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Abstract

Many electron transfer centers in biology involve metal complexes, that exhibit unique
spectral features. These reflect highly covalent electronic structures, which contribute to the
electron transfer function of the protein. The blue copper center has a highly covalent
copper—thiolate bond, which promotes long range electron transfer. The Cu, center is a
mixed valence binuclear complex that is completely delocalized even in low symmetry protein

* Corresponding author. Tel.: + 1-650-7239104; fax: + 1-650-7250259.
E-mail address: edward.solomon@stanford.edu (E.I. Solomon).

0010-8545/00/$ - see front matter © 2000 Elsevier Science S.A. All rights reserved.
PII: S0010-8545(00)00332-5



596 E.I. Solomon et al. / Coordination Chemistry Reviews 200—202 (2000) 595-632

environments. The [2Fe-2S] center is valence localized in the mixed valence Fe(III)Fe(II)
oxidation state, while the mixed valence [2Fe-2S] sub-sites in [4Fe—4S] clusters are completely
valence delocalized. Factors which contribute to electron localization/delocalization in these
mixed valence sites are experimentally evaluated using a variety of spectroscopic and
electronic structural methods. These include the very powerful technique of ligand K-edge
X-ray absorption spectroscopy for determining the covalency of ligand-metal bonds. © 2000
Elsevier Science S.A. All rights reserved.

Keywords: Electron transfer; Copper proteins; Iron—sulfur clusters; Mixed valence compounds; Double
exchange; Ligand K-edge X-ray absorption spectroscopy

1. Introduction

Electron transfer (ET) is an integral component in a diverse range of important
biological functions including photosynthesis, respiration, and nitrogen fixation.
Biological ET can involve transferring electrons between proteins (interprotein ET)
[1] or between redox centers within a protein (intraprotein ET) [2]. Summarized in
Fig. 1 are representative active sites of several classes of ET metalloproteins. The
mononuclear blue Cu center found in the plastocyanins and azurins has a Cu ion
in a trigonally distorted tetrahedral environment [3—5]. The trigonal plane contains
a CysS ligand with a very short ca. 2.1 A S—Cu(Il) bond and two HisN ligands
exhibiting bond lengths of ca. 1.9 A and are in the normal range of N-Cu(Il)
bonds. The axial ligand is usually a MetS with an exceptionally long ca. 2.9 A Cu-S
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Fig. 1. Cu and FeS electron transfer centers. (A) mononuclear blue Cu center, (B) binuclear Cu, center,
(C) mononuclear rubredoxin center, (D) binuclear [2Fe-2S] ferredoxin, (E) trinuclear [3Fe—4S] ferre-
doxin, (F) tetranuclear [4Fe-4S] ferredoxin (or HiPIP).
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bond. Several perturbed blue Cu centers exist in which the axial MetS—Cu bond is
shorter and the geometry is distorted, or where this ligand is substituted. The
binuclear Cu, site [6] found in cytochrome ¢ oxidase (COX) and nitrous oxide
reductase is a completely delocalized mixed valence binuclear center [7,8] (class III
mixed valence in the Robin and Day scheme [9]) in its oxidized state with two
Cu'+ separated by ca. 2.4 A [10,11] and bridged by two CysS [12—16]. Again the
Cu sites are in an approximately trigonal coordination environment with the third
ligand in the equatorial plane being a HisN. The axial ligand on one Cu is MetS
and on the second Cu is a carbonyl oxygen of a backbone amide (the side-chain is
Glu in COX). Important questions for this site have been whether a Cu—Cu bond
is present and how this site remains delocalized in low-symmetry protein
environments.

