
energies increase for the three ligands in the order<SEt < spin, antiferromagnetically coupled metal centers in tricoordinate
CN, consistent with their respective electron-withdrawing transition metal complexég316 A recent DFT calculation
capabilities’”39 yielded similar electronic structures for Sl ;] ~ clusters with

4.2. Electronic Structure of the [FeS,L, «L'x]™ Clusters two tricoordinate iron site$? Figure 6 shows the schematic
with Two Tricoordinated Iron Sites. According to broken diagram of the “inverted level scheme” of [f%]* for two
symmetry DFT calculation®32 strong spin polarization in  different coordination geometries and will be used to understand
Fe—S clusters would split the majority and minority spin states the PES data.

(up and down) of the 3d orbitals in each Fe site byb4eV. In Overall, the PES spectral patterns of J&& »_«L ']~ (Figures
the oxidized state, the five d electrons in each ferric site of 2—4) are similar to those observed for their doubly charged
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parents, [F§S4L4—xL'x]2~.2° The relatively high binding energies  ligands (Figure 2d,c) were very different from the cubane
and the absence of spectral cutoff in the higher binding energy complexes with the same ligands: the substitution of either CI
side in the spectra of the [F®L, xL'y]~ species are consistent  or SEt by OAc or OPr decreases the electron binding energies.
with their singly charged state, that is, the lack of intramolecular In the case of [F£€5;(OAc),]~ or [F&S(OPry]~, even the
Coulomb repulsion and the repulsive Coulomb barrier present spectral pattern changed significantly: the X and A features
in their doubly charged parent aniotfst”5* The similarity were no longer well-resolved. These observations suggested
between the overall spectral patterns of Jf&,-L',]~ and profound changes in the coordination environment of the
[FesSula—L', ] suggests that they follow the “inverted level carboxylate ligands in the [2Fe-2S] complexes.
schemes”. This has been shown and proven previously in our | the cubane complexes, each Fe site is tetracoordinated and
studies involving fission of cubanes with four identical terminal = o carboxylate ligands act like monodentate ligands. Consider-
ligands?® Figure 6a is a schematic diagram showing the inverted g the high reactivity of the unsatisfied three-coordinate Fe
level scheme for tricoordinated [?fe-ZS] complexes with tWo ' jtas and the potential for carboxylate to act as a bidentate ligand,
different terminal ligands, [E&,LL"]". [F&S,CICN)] " isused o gyspect that the dramatic differences observed in the PES
as an example in Figure 6a. spectra of the [2Fe-2S] complexes with carboxylate ligands must
The PES features for the three series with CI/CN, SEVCN, pe due to the formation of a tetracoordinated iron site, as
and SEUCI ligands (Figure 2&) can all be qualitatively  schematically shown in Figure 6b for FRCI(OAC)]~. Thus,
understood by use of Figure 6a. The first peak (X) should be the coordination property of the carboxylate group changes and
due to detachment of the highest occupied molecular orbital jt acts as a bidentate ligand to satisfy the fourth coordination of
(HOMO) electron, which is in the minority d spin state. The  the jron site in the [2Fe-2S] fission products. A four-membered
second peak (A) should correspond to HOMOL, which is ring is formed, despite the anticipated high strain. The decrease
mainly due to the bridging sulfide ligands. The intense and i, glectron binding energies suggests that the bidentate car-
congested features beyond the A band in FlgureQahou’Id boxylate ligands act more like electron donors, in contrast to
correspond to MOs mainly composed of-F& and Fe-L(L") the monodentate carboxylate ligands, which are more electron-
bonding and nonbonding orbitals. At the very high electron i drawing relative to SEt or Cl. The broad PES spectra of
binding energy side in the 157-nm spectra7(eV), features  |ro.5,OAC),]~ or [F&S,(OPry]~ (Figure 2d,e) indicate that
dye to the term|_nal Ilga_md lone pairs ap_peared, as labeled Neither the carboxylate ligands change the electronic structure
Figure 3. The slightly dlffere_nt XA 9aps In t_he _PES spectria ¢ e [2Fe-2S] core significantly or there might be two different
of the [FeS,Cl(CN){~ series (Figure 2a) indicate that the isomers present. The PES spectra of the mixed-ligand com-

