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We used photoelectron spectroscopy (PES) to study how the terminal ligands influence the electronic structure
and redox properties of the [4Fe-4S] cubane in several series of ligand-substituted analogue complexes:
[Fe4S4C|4_X(CN)X]27, [Fe4S4C|4_X(SCN)X]27, [Fe4S4C|4_X(OAC)X]27, [Fe4S4(SC2H5)4_X(OP|')X]27, and [F€4S4(SC2H5)4_XC|X]27
(x = 0—4). All the ligand-substituted complexes gave similar PES spectral features as the parents, suggesting that
the mixed-ligand coordination does not perturb the electronic structure of the cubane core significantly. The terminal
ligands, however, have profound effects on the electron binding energies of the cubane and induce significant
shifts of the PES spectra, increasing in the order SC,Hs~ — ClI= — OAc™/OPr— — CN~ — SCN~. A linear
relationship between the electron binding energies and the substitution number x was observed for each series,
indicating that each ligand contributes independently and additively to the total binding energy. The electron binding
energies of the gaseous complexes represent their intrinsic oxidation energies; the observed linear dependence on
X is consistent with similar observations on the redox potentials of mixed-ligand cubane complexes in solution. The
current study reveals the electrostatic nature of the interaction between the [4Fe-4S] cubane core and its coordination
environment and provides further evidence for the electronic and structural stability of the cubane core and its
robustness as a structural and functional unit in Fe—S proteins.

1. Introduction extrinsic factors due to the protein environmé&fit® Major
environmental factors contributing to the reduction potentials
have been suggested to include H-bonding to the cysteine
and bridging sulfide ligands, dipole interactions with the

. . ) Fe—S cluster from the solvent and the protein side chain/
types of Fe-S active sites are usually coordinated by S from backbone, and other electrostatic interactions. Theoretical

CZEte:18e resl;dues. lT he mpst Cﬁﬁmm}ﬁacpve S'tz.'s th% b calculations of the reduction potential of the [4Fe-4S] cluster
[4Fe-4S] cubane cluster, in which each Fe is coordinate Ywere carried out, in which environmental effects were

three inorganic S_s in the_cubane_core a_nd one termlna! “g_andevaluated using a continuum dielectric model.
from a cysteine side chain. Despite their structural similarity, Understanding the intrinsic electronic structure of the

the re_dox_ potentials of FeS protems spana W'de. r_angé. active center and how they respond to the extrinsic factors
Contributions to these variations have been classified to come

from the intrinsic electronic structure of the cubane and (5) (&) lismaa, S. E.; Vazquez, A. E.; Jensen, G. M.; Stephens, P. J.; Butt,
J. N.; Armstrong, F. A.; Burgess, B. K. Biol. Chem.1991, 266,
21563-21571. (b) Shen, B.; Jollie, D. R.; Diller, T. C.; Stout, C. D;
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Iron—sulfur proteins are the most distributed proteins in
nature and play critical roles in biological electron transfers,
catalysts, and gene expression regulatidiThe different

State University. E-mail: Is.wang@pnl.gov. 92, 10064-10068.
(1) (a) Beinert, H.; Holm, R. H.; Munck, ESciencel997 277, 653— (6) (a) Beck, B. W.; Xie, Q.; Ichiye, TBiophys. J2001, 81, 601-613.
659. (b) Beinert, HJ. Biol. Inorg. Chem200Q 5, 2—15. (b) Swartz, P. D.; Beck, B. W.; Ichiye, Biophys. J1996 71, 2958~
(2) Holm, R. H.; Kennepohl, P.; Solomon, E.Chem. Re. 1996 96, 2969.
2239-2314 (7) (a) Torres, R. A.; Lovell, T.; Noodleman, L.; Case, D.JAAmM. Chem.
(3) Stephens, P. J.; Jollie, D. R.; WarshelGhem. Re. 1996 96, 2491~ Soc. 2003 125 1923-1936. (b) Mouesca, J. M.; Chen, J. L,
2513. Noodleman, L.; Bashford, D.; Case, D. A. Am. Chem. S0d.994
(4) (a) Agarwal, A.; Li, D.; Cowan, J. AJ. Am. Chem. S0d.996 118 116 11898-11914.
927-928. (b) Mansy, S. S.; Xiong, Y.; Hemann, C.; Hille, R; (8) Mouesca, J.-M.; Lamotte, BCoord. Chem. Re 1998 178-180,
Sundaralingam, M.; Cowan, J. Biochemistry2002 41, 1195-1201. 1573-1614.
10.1021/ic0495261 CCC: $27.50 © 2004 American Chemical Society Inorganic Chemistry, Vol. 43, No. 12, 2004 3647

Published on Web 05/15/2004



Fu et al.