Common iron sulfur (Fe-S) centers [6,17-20] involved in ET have either one Fe
with four CysS ligands in a distorted tetrahedral environment (rubredoxin), or two,
three, or four Fe clusters (ferredoxins and high potential iron proteins—HiPIPs)
with p, and/or p, sulfide bridges and CysS ligands to complete the tetrahedral Fe
coordination sphere. The iron-sulfur bond lengths in the Fe-S clusters show
considerable variation; there is a large distribution for each site and among the
Fe-S clusters from different organisms. The Fe—cysteine bond length ranges are:
2.2-2.3 A in rubredoxins, 2.3-2.4 A in [2Fe-2S], and 2.2-2.3 A in [4Fe—4S];
whereas the bond lengths to the bridging sulfides are 2.1 Ain [2Fe-2S] and 2.2-2.3
A in [4Fe—4S]. The distance between two iron centers is 2.70 A in both the dimers
and tetramers; there is a slight variation in the Fe—Fe distance in [4Fe—4S] clusters
depending on the oxidation state [21]. In the binuclear iron—sulfur clusters the two
iron centers are antiferromagnetically coupled [22-27] in both redox forms: the
homovalent oxidized (Fe(III)Fe(I1I)) and the mixed valence reduced (Fe(IIT)Fe(II))
states. In the mixed valence form of the dimeric clusters the extra electron is
localized on one iron center [24] (class II mixed valence [9]). In contrast, in the
trinuclear and tetranuclear iron—sulfur clusters the excess electron in the mixed
valence forms is delocalized over a pair of two iron centers (class III mixed valence
[9]). This delocalization leads to a net ferromagnetic interaction between the two
iron ions via a double exchange mechanism (vide infra) [28,29]. Finally, the most
common heme ET centers are cytochromes 4 and c¢. In the former, protoporphyrin
IX is non-covalently linked to the protein, while in the latter this heme prosthetic
group is covalently bound to the protein through thioether linkages. There are
different axial ligands in the different cytochromes, the most common being
HisN/MetS in cytochrome ¢ and two HisN in cytochrome b [30]. Good reviews
exist for heme ET sites [31-36]. Here we focus on the electronic structures of the
Cu and Fe-S ET sites and their effects on reactivity.

Electronic structure contributes to the reactivity of ET sites through its effects on
the thermodynamics (i.e. reduction potentials, £°) and kinetics (kgr) of ET. The
potentials will have contributions from both the protein environment (dielectric,
dipole orientation, H-bonds, etc. [37-46]) and the ionization energy of the active
site. The latter is determined by the active site electronic structure and specifically
the nature and geometric orientation of the ligand—-metal and metal-metal bonds.
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These interactions can affect the effective nuclear charge on the metal ion, the
energy of the redox active valence orbital and electronic relaxation, all making
significant contributions to E° [38]. According to Marcus theory [47], the semi-clas-
sical rate of long range ET contains three terms: (1) AG', the thermodynamic
driving force, which depends on the difference in the reduction potentials (E°) of
the electron acceptor and donor; (2) the through protein electronic coupling
between the donor and acceptor (Hpyu); and (3) the reorganization energy associ-
ated with the active site geometry change (4;,..,) and reorientation of the solvent
dipoles (Agyers Where 4= Ainer + Aouter) With redox. Marcus and co-workers deter-
mined the functional dependence of these influences [47]:

_ / b ) ) (AGT + 2)?
kgr = m (HDA)2 CXP[—W} (1)

Here kgT represents the thermal energy. The exponential in this equation is
maximized when (AG' + 1) is minimized. Since the thermodynamic driving force
(AGY) for many biological ET processes is relatively small, it is important that the
reorganization energy (4) be small as well. In fact, all the ET sites in Fig. 1 show
little geometry change upon oxidation and therefore have low Frank—Condon
barriers to ET. In some cases (e.g. the blue Cu center), the high anisotropic
covalency of a specific ligand—metal bond provides very efficient electronic coupling
(Hpa) for long range ET [48]. In all cases, the ligation and environment tune the
potentials to function in the appropriate physiological range.

These ET active sites are all known to exhibit unique spectral features. These
reflect novel electronic structures that can make significant contributions to reactiv-
ity [49]. The blue Cu sites generally show a very small parallel hyperfine splitting in
the EPR spectrum and intense CysS 1 —-HOMO charge transfer (CT) transition in
the absorption spectrum [50]. Both reflect high anisotropic covalency of the
thiolate—-Cu bond (vide infra). The oxidized Cu, center has an EPR signal with
equal hyperfine coupling to both Cu centers [7,8,51] (class 11T delocalized [9]). This
center exhibits intense absorption bands at ca. 800 nm and two bands centered at
500 nm, the former is the \y - \/* transition of the metal-metal bond and the latter
are CysS — Cu CT transitions that reflect the orientation of the redox active orbital
(vide infra) [52,53]. The iron—sulfur centers have intense absorption features due to
sulfur ligation [18], which make them difficult to study by traditional spectroscopic
methods and EPR properties which in the monomer reflect a highly covalent
thiolate—Fe(I1T) bond [54]. In the multinuclear Fe-S clusters these spectral features
reflect interactions between the irons due to a competition between super-exchange
and double-exchange [26,27]. Finally, for the cytochromes, the ground state proper-
ties are dominated by the large splitting of the dm orbitals [55-57], and the
absorption spectra are dominated by intense © —n* and Fe—porphyrin CT transi-
tions [32,58], where the latter reflects high delocalization of the d orbitals onto the
porphyrin ligand.