terminal ligands have some perturbation to the relative ener _

levels of I—?OMO and HOMOE 1, but the perturbation is not ¥ p!exes, [FeS;CI(OAC)]” and [FeS(SEO(OPNY, are not t0o

large enouah to chanae the el:actronic structure of [2Fe-2S] different from those of the all-Cl or all-SEt complexes (Figure
9 9 9 2d,e), indicating that the carboxylate ligands do not perturb the

complexes 5|gn|f|c§1ntly. ) . o B electronic structure of the [2Fe-2S] core significantly and they
For complexes with two identical terminal ligands, {6 5], can still be described by the inverted level scheme, as shown

the minority spin electron can localize on either Fe site. But ;. Figure 6b. Thus we believe that the broad spectra of

for complexes with two different terminal ligands, BSsLL"]", [FexS:(OAC)z]~ and [FeS;(OPr)] ~ were most likely due to the
the two Fe sites are nonequivalent. We expected that the ex”%resence of two isomers, perhaps one with both the carboxylate

fp'n.WCTLll.ld |Oc;3a|!che (t)n the Fle S{'te thithc'js cqordlnba_tlt_?d It:° a ligands tetracoordinated and another with one tetra- and one
erminal ligand with stronger electron-withdrawing ability. For =0 0.0 g carboxylate.

example, the mixed-ligand species, {6£CI(CN)]~, can be

reformulated as [CI-F&-S,-Fe!-CN]~ (Figure 6a) because CN The electronic structure of the [2Fe-2S] clusters with one iron
is a stronger electron acceptor than Cl. Similar to the mixed- site tricoordinated and the other site tetracoordinated is interest-

ligand cubane complexes, [FRaLs_,L'J2 3 we observed a  INY: In our previous investigations on [1Fe] complexes,
linear relationship between the binding energies and the [FE(SCH)3l~ and [Fe(SCH)]~, we showed that the ferrous
substitution numbenq, with the binding energy of [F&,LL"]~ center (F&") prefers tricoordination, whereas the ferric center
falling exactly between the values of fSaL;]~ and [FeSpL ']~ (Fe*") prefers tetracoordination. Thus in the mixed-ligand [2Fe-
(Figure 5). This observation implies that even though in the 25 complexes with one terminal carboxylate ligand, the HOMO
[2Fe-2S] core the minority spin is localized on one Fe site, it €lectron with a minority d spin state would localize on the Fe
can experience the effect of the terminal ligand on the distal Site that is not coordinated by the carboxylate, as shown in
Fe. Thus the [2Fe-2S] core can be viewed as a single robustFigure 6b. This may also explain why there might be two
structural unit in its interaction with the terminal ligands, similar isomers coexisting for [R&;(OAc)]~ or [F&S(OPry]~,
to the [4Fe-4S] core in the cubane compleXe®. because a tri- or tetracoordination by the carboxylate ligand to
4.3. [2Fe-2S] Complexes with Carboxylate Ligands: In- the ferrous site in these complexes may be energetically
fluence of Coordination Geometries on the Electronic ~ COmpetitive.
Structure. In our previous study on mixed-ligand cubane It is interesting to note that tetracoordination in the [2Fe-2S]
complexes® we observed that the electron binding energies of complexes decreases its electron binding energies, that is,
the cubane complexes increase when SEt or Cl is substitutedmaking the complexes better reductants. This may provide an
by a carboxylate ligand (OAc or OPr) because the carboxylate explanation for a potential role of the newly discovered central
ligands are stronger electron acceptors than SEt or Cl. Asatom in FeMocd? 58 Without the central atom, there are six
discussed above and shown in Figure 5, the electron binding“belt” ferrous Fe sites in FeMoco, which are essentially
energies of the mixed-ligand [2Fe-2S] complexes also exhibit tricoordinated. The central atom would provide the fourth
a linear relationship relative to the substitution number for the coordination, which would significantly enhance the reducing
CI/CN, SEt/CN, and SEt/CI systems, similar to that observed capability of the FeMoco and thus its catalytic function for
in the cubane complexes. However, the PES spectra and bindingnitrogen fixation. Whether this would be one of the functions
energy trends of the [2Fe-2S] complexes with carboxylate of the central ligand deserves further investigation.
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5. Conclusions

Photoelectron spectroscopy was used to investigate the

electronic structures of five series of [2Fe-2S] complexes,
[FesS,Clo(CN) ", [FesSASEty—Chl ", [Fe:SASEth (CN)]
[FexS:Clo-(OAC){ ~, and [FeSy(SEtp—x(OPr)}]~ (x = 0-2),

Fu et al.