are important to understand the functionality of the-Be 4S] cubane core in mixed ligand systems. PES spectra of
proteins. Synthetic analogue complexes provide ideal modelseveral series of analogue complexes with mixed terminal
systems to probe the intrinsic electronic structures of the ligands, [F@S:Cls—x(CN)]?~, [Fe&sSiCls—x(SCN)?~, [FesSs-
cubane complexes and how the electronic structures areCls,_(OACK?, [FesSu(SCHs)s—xCl]?, and [FeSy(SGHs)s4—x
influenced by the ligand environment or other extrinsic (OPr)]?~ (x = 0—4), were measured. It was discovered that
factors? Various spectroscopic techniques and theoretical all the mixed-ligand species gave similar PES spectral
methods have been used to investigate the magnetic andeatures, whereas their electron binding energies are very
electronic properties of both synthetic analogues and sensitive to the terminal ligand substitution. A linear relation-
proteinst!~15 Extensive broken symmetry density functional ship between the binding energy and the substitution number
theory (DFT) calculatiof#1°showed that the [R&,]?" core was observed for each series, suggesting each ligand
can be viewed as a two-layer system, where two high-spin contributes independently to the total binding energy. The
Fe’s in each [2Fe-2S] sublayer are coupled ferromagnetically implications of these observations toward the understanding
and the two [2Fe-2S] sublayers are coupled antiferromag- of the electronic structure of the cubane core and the insight
netically to give a low-spin state. This is consistent with into the ligand-core interactions are discussed. We also
experimental observations from Mossbatiéf,EPR spec- compare the current observations with redox potentials of
troscopy'21* and K-edge X-ray absorption spectroscépy. mixed-ligand cubanes in solution.

In our previous works, using a combined technique of

electrospray ionization mass spectrometry (ESI-MS) and 2. Experimental Methods

photoelectron spectroscopy (PES)we have observed
symmetric fissiotf of [Fe;S,]** into [F&S;]* and investi-

gated the intrinsic electronic structures of several [4Fe-4S] of [FesS.Cld7 (1) and [FaS(SED?- (—SEt= —SGHe) (2) were
4 - = 5,

cluster complexes: _ _ prepared fromttBusN)[FesSiCla] and ¢-BusN)s[FesSy(SEt)] solid
In the current article, we present an experimental inves- samples. Solution samples of JSaCls_«(CN)J2", [FesSiCla_y-
tigation of the influence of the terminal ligands on the [4Fe- (SCN)]2-, and [FeS:Cls_«(OAc)]>~ (OAc = acetate) were pre-
pared by mixingl with varying equivalents of t{Bus;N)CN,
(9) Rao, P. V.; Holm, R. HChem. Re. 2004 104, 527-559. (t-BusyN)SCN, and acetic acid, respectively. Solutions of,fze
(10) (a) Noodleman, L.; Peng, C. Y.; Case, D. A.; Mouesca, JGM)I’d_. (SEt)47X(OPI’)<]2_ (OPr= propionate) were prepared by mixii2g
.?_?eHr?rth'F}?.?.gr%:é 1R?9/§(2:ﬁfr'_ (g)p’i\rlf%ﬂirpn?néilc_)i;zlt_)g\éeg: ;sgl_:u with different equivalents of propionic acid. The concentration of
273. the second ligands was tuned to optimize the abundance of a given
(11) (a) Conover, R. C.; Park, J.-B.; Adams, M. W. W.; Johnson, MI.K.  mixed-ligand species. Solutions of [S(SEty—«ClL]>~ were

ﬁm_l'_ _Cpgmws_%%?flhl_ég iﬁ%zsspf\aé%scwo\yvewf %EES&?'M prepared by mixing stock solutiodisand2 in different molar ratio.

K. J. Biol. Chem199Q 265, 8533-8541. (c) Telser, J.; Smith, E. T.; The experiment was carried out with a PES apparatus equipped
Adams, M. W. W.; Conover, R. C.; Johnson, M. K.; Hoffman, B. M. with an ESI source, a time-of-flight (TOF) mass spectrometer, and

12) ‘Zé)A (r:nélgﬂaeiml'_.s%%?;sél&..5%2;512‘.19&. Teng, Q.; Adams, M. W. & magnetic-bottle TOF photoelectron analyZeBriefly, the mixed

W.; Mar, G. N. L.Biochemistryl995 34, 11373-11384. (b) Busse, solution samples prepared above were sprayed using a 0.1 mm
S. C; Mar, G. N. L,; Yu, L. P.; Howard, J. B.; Smith, E. T., Zhao,  diameter syringe at a negative bias-e2.2 kV. Anions from the

Z.-H.; Adams, M. W. W.Biochemistry1992 31, 11952-11962. (c) ; ; ; ;
Calzolai, L. Gorst, C. M.: Bren, K. L.: Zhou. Z..H.. Adams. M. W. ESI source were guided by a radio frequency quadruple ion guide

All sample preparations were carried out in a drydibvebox
using Q-free acetonitrile as solvent. Thex110-3 mol/L solutions

W.: Mar, G. N. L.J. Am. Chem. Sod 997 9341-9350. into a 3D quadruple ion trap, where they were accumulated for 0.1
(13) (a) Jameson, G. N. L.; Walters, E. M.; Manieri, W.; Schurmann, P.; s, and then were pulsed into the extraction zone of a TOF mass

Johnson, M. K.; Huynh, B. HJ. Am. Chem. So@003 125, 1146~ spectrometer

1147. (b) Walshy, C. J.; Ortillo, D.; Broderick, W. E.; Broderick, J. . ) . ) )

B.; Hoffman, B. M.J. Am. Chem. So@002 124, 11270-11271. (c) During PES experiment, the species of interest were selected by

Clay, M. D.; Jenney, F. E.; Hagedoorn, P. L.; George, G. N.; Adams, g mass gate and decelerated before being intercepted by a probing

'(\:',')\%&'r; 39h|2332§MH K,‘_Jé:‘rﬁ fhi@érﬁg‘zgosvl\%v“’ ,73(%2%‘?{ g, laser beam in the photodetachment zone of the magnetic-bottle