Using a multifaceted spectroscopic approach augmented by electronic structure
calculations, an understanding of the unique electronic structures of the metallo-
protein active sites in Fig. 1 has been developed, that provides insight into
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electronic structure contributions to their ET properties. Furthermore, there has
been of significant interest in the possible role of the protein in determining the
geometric and electronic structure of these active sites. This relates to the concept
of the entatic [59] or rack-induced [60] state in bioinorganic chemistry, where it has
been proposed that the protein environment can place constraints on the active site
complex to activate it for reactivity. Note that some controversy exists in the usage
of these two terms [59,61,62]. Here we review the present understanding of the
electronic structure contributions to ET reactivity (E® and kgp) and the role of the
protein in affecting active site geometric and electronic structure. The following
topics in metalloprotein ET are considered: (1) the electronic structures of per-
turbed blue Cu centers and the role of the protein in determining their geometric
structure in relation to ‘classic’ blue Cu proteins like plastocyanin and azurin; (2)
the contributions of direct metal-metal bonding and superexchange to the elec-
tronic structure of the Cu, centers and their contributions to reactivity; (3) the
origin of electron localization in the mixed valence two Fe ferredoxins in contrast
to the delocalization in a binuclear Fe(2.5)*Fe(2.5)" reference compound; and (4)
the use of sulfur K-edge X-ray absorption spectroscopy (XAS) to elucidate the
electronic structures of the one, two, and four Fe-S centers to determine the origin
of delocalization in the mixed valence four iron centers compared to localization in
the mixed valence two iron centers.

2. Mononuclear Cu ET centers

2.1. Classic blue copper sites

The unique spectral features of the classic blue copper sites in plastocyanin and
azurin have been shown to reflect a novel electronic structure that plays a key role
in the long range electron transfer properties of these proteins. These have been
reviewed in Ref. [50] and are only briefly summarized here. As shown in Fig. 1(A),
the prototypical blue Cu protein, plastocyanin, has a ca. C;,-distorted tetrahedral
rather than the tetragonal geometry usually observed for Cu(Il) complexes (due to
the Jahn—Teller effect). The site is characterized by a short thiolate bond (CysS—Cu
ca.2.1 A)and a long thioether bond (MetS—Cu ca. 2.9 A) [63]. Associated with this
unusual geometric structure is an inverted charge transfer spectrum with a low-en-
ergy, intense cysteine St — Cu x2 — y? (axes defined in Fig. 6) transition and a high
energy, weak CysSc — Cu x2 — y? transition (Fig. 2) [50,64], as well as a very small
parallel hyperfine splitting (4)) in the EPR spectrum (<90 x 10~* cm~") [65].
These should be compared to the spectral features of normal tetragonal Cu(Il)
complexes ([Cu(tetb)(o-SC;H,CO,)] with tetb = rac-5,7,7,12,14,14-hexamethyl-
1,4,8,11-tetraazocyclotetradecane, as an example [66]) where the higher energy
thiolate o-Cu(Il) charge transfer transition is intense and the lower energy charge
transfer transition is weak (Fig. 2), and the value of 4 is much larger (> 150 x
10=% cm™1).
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Fig. 2. Comparison of the absorption spectrum of the blue copper site in plastocyanin (thick trace) to
the normal Cu(II)-thiolate model complex tetb (thin trace, from Ref. [66]) showing the inverted n/c CT
intensity pattern of plastocyanin.

The unique spectral features of the blue copper site derive from the highly
covalent nature and orientation of the thiolate—Cu bond. The inverted ©t/c intensity
pattern demonstrates that the half-occupied x? — y2 HOMO of the oxidized site has
significant overlap with the St MO (perpendicular to the Cu-S—C plane) and little
overlap with the So MO (in the Cu-S—C plane). This experimentally demonstrates
that the x> — y> HOMO is oriented such that its lobes are bisected by the CysS—Cu
bond [50], consistent with the results derived from electronic structure calculations
[67—-71]. The covalency of this interaction can be directly evaluated through sulfur
K-edge X-ray absorption spectroscopy (XAS) (Fig. 3(A)) [72], where the intensity
of the sulfur K pre-edge feature at ca. 2470 eV (a S 1s— 3p electronic transition)
reflects the amount of S 3p character in the half-occupied Cu x> — y? orbital. The
blue copper site has a very intense pre-edge feature relative to that of the tetb model
complex, which has a normal thiolate-Cu(II) bond at 2.36 A [66]. This experiment
quantifies the Cys Sm character in the Cu(Il) x> — y? orbital at 38% [73]. The
complementary Cu L-edge XAS experiment (Fig. 3(B)) probes the Cu d character
in the HOMO through the analysis of the Cu 2p — 3d transition intensity at ca. 930
eV. This experiment also points to a highly covalent site since less intense Cu d
character is observed in the HOMO of plastocyanin (42%) relative to that of
normal tetragonal Cu complexes (ca. 60—70%) [74].