(17) Calzolai, L.; Gorst, C. M.; Zhao, Z.-H.; Teng, Q.; Adams, M. W.
W.; Mar, G. N. L.Biochemistry1995 34, 11373.

(18) Busse, S. C.; Mar, G. N. L.; Yu, L. P.; Howard, J. B.; Smith, E.
T.; Zhao, Z.-H.; Adams, M. W. WBiochemistry1992 31, 11952.

(19) Calzolai, L.; Gorst, C. M.; Bren, K. L.; Zhou, Z.-H.; Adams, M.
W. W.; Mar, G. N. L.J. Am. Chem. S0d 997, 119 9341.

(20) Yoo, S. J.; Angove, H. C.; Burgess, K. K.; Hendrich, M. P.; Munck,

which were generated by collision-induced dissociation of parent E. J. Am. Chem. Sod999 121, 2534.
cubane complexes. The photoelectron spectra revealed that the_(21) Angove, H. C.; Yoo, S. J.; Burgess, B. K.; Munck JEAm. Chem.

electronic structure of these [2Fe-2S] species are similar to that

So0c.1997 119 8730.
(22) Conover, R. C.; Park, J.-B.; Adams, M. W. W.; Johnson, MJK.

of the cubane parents and can be described by the “invertedam. Chem. Sodl991, 113 2799.

energy scheme”. For the first three series that do not involve
carboxylate ligands, it was shown that the electron binding
energies increase with the substitution number linearly,
gesting that the terminal ligands contribute to the redox

potentials of the [2Fe-2S] complexes independently and addi-

tively. The contribution of the different ligands to the electron
binding energies was found to increase in the order-SEZl

— CN, that is, proportional to the electron-withdrawing capabil-
ity of the ligands. However, in the two series involving
carboxylate ligands, the electron binding energies were observe

to decrease with the substitution number. This was explained

sug-

(23) Conover, R. C.; Kowal, A. T.; Fu, W.; Park, J.-B.; Aono, S.; Adams,
M. W. W.; Johnson, M. KJ. Biol. Chem.199Q 265, 8533.

(24) Telser, J.; Smith, E. T.; Adams, M. W. W.; Conover, R. C.; Johnson,
M. K.; Hoffman, B. M.J. Am. Chem. S0d.995 117, 5133.

(25) Jameson, G. N. L.; Walters, E. M.; Manieri, W.; Schurmann, P.;
Johnson, M. K.; Huynh, B. HJ. Am. Chem. So003 125 1146.

(26) Walshy, C. J.; Ortillo, D.; Broderick, W. E.; Broderick, J. B.;
Hoffman, B. M.J. Am. Chem. So2002 124, 11270.

(27) Clay, M. D.; Jenney, F. E.; Hagedoorn, P. L.; George, G. N.; Adams,
M. W. W.; Johnson, M. KJ. Am. Chem. So@002 124, 788.

(28) Telser, J.; Huang, H.; Lee, H.-l.; Adams, M. W. W.; Hoffman, B.

. J. Am. Chem. S0d.998 120, 861.

(29) Noodleman, L.; Baerends, EJJAm. Chem. Sod984 106, 2316.

(30) Li, J.; Nelson, M. R.; Peng, C. Y.; Bashford, D.; Noodleman].L.

as due to the fact that the carboxylate ligands act as bidentatePhys. Chem. A998 102 6311.

ligands in the [2Fe-2S] complexes, resulting in tetracoordinated
Fe sites, even though they are known to behave as monodentat

(31) Norman, J. G., Jr.; Ryan, P. B.; NoodlemanJLAm. Chem. Soc
198Q 102, 4279.
€ (32) Noodelman, L.; Norman, J. G., Jr.; Osborne, J. H.; Aizman, A.;

ligand in the cubane [4Fe-4S] complexes. The tetracoordination Case, D. AJ. Am. ChemSoc 1985 107, 3418.

significantly decreases the electron binding energies of the [2Fe-

2S] complexes, making them stronger reductants.
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