M. J. Am. Chem. S0d.998 120, 861—870. photoelectron analyzer. In the current study, four detachment photon
(14) (a) Yoo, S. J.; Angove, H. C.; Burgess, K. K.; Hendrich, M. P.; Munck, energies were used: 157 nm (7.866 eV) and 193 nm (6.424 eV)

E.J. Am. Chem. So&999 121, 2534-2545. (b) Angove, H. C.; Yoo, ; .
S. J.; Burgess, B. K.; Munck, B. Am. Chem. S04997, 119, 8730~ from an excimer laser; 266 nm (4.661 eV) and 355 nm (3.496 eV)
8731. from a Nd:YAG laser. All experiments were performed at 20 Hz

(15) (a) Glaser, T.; Hedman, B.; Hodgson, K. O.; Solomon, Ect. Chem. repetition rate with the ion beam off at alternating laser shots for

Res.200Q 33, 859-868. (b) Glaser, T.; Rose, K.; Shadle, S. E.;  packground subtraction. Photoelectrons were collected at nearly
Hedman, B.; Hodgson, K. O.; Solomon, EJI.Am. Chem. So2001 100% effici by th tic bottl d vzed i 4-ml
123 442-454. (c) Anxolabehere-Mallart, E.; Glaser, T.; Frank, P.; o erliciency Dy the magnetic bottle and analyzed in a 4-m long

Aliverti, A.; Zanetti, G.; Hedman, B.; Hodgson, K. O.; Solomon, E.  electron flight tube. Photoelectron TOF spectra were collected and
I. J. Am. Chem. So@001, 123 5444-5452. (d) Rose, K.; Shadle, S.  then converted to kinetic energy spectra, calibrated by the known

E.; Glaser, T.; de Vries, S.; Cherepanov, A.; Canters, G. W.; Hedman, P
B.. Hodgson, K. O.; Solomon, E. . Am. Chem. Sod999 121 spectra of T and O. The electron binding energy (BE) spectra

2353-2363. presented here were obtained by subtracting the kinetic energy (KE)
(16) (a) Noodleman, L.; Case, D. Adv. Inorg. Chem.1992, 423-470. spectra from the detachment photon energied (BE = hv —

(b) Noodleman, L.; Baerends, E.Jl.Am. Che. S0d.984 106, 2316~

2327. (c) Noodleman, L.; Case, D. A.; Aizman, A.Am. Chem. Soc.

1988 110 1001-1005. (d) Noodleman, L.; Norman, J. G.; Osborne, (18) (a) Yang, X.; Wang, X. B.; Niu, S. Q.; Pickett, C. J.; Ichiye, T.; Wang,

J. H.; Aizman, A.; Case, D. Al. Am. Chem. S0d985 107, 3418- L. S. Phys. Re. Lett. 2002 89, 16340-10341. (b) Yang, X.; Wang,
3426. X. B.; Wang, L. S.Int. J. Mass Spectron2003 228 797—805.

(17) Wang, L. S;; Ding, C. F.; Wang, X. B.; Barlow, S.[Rev. Sci. Instrum. (19) Wang, X. B.; Niu, S. Q.; Yang, X.; lbrahim, S. K.; Pickett, C. J.;
1999 70, 1957. Ichiye, T.; Wang, L. SJ. Am. Chem. So003 125, 14072-14081.
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Figure 1. Electrospray mass spectrum of jB5gCls—x(SCN)]?~ from
reactions of {tBusN)2[FesSyCls] and ¢-BusN)SCN solutions (1:1 CVSCN-
molar ratio) in Q-free acetonitrile.

115

KE). The energy resolutioN\KE/KE) was~2%, i.e., 10 meV for
0.5 eV electrons, as measured from the spectrunt at B55 nm.

3. Experimental Results

3.1. Mass Spectraligand substitution reactions at the

terminal positions of the [4Fe-4S] cubane were reported to

take place readil§® 22 However, using conventional puri-
fication and characterization methods, it is difficult to obtain

pure samples of each of the mixed ligand products from the

relative intensities among the five species. During PES
experiments, a giverx was optimized by changing the
relative concentrations of the initial reactants.

3.2. Photoelectron SpectraFigures 2-6 show the PES
spectra of [F§5,Cls—x(CN)J?~, [FesSiClax(SCN)?~, [FesSi-
Cla—x(OAC)?", [FesSu(SEt)—«Cl]?", and [FaSy(SEty—«-
(OPr)J?~, respectively, at various photon energies. Overall,
the spectra of the mixed-ligand complexes are similar to those
of the precursor complexes [FR(SEty]>~ and [FaS:Cly]?,
which were reported previoush,and are shown here for
comparisons. All the spectra exhibit a weak but well-defined
threshold feature X in the lower binding energy range,
followed by an intense and well-defined band (A) and
continuous spectral transitions at high binding energies. In
each series, the electron binding energies of$Ke1)s—x-
(L2)4? change systematically with the substitution number.
Significant spectral cutoff was observed in all the PES spectra
due to the repulsive Coulomb barrier (RCB) present in
multiply charged anion& as will be discussed below.