The covalency of the blue Cu site quantified in these experiments provides strong
electronic coupling (Hp,) into protein pathways for rapid long-range ET. Newton
has shown the electronic coupling depends on «;, which is the wavefunction
coefficient of the ligand orbital in the redox active orbital Yiiomo=
/1 —o?metaly — a|ligand ) [75,76] and a function which depends upon the remain-
der of the donor—acceptor bridge, denoted here as f(rpu):

Hpa ooy f(rpa) 2
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Fig. 3. XAS of plastocyanin at different energies. (A) S K-edge compared to tetb model complex and (B)
Cu L-edge compared to [CuCl,]*> .

The exact form of f(rp,) depends on the model used for long range electron
transfer, i.e. through bond or through space pathways, etc. [77—80]. Since the ET
rate, kg, depends quadratically on Hp, [47], the large anisotropic CysS covalency

His 37 . Adjacent
O . 42% Cu  ET site

38% Spr

Fig. 4. Redox active orbital in plastocyanin showing the large anisotropic covalency of the Cu thiolate
m interaction that activates the remote site (ca. 13 A from the blue copper center) for electron transfer.
The half-occupied HOMO is oriented with the x2— y? orbital in the (Cu)(HisN),CysS plane and the
MetS is approximately perpendicular to this plane and along the z-axis.
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experimentally observed in the blue Cu center can dramatically affect ET rates [48].
As shown in Fig. 4 the large covalent interaction of the Cu x* — y? orbital with the
thiolate m orbital produces a very efficient hole super-exchange mechanism [81] for
rapid ET through the Cys-Tyr pathway in plastocyanin (or a Cys-His pathway in
the multicopper oxidases and nitrite reductases) to a remote acceptor site ca. 13 A
from the blue Cu center.

Photoelectron spectroscopic (PES) studies on reduced d'° blue copper relevant
sites probing unconstrained Cu-ligand interactions [82] have indicated that the
long thioether S—Cu(I) bond is imposed on the blue copper active site by the protein
(2.9 versus 2.3 A for a normal thioether—Cu(I) bond). In fact, a search of high
quality structures (R = 10%) in the Cambridge Structural Database [§83] reveals that
an average thioether-Cu(I) bond is ca. 2.324+0.14 A in predominantly four
coordinate complexes with N,S, or S, ligation (Fig. 5). The long MetS—Cu distance
in the blue Cu active site would, therefore, implicate an entatic or rack-induced
state for the reduced site, rather than the oxidized site as had generally been
considered [59,60]. Querying the CSD for an average axial Cu(Il)-thioether dis-
tance gives a value of 2.68 +0.16 A, which is much closer to the 2.8 A distance
observed in the oxidized blue Cu site. The long thioether decreases its donor
interaction with the copper, which is partially compensated by the short, strong Cys
thiolate—-Cu bond (Fig. 6(A)). This combination of geometric distortions removes
the electronic degeneracy of the Cu xy and x? — y? orbitals in the oxidized site and
thus eliminates the Jahn—Teller distorting force (i.e. electronic—nuclear coupling
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Fig. 5. Histogram of all Cu(I)-thioether and axial Cu(II)-thioether distances in model complexes in the
Cambridge Structural Database [83]. The average thioether Cu(I)-S distance is 2.32 A, while the average
for Cu(Il)-S(axial) is 2.68 A; these averages are indicated on the graph. For Cu(I) the ligation spheres
are N,S, or S,. Similar liganding atoms are in the Cu(Il) ligation spheres. The solid lines are cubic spline
fits of the histogram data and the dashed line is the cumulative integral, i.e. 97% of the Cu(I)-thioether
distances are less than 2.45 A. The one Cu(I) compound with R(Cu-S) ca. 2.6 A (marked with **)
involves a thioether fragment bridging two Cu centers [84].
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Fig. 6. Axial ligand effects on the electronic structure of blue Cu sites. (A) Thiolate charge donation
compensates for decreased axial thioether donor interaction [85]. (B) Elimination of Jahn-Teller
distortions in blue Cu sites: geometric distortion in (A) generates an electronic structure where x2 — 2
and xy splitting is 10800 cm ~' from low temperature MCD.