3.2.1. PES Spectra of [F£4Cls—x(CN)4]?". The PES
spectra of [Fg5,Cls«(CN),J>~ (x = 0—4) are shown in

equilibrium mixture. Here we used ESI to transfer mixed- Figure 2 at 157, 193, and 266 nm. All the spectra have similar

ligand [4Fe-4S] complexes from the following solution
reactions to the gas phase for size-selected PES studies:

[Fe,S,Cl,]*” + xCN™ — [Fe,S,Cl,_,(CN)J*” + xCI~ (1)

[Fe,S,Cl,]* + XSCN” — [Fe,S,Cl,_(SCN)]* + XSC'EE
[Fe,S,Cl,]*” + xOAc™ — [Fe,S,Cl,_(OAc),]* + xc:|23)

[Fe,S,(SEt)]* + xOPf —
[Fe,S,(SEt), (OPr)])* + xSEf (4)

[Fe,S,(SEt)]* + [Fe,S,Cl)% —
[Fe,S,(SEt), ,Cl.]> + [Fe,S,(SEt,Cl, J> (5)

It should be noted that the different products< 0—4)
in the above reactions coexist in equilibrium. Figure 1 shows
the ESI mass spectrum of reaction 2 taken with a mixture
of [F&sS,Cly]?~ and SCN in 1:1 CIF/SCN™ molar ratio. Five
[FesSiCls—x(SCN)J?~ species were observed, ranging from
the parentX = 0) to the completely substituted species (
= 4). Obvious differences of the isotopic pattern among the

spectral features, which rigidly shift to higher binding
energies with increasing numbers of the Cligand. In the

157 nm spectra (Figure 2a), the broad and intense feature in
the high binding energy range due to the @rminal ligands
was clearly observed. The intensity of the Clleature
decreased with increasing substitution, accompanied by the
appearance of a new feature due to Cét even higher
binding energies. At = 4, the band due to Cldisappeared
completely and the feature from CNvas dominant. At 193

nm (Figure 2b), the CN features disappeared due to the
RCB, whereas the X and A bands were better resolved. At
266 nm, all the higher binding energy features were cut off
by the RCB and only the two lowest binding energy bands
(X and A) were observed intact.

3.2.2. PES Spectra of [F&,Cls—x(SCN)]?". The PES
spectra of the [F£5,Cls—(SCN)]?~ series are shown in
Figure 3 at 193, 266, and 355 nm. The spectra of the mixed-
ligand species are again similar to that of the parent, except
that the binding energies increased wittand the SCN
ligand gave a very prominent PES feature ever atl in
the 193 nm spectra (Figure 3a). Despite the fact that the
binding energies of the SCNeatures were lower than that
of CI~, the SCN ligands seemed to induce a much larger
increase of binding energies in the [BgCl4—x(SCN)J?~

five groups of peaks were observed due to the different complexes. In fact, the 1.84 eV ADE of [[R(SCN)]?" is

numbers of Cf in each species. Varying the molar ratio of
[FesS,Clg)>~ and SCN in the initial solution changed the

(20) (a) Cleland, W. E.; Holtman, D. A.; Sabat, M.; Ibers, J. A.; DeFaotis,
G. C.; Averill, B. A. J. Am. Chem. S0d.983 105 6021-6031. (b)
Wong, G. B.; Bobrik, M. A.; Holm, R. HInorg. Chem.1978 17,
578-584. (c) Que, L.; Bobrik, M. A.; lbers, J. A.; Holm, R. H.
Am. Chem. Sod974 96, 4168-5344.

(21) (a) Que, L.; Anglin, J. R.; Bobrik, M. A.; Davison, A.; Holm, R. H.
J. Am. Chem. Sod974 96, 6042-6048. (b) DePamphilis, B. V.;
Averill, B. A.; Herskovitz, T.; Que, L.; Holm, R. HJ. Am. Chem.
Soc.1974 96, 4159-4167.

(22) Ohno, R.; Ueyama, N.; Nakamura, laorg. Chem1991, 30, 4887
4891.

the highest among all the [F®L )% cubane complexes that
we have examined. In the 266 nm spectra (Figure 3b), high
binding energy features including that due to SCMere
mostly cut off by the RCB. At 355 nm, only the X band
was well observed (Figure 3c), though for 3 the electron
signals became much weaker and the peak position shifted

(23) (a) Wang, L. S.; Ding, C. F.; Wang, X. B.; Nicholas, J.Hhys. Re.
Lett. 1998 81, 2667. (b) Wang, X. B.; Ding, C. F.; Wang, L. Bhys.
Rev. Lett.1998 81, 3351-3354. (c) Wang, X. B.; Wang, L. Sature
(London)1999 400, 245-248. (d) Wang, L. S.; Wang, X. Bl. Phys.
Chem A 200Q 104, 1978-1990.
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Figure 2. Photoelectron spectra of ligand substitution serieg3f&ls—(CN),]?~ (x = 0—4) at (a) 157 nm (7.866 eV), (b) 193 nm (6.424 eV), and (c) 266
nm (4.661 eV).

Figure 3.

Figure 4.
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Photoelectron spectra of ligand substitution series3F&l4—x(SCN)]2~ (x = 0—4) at (a) 193 nm, (b) 266 nm, and (c) 355 nm (3.496 eV).
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Photoelectron spectra of ligand substitution seriesF&ls—x(OAc)]?~ (x = 0—4) at (a) 157 nm, (b) 193 nm, and (c) 266 nm.

o

from 1.88 eV in the 266 nm spectrum to 1.72 eV in the 355 [FesSi(SCN)]? at 355 nm, suggesting this photon energy
nm spectrum, as a result of electron tunneling effect causedwas below the barrier height of the RCB associated with
by the RCB?324No electron signals could be detected for the ground-state transition.
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Figure 5. Photoelectron spectra of ligand substitution seriesJE8Et)—Cl]?~ (x = 0—4) at (a) 193 nm, (b) 266 nm, and (c) 355 nm.
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Figure 6. Photoelectron spectra of ligand substitution seriesJEEE)—x(OPr)J2~ (x = 0—4) at (a) 193 nm, (b) 266 nm, and (c) 355 nm.