between these orbitals) that would typically be present in normal Cu(Il) complexes
and that leads to their tetragonal geometry [82]. A large ligand field splitting of
these orbitals (ca. 10800 cm ~') is directly observed in the low-temperature MCD
spectrum (Fig. 6(B)) [68,69,86]. This combination of long thioether and short
thiolate bonds removes the Jahn—Teller force from the Cu(Il) site and precludes a
tetragonal distortion upon oxidation. The site, therefore, has a low reorganization
energy (Linne) for ET, and it appears unnecessary for the protein to enforce the
reduced geometry on the oxidized blue Cu center.

2.2. Perturbed blue Cu centers

The above description has lead to a coupled distortion model where the long
thioether is associated with the short thiolate and together these eliminate the JT
tetragonal distortion of the Cu site [69,87,88]. This coupled distortion model of the
blue copper site is strongly supported by recent spectral studies on perturbed blue
copper centers [87]. Proteins, such as cucumber basic protein (also called planta-
cyanin), Achromobacter cycloclastes nitrite reductase (NiR), and stellacyanin, ex-
hibit perturbed spectral features relative to those of plastocyanin and azurin,
including increased absorption spectral intensity at 450 nm at the expense of the
600 nm band and rhombic EPR spectra [89-92]. It is clear that stronger axial
interactions are a critical distinguishing feature of the active sites of these proteins
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relative to plastocyanin. Also, these proteins divide into two different classes. In
one class the axial Met ligand is replaced by a stronger field ligand (e.g. Gln in
stellacyanin [93] and the M121Q mutant of Alcalagenes denitrificans azurin [94]),
which distorts the site by shifting the Cu out of the HisN,CysS plane to produce a
more tetrahedral geometry. This is revealed by shifts in the ligand field transitions
in the MCD spectrum to lower energy by ca. 1000 cm ~ ' relative to plastocyanin
[87].

The second class has the same ligand set as plastocyanin and azurin (i.e. axial
MetS) yet exhibits dramatic spectral changes, including a transition from a blue to
a green protein solution, over the series: plastocyanin — cucumber basic protein —
NiR [87]. As shown in Fig. 7(A), these spectral changes correspond to a decrease in
the CysS n— Cu x2? — y? and increase in the CysS ¢ — Cu x2 — y? charge transfer
transition intensities. This indicates that the half-occupied x2 — y? orbital is rotating
from a m to o interaction with the thiolate ligand, which is also supported by
density functional calculations (Fig. 7(B)) [87,95]. From low temperature MCD
spectra (Fig. 7(C)) [87], we observe that this dramatic spectral change is associated
with a shift in the ligand field transitions to higher energy corresponding to a
tetragonal distortion (rather than a tetrahedral distortion, as has been proposed
[96,97]) of the ligand field of the blue copper site in going to nitrite reductase. From
the crystallographic results summarized in Fig. 7(D) and (E) [63,98,99], on going
from plastocyanin to cucumber basic blue to nitrite reductase the thioether S—Cu
bond decreases by 0.3 A and the thiolate S-Cu bond increases by >0.1 A. The
weakening of the thiolate—Cu interaction along this series is also quantified by
decreases in the Cu—S(Cys) stretching frequency in the resonance Raman spectrum
[100,101]. Further, the CysS—Cu—MetS plane rotates relative to the HisN-Cu—-HisN
plane in a Jahn-Teller type ca. ¢(u) distortion toward a more tetragonal geometry.
The reduction potential along this series decreases form ca. 370 mV in plastocyanin
to ca. 320 mV in cucumber basic protein to ca. 240 mV in NiR. This is consistent
with the tetragonal geometric distortion across this series, though it is clear that
other effects of the protein environment will also influence E°. In summary, these
perturbed blue copper sites with the same ligand set as plastocyanin demonstrate
that the protein does indeed contribute to the geometry of the site through the
effects of a coupled distortion in which a stronger axial MetS—Cu interaction
produces a weaker Cys—S—Cu bond which together result in a tetragonal Jahn-—
Teller distortion of the site [87].