3.2.3. PES Spectra of [F&54Cls—«(OAc) > . The PES off by the RCB, but the lower binding energy component
spectra for this series are shown in Figure 4 at 157, 193, was still prominent. At 266 nm (Figure 4c), again most of
and 266 nm. The spectra of the mixed-ligand species arethe higher binding energy bands were cut off due to the RCB
again similar to the parent, and their binding energies also and only the X and A bands were well observed. We note
increase withx. However, the threshold band X, as well as that the 266 nm spectra of [FRCl;—x(OAc)]?  are nearly
the band A, seemed to be broader, in particular, for that of identical with those of [F&5,Cls—x(CN)]?~ (Figure 2c)

x = 4. The features due to the substituent ligand (OAc because they have similar electron binding energies and
(Figure 4a) were not as prominent as those observed for CN similar RCBs.

or SCN- in their respective mixed-ligand spectra primarily 3.2.4. PES Spectra of [F&4(SEt),—xClx]2". The spectra
because the binding energies of the OAigand features  of [Fe,S,(SEt) ,Cl]2~ are shown in Figure 5 at 157, 193,
were similar to that of Cl and they overlapped. The 157 and 266 nm. As expected, the binding energies increase with
nm spectra for thet = 3 and 4 species (Figure 4a) showed the number of Ci ligands. In the 193 nm spectra (Figure
that the OAc ligands gave rise to two broad features at 5g), the Cf feature emerged gradually with the increase of
similar binding energies as expected for CAt 193 nm  gypstitution numbex. The 266 and 355 nm spectra were

(Figure 4b), again there was significant cut off at the high petter resolved, while more and more higher binding energy
binding energy side due to the RCB. The bands due to'OAC features were cut off by the RCB.

became more prominent in the 193 nm spectra, since the 3.2.5. PES Spectra of [F&Ss(SEts(OPN)J2. The
ﬁl‘hfeatu'res., Were more severfelr)]/ influenced by the TCB' The spectra of this series are shown in Figure 6 at 193, 266, and
igher binding energy part of the OAbands was also cut 355 nm. Here the OPrsubstituent ligand was used instead

(24) Wang, X. B.; Ding, C. F.: Wang, L. Shem. Phys. Let.999 307, of the smaller OAc ligand as in [FeSCls(OAC)]*
391-396. because OAct (mass= 59) has a nearly identical mass as

Inorganic Chemistry, Vol. 43, No. 12, 2004 3651
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Table 1. Adiabatic (ADE) and Vertical (VDE) Electron-Binding Energies for the X and A Bands, the Separation betweerBafids Anx—x)),
and the Bandwidth of the X Banddq) from the Photoelectron Spectra of [Sa(L1)s—x(L2)J2~ (All Energies in eV)

ADE VDE(X) VDE(A) Ap—x) Loxd

[FesSiCly] 2~ 0.80(8) 1.01(6) 1.78(6) 0.77 0.21
[FesS4Cl3(CN)2- 0.97(8) 1.17(6) 2.00(6) 0.83 0.20
[FesSiClo(CN),] 2~ 1.09(10) 1.36(8) 2.15(4) 0.79 0.27
[FesS4CI(CN)3] 2~ 1.27(8) 1.53(6) 2.30(6) 0.77 0.26
[FesS4(CN)4J2~ 1.47(11) 1.69(6) 2.46(6) 0.77 0.22
[FesSiCla(SCN)R- 1.06(8) 1.30(5) 2.07(7) 0.77 0.24
[FesSiCl(SCN)2 1.36(9) 1.61(5) 2.31(5) 0.70 0.25
[FesS4CI(SCN)]2~ 1.61(10) 1.88(10) 2.55(6) 0.67 0.27
[FesSa(SCNyJ?~ 1.84(10) 2.10(8) 2.76(5) 0.66 0.26
[FesSiCl3(OAC)2~ 0.93(9) 1.19(7) 1.92(8) 0.73 0.26
[FesSiClo(OAC)) 2~ 1.04(9) 1.29(6) 2.10(8) 0.81 0.25
[FesS4CI(OAC)s] 2~ 1.11(12) 1.48(10) 2.22(6) 0.74 0.37
[FesSu(OAC)s) 2~ 1.18(12) 1.72(8) 2.40(10) 0.68 0.54
[FesSy(SEty]2~ 0.29(8) 0.52(6) 1.20(6) 0.68 0.23
[FesSu(SEtRCI2- 0.41(6) 0.60(8) 1.33(6) 0.73 0.19
[FesSu(SEtRCly)2~ 0.52(8) 0.71(6) 1.43(5) 0.72 0.19
[FesSu(SEL)CE)2~ 0.62(8) 0.82(6) 1.56(6) 0.74 0.20
[FesSu(SEt(OPIR- 0.57(8) 0.75(6) 1.47(8) 0.72 0.18
[FesSu(SEtR(OPrY)2- 0.78(10) 1.03 (8) 1.75(6) 0.72 0.25
[FesSu(SEtL)(OPry)2- 1.01(10) 1.32(6) 2.08(8) 0.76 0.31
[FesSy(OPr)y] 2~ 1.22(12) 1.56(12) 2.34(8) 0.78 0.34

SEt (mss= 61) and would make it very difficult to separate  boxylate-coordinated systems, in particular 4&€60Ac)4]>~
the mixed-ligand [F£5,(SEty—(OAc)J? species from the  and [FaS,(OPr)]*.

parent [FgSy(SEty]>~. OPr (CH;CH,CO,™) should have the ) .

same coordination and influence to the cubane as OAc 4 Discussion

(CHCO,"). Indeed, the PES spectrum of [Sg(OPr)]* 4.1. Intramolecular Coulomb Repulsion and the Re-
(Figure 6a) is identical with that of [E84(OAC)s]*~ (Figure pulsive Coulomb Barrier. All the [4Fe-4S] complexes
4b). We observed that substitution of SEwith OPr- presented in this study are doubly charged and have a strong
systematically increased the electron binding energies of thejntramolecular electrostatic repulsion. As shown previogsly,
mixed-ligand [FeSy(SEth-«(OPr)\>~ species, which allgave  the short-range attraction and long-range Coulomb repulsion
similar PES spectral features. The VDE of the X band was for an outgoing electron create a potential barrier, called
observed to increase from 0.52 to 1.65 eV frems O to 4. repulsive Coulomb barrier, which has profound effects on
Because of reduced mass intensities for higher substitutionthe PES spectra of multiply charged aniéh&!as discussed
numbers in the [F&(SEth-«(OPr)]*~ series, PES spectra  above in comparing the spectra at different photon energies.
were only measured up to= 3 at 266 nm (Figure 6b) and  The RCB prevents electrons with low kinetic energies from
up tox = 2 at 355 nm (Figure 6c). Again cutoff of high  peing emitted, causing the cutoff at the higher binding energy
binding energy features due to the RCB was observed insjde (note that BE= hv — KE) observed in all the PES
each lower photon energy spectrum. The width of the X band spectra in Figures 26. RCB is an important physical
increased in the OP+ligated species and seemed to increase property of a free multiply charged anion and can be
with x, becoming substantially broad in the spectrum of the estimated from the spectral cutoff and by comparing PES
X = 4 species, similar to that observed for the OAc  spectra measured at different photon energfiede reported
substituted species (Figure 4). previously the RCB for [F£5,Cl;]>~ and [FaS,(SEt)]? to
3.2.6. ADEs and VDEs.The ADE and VDE of the be 2.0 and 1.6 eV, respectivélyFrom the data presented
threshold band (X) and the VDE of the second detachmentin Figures 2-4, we estimated the RCB for [F&(CN)4]?",
band (A) for all the species are given in Table 1. Due to the [Fe;Si(SCN)]?, and [FeSy(OAc)4)? to be 2.0, 1.4, and 1.9
lack of vibrational resolution, the ADEs were measured by eV, respectively. These were approximate values. But they
drawing a straight line along the leading edge of the threshold are consistent with the expectation that in general the RCB
band and then adding a constant to the intersection with thedepends on the size of the multiply charged anions or the
binding energy axis to take into account the instrumental separation between the excess chafg§eBhe RCB for
resolution at the given energy range. This procedure was[Fe;S((OPr)]?~ could not be estimated because only the 193
rather approximate, but consistent data were obtained fromnm data were able to be measured, but it was expected to
the spectra taken at different photon energies. The ADEs be the same as that of [[S(OAc)s)?>~. RCBs for the mixed-
reported in Table 1 were determined from the lowest photon ligand complexes were not estimated because of the uncer-
energy spectrum available for each complex because of thetainty in the evaluation procedure. They were expected to
better resolution at lower photon energies. The VDE was fall between those of the two parents= 0 andx = 4).
measured straightforwardly from the peak maximum. The 4.2. Redox Reorganization EnergyThe threshold feature
X bandwidth was also given in Table 1 &gq calculated by X in the PES spectrum corresponds to removing an electron
[VDE(X) — ADE]. In general, the X bandwidth did not vary  from the HOMO of each species. The ADE of the X band
significantly for the different species, except for the car- represents the gas-phase oxidation potential. The width of
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the X band reflects the geometry changes after one electron
is transferred and hence is related to the intrinsic reorganiza- top
tion energy foxd) Upon oxidatior?®> As shown previously?

the values ofloa Can be obtained from the difference
between VDE and ADE of the X band, as given in Table 1.
The loxg Values are almost identical for all the species,
ranging from 0.20 to 0.25 eV, except for the two fully
carboxylate-coordinated complexes. These values are also
similar to our previous report on [F&L4]?~ with L = —SH,
—SEt,—ClI, —Br, and—1. The nearly constant reorganization
energy indicates the stability of the cubane core with respect
to the terminal ligands. It is particularly surprising that even
the mixed-ligand species did not give rise to a substantially
broader X band. Only [ES4(OAc)]?~ and [FeSs(OPr)]%

gave a much broader X band, suggesting a much larger
geometry change upon removing an electron from the
HOMO of the two fully carboxylate-coordinated cubanes.
Preliminary theoretical calculations indicated that structural [Flzigusrf(zl) ((E))]Szehig])a%v gf}\;eféffrir:gégll Zﬂzﬁf ftfrJ]re asmiirfecd(;ltijgﬁgd (i:r?tt)r?ge
|some.rs may_ eX'SF with the Carngyl_ate Coor(‘:llnated cubanes[4?e_4slllf cjban.e core. They large arrows repgresentpﬁwmdjo?ity-gspin
(Shugiang Niu, private communications), which could be an electrons on each Fe, and the small arrows represent a single minority-spin
alternative explanation for the broad X band in these species.electron delocalized over two Fe centers in each layer.