3. The mixed valence binuclear Cu, center

The remaining class of copper containing ET sites is the binuclear Cu, center [6],
which uses the Cu(1.5)Cu(1.5)/Cu(I)Cu(I) redox couple and is found in both
cytochrome ¢ oxidase (COX) and nitrous oxide reductase (N,OR) [102,103]. In the
transmembrane COX protein system, the Cu, center is involved in both inter- and
intraprotein ET. Cu, receives electrons from cytosol soluble cytochrome ¢ and
rapidly passes these to the heme « center, which then transfers electrons to the
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Fig. 7. Continuum of a coupled tetragonal distortion in a series of perturbed blue Cu proteins. (A)
Low-temperature absorption spectra showing redistribution of spectral intensity in CysS © and ¢ CT
bands. (B) Redox active orbitals calculated with Xa-SW showing rotation from n-type interaction in
plastocyanin to ¢ (+ 1) mixture in nitrite reductase. (C) MCD spectra showing a shift of the ligand field
transitions to higher energy indicating a tetragonal distortion. (D) Crystal structures showing contrac-
tion of MetS-Cu bond associated with elongation of the CysS—Cu(Il) bond and tetragonal e(u)-like
mode Jahn-Teller distortion (E).

catalytic heme a;/Cuy center where O, is reduced [104,105]. The Cu, center in
N,OR is presumed to be involved in an analogous ET function, though the details
are less well defined [103,106,107]. As shown in Fig. 1(B), the Cu, center [12-16]
contains a planar ‘diamond core’ containing two copper ions at a Cu—-Cu distance
of ca. 2.4 A [10,11] bridged by two p, S-Cys thiolates. EPR studies by Kroneck,
Antholine and co-workers [7,8,51] first demonstrated that the oxidized site was
completely delocalized by observing seven hyperfine-split resonances at g, consis-
tent with a dimer of /= 3/2 Cu nuclei. This delocalization is of key importance in
Cu, and significantly contributes to the redox properties of the site (vide infra) [52].
Here we focus on defining the contributions to electronic delocalization.
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As shown in Fig. 8, the origin of electron delocalization in a mixed valence
system is the bonding interaction (direct and indirect) between the valence d
orbitals of the two copper ions. In Cu,, only one set of Cu d orbitals is involved
in this interaction, since all orbitals but one are completely occupied (i.e. the
oxidized center has 19 electrons occupying the ten d orbitals of the two copper
ions). In such a dimer, the valence d orbitals split into pairs with phases that are
bonding and antibonding with respect to metal-metal interactions (whether or not
such interactions are actually present) [108]. In oxidized Cu, with one hole
delocalized between the two centers an intense electronic transition, referred to as
Y —>\*, can be observed from a filled MO to the higher energy partner of the
dimer-split pair. From Fig. 8 the \y —» \/* transition energy gives an experimental
value for the electronic coupling matrix element between the two Cu ions, 2H,p
[109,110], that is responsible for the electronic delocalization [111].

Two types of electronic interactions contribute to 2H,p: those involving the
bridging ligands via an indirect superexchange pathway [112] and those involving
direct metal orbital overlap via a metal-metal bond. The relative contributions of
these two interactions to the Cu, electronic structure have been evaluated through
parallel spectral studies on the Cu, site (from a soluble cytochrome ¢ oxidase
domain [113] or in the engineered blue Cu proteins P.a. azurin [114] and T.v.
amicyanin [115]) and the mixed valence (MV) model complex of Tolman et al.
[116]. The model system exhibits complete electron delocalization, but its Cu—Cu
distance of 2.9 A (Chart I) precludes a direct metal-metal bonding contribution to
Hagp.

2.92A
A o
Cu Cu
Nea N (Chart 1)
Fig. 9 compares the electronic absorption and low temperature MCD spectra of the
MYV model to the spectra of a homovalent Cu(Il), analog [52,117]. The intense

transition at 5560 ¢cm ~!, which is present only in the MV model and not the
homovalent analog, can be assigned as the | — * transition and quantitates the

¥ ,f—‘l_ll_\'\ 2Hap {gﬁzgfu
o ]
Cu, / \ Cup
0 Cg:‘:-’; i \ o
\.\ L ,«'f
\.\‘r B, f/,-’

Fig. 8. Splitting of metal d orbitals in a binuclear metal complex due to a combination of superexchange
through bridging ligands and direct orbital overlap and the associated y—\* transition.
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Fig. 9. Assignment of y—\* transition in the MV model complex. Comparison of low-temperature
MCD (top) and absorption (bottom) spectra for the mixed valence model complex (solid lines) and the
homovalent model complex (dashed lines) reveals the y—\* band at 5560 cm ~ ! that is present only in
the MV complex.