4.3. Electronic Structure of the Mixed-Ligand Cubane.

Our recent PES work on a series of cubane analogue
complexes, [F£4L,4]% with L = —SH, —SEt, —ClI, —Br,

and —I, as well as the Se-substituted cubane complékes,
confirmed the two-layer “inverted level scheme” based on
the broken symmetry DFT calculations for the electronic
structure of the cubané®:¢In the mixed-ligand complexes,
[FesSu(L1)x(L2)a—]?", because of the asymmetry induced by
the two different ligands, Land Ly, it was not clear if the
two-layer “inverted level” scheme would still be applicable.
The asymmetry of the ligand environment makes the two
sublayers nonequivalent and can cause an energetic shift o
the two sublayers, as schematically shown in Figure 7. This
shift should be reflected in the width of the X band, which
is due to removal of the two minority electrons.

Our PES spectra (Figures-B) showed that all the mixed-
ligand cubanes gave spectral features nearly identical with
those of the parents except for the systematic increase in
binding energies and the additional ligand-induced bands at
higher binding energies. In particular, the spectral features
in the lower binding energy side were almost identical in all
the cubane complexes. Even the separation between the )%
and A bands was nearly identical in all the spectra, as shown
in Table 1. The fact that the X bandwidth is also nearly
identical suggested that the asymmetry of the coordination
environment in the mixed-ligand cubane was not significant

enough to Cha’.‘ge the relative energies of the two Ia.ye.rs'against the substitution numberWe found that the binding
These observations suggested that while the electron bmdmgenergy of the mixed-ligand complex, [Ea(L1)s_x(Lo)]?
- ’ 1)4—x\L-2)x. ’

energies (oxidation potentials) of the cubane complexes are_. o pe expressed as
very sensitive to the terminal ligands, the electronic structures
entailed in the two-layer “inverted level scheme” are not BE = BE, + yx (6)
sensitive to the terminal ligand environment, further evidence
for the robustness of the cubane as a structural and functionalvhere BE is the binding energy of [R&4(L1)s% (x = 0)
unit. andy is the slope.
: The linear relationship suggests that each of the four

(29) erﬁggﬁuﬁeﬁ'k\.’;\’s{l‘i%kl';r%‘FE?%T@?WS;?O&&%& ﬁ?séﬁ?_?fhztén_ terminal ligands contribute to the total binding energy of the

berger, D. L.J. Phys. Chem. 002 106, 7593-7598. cubane complex independently and additively. Therefore, the
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4.4. Influence of the Terminal Ligands on the Intrinsic
Redox Properties of the Cubane Although the terminal
ligands do not seem to change the electronic structures of
the cubane significantly, they do have dramatic effects on
the electron binding energies of the cubane, which are related
to the intrinsic redox properties of the cubane complexes.
Our previous study showed that the electron-binding energies
of the cubane are strongly dependent on the terminal ligands
and are related to the electron-donating or -withdrawing
capability of the terminal ligand$. The HOMO of the
{Fe484L4 2~ complex consists of FeFe bonding and FeL
antibonding interactions. Strong electron donors, such as
SEt and SH, destabilize the HOMO, resulting in much
lower electron binding energies, whereas the halogen ligands
are strong electron-withdrawing ligands and their cubane
complexes all have rather high electron-binding energies. The
same trend was observed in the current study, both &id
SCN™ are strong electron-withdrawing ligands and they
significantly increase the electron-binding energies of the
cubane complexes.

4.4.1. Observation of Linear Relations of Binding
nergies vs x in Fe;Sy(L1)a—x(L2)x]?>". An interesting
observation in this study is the linear relationship between
the electron-binding energies and the substitution number
(X) in the mixed-ligand cubanes, as shown in Figure 8, where
the ADE and the VDE of both the X and A bands are plotted
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Figure 8. Linear relationships of binding energies [ADE, VDE(X), VDE(A)] with substitution numbefa) [FeSiCla—x(CN)J%"; (b) [FesS4Cla—x(SCN)]Z;
(c) [FesSu(SEty—«CI2™; (d) [FesS4Cla—x(OAC)]Z; (e) [FesSu(SEty—«(OPr)]2~. The solid lines are from linear fittings.

BE can be written as species, [FES(SCHPh)-«CL]>~ and [FaSi(SCHPh)_
(OAcC),J? with x=1—-427 It was found that each substitution
by CI~ or OAc™ induced a positive reduction potential shift
by about 100 meV; i.e., a linear relationship between the
reduction potentials and was observed in the two mixed-
ligand complexes. This observation is very similar to our
observation in the gas phase for the electron binding energies
(oxidation potentials) of the mixed-ligand cubane complexes.
BE = BE, + 49, + (0, — 0,) (8) The solution results concerned a reduction of-acibane

to a 3— cubane, which involved addition of an electron to
Comparing egs 6 and 8, we see that the slpmmuals to the LUMO of the 2- cubane complexes, whereas the gas-
(62 — 01), i.e., the difference of the contributions to the phase data were about the oxidation ef 2ubanes to %,

BE = BE, + (4 — X)d, + X0, @)

where B is the electron-binding energy of the bare cubane
core [FaS4)?" andd; andd, are contributions to the binding
energy from ligands Land Ly, respectively. Equation 7 can
be rearranged as

binding energy by ligandsdand Ls. which involved removal of an electron from the HOMO.
We obtained the following slopes from Figure 8:n- — However, as our PES results have shown, all the molecular
Ocr- = 0.16 eV,dscn — dci- = 0.26 eV,0c — Oser = orbitals of the cubane complexes rigidly shift with the

0.13 eV,00ac — 0ci- = 0.15 eV, andopr — Oser = 0.27 terminal ligands. We expect that the LUMO of the cubane
eV for both the VDE(X) and VDE(A) curves. The same slope should shift accordingly. Thus, similar linear behaviors
was found for the ADE curves of the CIKCI~, SCN/CI~, between our gas phase data and the solution phase redox
and SEt/CI~ systems as the VDE curves. But the ADE potentials suggest that our gas-phase data can be reliably
curves for the OAT/CI- and OPT/SEt systems gave used to extrapolate to behaviors in solution for the mixed-
different slopes from the VDE curvedpoac — 0c- = 0.10 ligand complexes. These results give the intrinsic redox
eV andoopr — 0ser = 0.22 eV, as can be seen clearly from potentials of the cubane complexes and provide an experi-
Figure 8d,e. This was caused by the broadening of the X mental basis to partition the intrinsic and extrinsic factors
band in the carboxylate-coordinated complexes. to the redox potentials in solution.

Thus, if the binding energies of two cubane complexes, The independent contribution of ligand toward the redox
[FesSy(L1)4)?> and [FeSy(L2)4)?, are known, one can predict  potentials of transition metal complexes, i.e., the “ligand
the binding energies of the;lL, mixed-ligand complexes,  additivity” model, has been well documented in inorganic
[FesSu(L1)s—x(L2)J?", because the slope can be calculated: chemistry, albeit mostly for mononuclear redox speéfes.

02 — 01 = (BE; — BEy)/4. For example, from the known  The “ligand additivity” toward the redox potential of the
VDEs for [F&S,Cls]?>~ (1.00 eV) and [Fg5414]% (1.66 eV), [4Fe-4S] complexes confirms further the robustness of the
we can predict the VDEs for the three mixed-ligand [4Fe-4S] cubane as a structural and functional unit. It shows
complexes, [F£5,Clal] 2, [FesS4Clal2)%~, and [FeS,Clls]?,
to be 1.16, 1.33, and 1.49 eV, respectively. These predicted(26) (ag Holm, R. H.Adv. Inorg. Chem.1992 38, 1—72. (b) Zhou, C.;

Im, R. H. Inorg. Chem.1997, 36, 4066-4077. (c) Zhou, J.;
values are indeed in good agreement with our experimental  Raebiger, J. W.; Crawford, C. A.; Holm, R. B. Am. Che. Sod.997,

measurements (not shown). 119 6242-6250. (d) Zhou, J.; Hu, Z.; Munck, E.; Holm, R. K.
; ; ; e Am. Chem. Socl996 118 1966-1980. (e) Ciurli, S.; Carrie, M.;
_4.4.2. Comparl_son W|th Redox Potenngls of Mixed Weigel, J. A.; Carney, M. J.. Stack, T. D. P.. Papaefthymiou, G. C..
Ligand Cubanes in Solution.Redox potentials are known Holm, R. H.J. Am. Chem. S0d.99Q 112, 2654-2664.

for many cubane complexes with four identical ligaRtf:26 @) 332230” R. W, Holm, R. H. Am. Chem. Sod978 100, 5338~
Redox potentials for some mixed-ligand complexes are also 2g) (a) Treichel, P. M.; Durren, G. E.; Mueh, H.J.Organomet. Chem
known?’ For example, ligand substitution reactions between 1972, 44, 339-344. (b) Pickett, C. J.; Pletcher, D.Jl. Organomet.

_ Chem 1975 102 327-333. (c) Sarapu, A.; Fenske, R.IRorg. Chem
[FesSu(SCHPh)]?~ and CHCOCI and (CHCO)O were 1975 14, 247-253. (d) Lever, A. B. Plnorg. Chem199Q 29, 1271~
studied to give two series of mixed-ligand substitution 1285.
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that the terminal ligands act as perturbations on the electronicA linear relationship was observed for each mixed-ligand
structure of the cubane. system between the electron-binding energies and the
substitution number, suggesting that the contribution of each
ligand toward the electron-binding energy of the cubane is
Using electrospray and photoelectron spectroscopy, weindependent and additive. This observation was consistent
were able to select species from an equilibrium solution of with previous observations of redox potentials in solution
mixed cubane complexes, [B(L1)s—x(L2)J%", and study  of mixed-ligand cubanes. The linear relationship reveals the
their electronic structures in the gas phase in a ligand-specificelectrostatic nature of the interaction between the cubane and
fashion. This technique avoided the influence of the solvation the terminal ligands and validates the approach to partition
effects so that the changes of the intrinsic electronic structurethe extrinsic contributions to the cubane redox potentials due
due to sequential substitution and asymmetric terminal ligand to different environmental factors.
coordination were studied systematically. PES data were . . .
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spectra showed that the electronic structure of the mixed-
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