electronic coupling in Fig. 8. Because of the long Cu—Cu distance, the measured
value of 2H 5 (5560 cm ') for the MV model can be associated only with the
superexchange pathways of the bridging thiolates. For the Cu, site, resonance
Raman excitation profiles of the accordion bending mode at ca. 130 cm ~' [118,119]
that involves motion of the Cu nuclei of the Cu,S, core, facilitate the assignment of
the intense low energy (13400 cm ~') band in the Cu, absorption spectrum (Fig.
10(A)) as the [y > \* transition [52]. The |y — * transition, which defines 2H
[109,110], has shifted up in energy in the Cu, site, relative to the MV model by
7800 cm !, Parallel sulfur K-edge studies revealed similar pre-edge absorption
intensities for both Cu, and MV model, Fig. 10(B) [120—124]. This intensity probes
the amount of sulfur character in the y* (HOMO) orbital and thus is a direct probe

A
--------- MV model
——Cu
=3 A
E [
s, . 2Hap = 13400 o
b=
£
@ 1
28000 20000 12000 4000
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B . e
I MV Model
[— Cua ]

2468 2460 2470 2471
energy (ev)

Fig. 10. Spectroscopic definition of the electronic structure of Cu,. (A) Comparison of absorption
spectra shows an increase in —\* transition energy relative to the mixed valence model. (B) Sulfur
K-edge XAS reveals similar bridging thiolate covalency in Cu, center and the MV model.
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of the superexchange contribution to bonding, which is very similar for both mixed
valence centers. Thus, the difference between 2H . for Cu, (Cu—Cu distance of ca.
24 A [10,11]) and the MV model (Cu—Cu distance of ca. 2.9 A [116]) must be due
to an additional direct Cu—Cu bonding contribution in Cu, that contributes ca.
7800 cm ~! to the electronic coupling interaction between the copper ions.

Valence delocalization in mixed valence dimers like Cu, is opposed by vibra-
tional distortions in the antisymmetric combination of breathing distortions of
ligation spheres of the two copper ions [27,125] (the Q_ mode in the PKS
description [126], where the magnitude of the distortion is given by the dimension-
less coordinate x _ [126]). This out-of-phase breathing distortion lowers the energy
to trap the extra electron on either Cu center. From a normal coordinate analysis
of resonance Raman vibrational data [52], combined with EXAFS-derived changes
in Cu-ligand bond lengths upon reduction of Cu, [11,127], the vibronic coupling
term, A2/k _ [126], can be estimated for both the Cu, center (2450 cm ~') and the
MYV model (2190 cm ~'). Combining this term with the experimentally-determined
electronic coupling matrix element (H 4y, vide supra) gives the total potential energy
surfaces for the mixed valence systems [27,125]:

E . (x_)= ;<;12>x2 + B(,fzfﬁ + Hig} 3)

Footnote [126] defines the terms in this equation [27,125]. As shown in Fig. 11,
both Cu, and the MV model have a single symmetric minimum indicating complete
electron delocalization. However, it is important to note that for the Cu, center the
additional contribution to H,p due to Cu—Cu bonding greatly stabilizes the
delocalized state. This makes a major contribution toward keeping the Cu, center
delocalized even in the low symmetry protein environment. This delocalization
should significantly increase the reduction potential of the binuclear Cu site
compared to a dithiolate monomeric Cu center due to the increased positive charge
delocalized over the dimer, e.g. [Cu(SR),]® versus [Cu,(SR),]*. This would be
important in tuning the potential into the functionally relevant ca. 250 mV region
even with the two thiolate ligands which stabilize the oxidized site [52].

Cup
8000 || v/ 18000
4000 14000
0 0
2H,, = 13400 cmr!
-4000 v -4000
1
3210 12 210 123
X X

Fig. 11. Potential energy surfaces for Cu, and the MV model showing the strong stabilization for
valence delocalization in Cu, due to metal-metal bonding.
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Fig. 12. Possible intra- and interprotein ET pathways involving the Cu, center in COX. Cys thiolate
covalency quadratically enhances H,p for pathways (pw) involving this ligand. This makes rates
involving pwl and pw2 (indicated in figure) from Cu, to heme a competitive and could provide an
efficient input ET pathway from cytochrome ¢ to Cuy,.

Based on our studies on the blue copper site [50], the high covalency of the
thiolate bridges of the Cu, center can provide two superexchange pathways for ET,
one to the heme a acceptor site [52], which could be approximately competitive with
a shorter His pathway [105,128] as only approximately 1% N-His [129] is contained
in the HOMO, and a second from the cytochrome ¢ donor site (Fig. 12) [52]. The
latter is important to consider for Cu, as this center is more buried (ca. 9 A) from
the protein surface relative to plastocyanin (ca. 4.5 A). Further, a surface exposed
Trp residue (W104 of subunit II, beef heart numbering), which has been shown to
be critical for cytochrome ¢ — Cu, ET (and not docking) [130], is hydrogen bonded
to one of the bridging Cys residues. Thus, the presence of a Cu—Cu bond in Cuy,,
which maintains a delocalized ground state in the protein, should be functionally
significant.

With the presence and importance of a Cu—Cu bond in Cu, established [52], we
focus on structural features of the ligand field at the Cu site which play an
important role in its formation. Fig. 13A, A’ correlates the low temperature MCD
spectra of the Cu, center and the MV model [52]. The MCD spectra allow the
assignments of many of the ligand field dimer states of the binuclear sites, where the
symmetric and antisymmetric combinations of d orbitals on the two copper ions are
split in energy due to superexchange and direct M—M overlap. These dimer
splittings can be estimated from the spectra and other data from which the ligand
field splittings of the d orbitals on each Cu center can be extracted [52]. From the
energy levels of hypothetical monomeric fragments (Fig. 13C, C'), the xy/x? — 2
splitting is greatly reduced and the z? orbital is significantly lowered in energy in
Cu, relative to the MV model. This reflects a more trigonal ligand field at the Cuy,
center where the axial ligand interaction is greatly reduced. The axial ligands in the
MYV model are nitrogen at a bond length of 2.13 A [116], and for Cu, a S(Met) at
ca.2.5A and a carbonyl O which appears to show some variation in Cu-O distance
and is reported to be in the range 2.2-2.8 A [12-16,131]. Importantly, the
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Fig. 13. Ligand field effects in Cu, relative to the MV model. (A, A’) Low temperature, ligand field
region MCD spectra of the MV model and Cu,. (B, B’) Dimeric energy level diagrams for the MV
model and Cu,. (C, C') Ligand field splitting pattern for hypothetical monomeric fragments of the MV
model and Cu, sites.

reduction in the splitting of the xy and x? — y* hypothetical parent orbitals in Cu,
allows the significant metal-metal y—\* interaction to overcome the ligand field
splitting of the d orbitals and this changes the nature of the ground state. This is
observed in the HOMOs represented by the contours in Fig. 14 (and the differences
in the thiolate > Cu CT transitions in Fig. 10) [52]. The xy derived {* HOMO
ground state of the MV model only has superexchange pathways through the
bridging thiolate ligands while the x2?— y? derived * ground state of Cu, has
direct metal orbital overlap forming a relatively weak o bond [132,133]. This
change in ground state is thus a direct consequence of differences in ligand field at
the binuclear Cu sites.

As with blue copper, the long axial ligand—Cu bond length in Cu, decreases its
donor interaction with the Cu which is compensated by the equatorial ligands, in
particular by contraction of the His—Cu bond [52]. This increases the ligand field at

MV Model

7 Ground State o* Ground State

Fig. 14. The redox-active, half-filled HOMOs of the MV model (left) and Cuy, (right) calculated with
Xo-SW.
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Fig. 15. Effects of the ligand field on the Cu, center relative to the MV model. Equatorial HisN charge
compensates for a weakened axial interaction resulting in HOMO rotation and formation of a Cu—Cu
bond.

the copper and rotates the x?— y? orbital, which leads to direct o overlap, the
formation of a metal-metal bond, and produces an additional contribution to
electron delocalization (Fig. 15). This description of protein ligand field control
over copper—copper bonding in the Cu, center [52] is also supported by Xa-SW
DFT calculations [52] where the effects upon the HOMO were correlated with the
individual geometric changes observed between the MV model and the Cuy, site.
Thus, as in the entatic/rack-induced state concept in blue copper [59,60], the protein
can directly affect the electronic structure of the Cu,(SR), center, in particular, by
effecting the formation of a Cu—Cu bond through influencing the ligand interac-
tions with the copper centers.

4. Delocalization in biologically relevant Fe(II)Fe(III) dimers

The binuclear Fe-S ET centers present in nature are the ferredoxins, which utilize
the Fe(II)Fe(I11)/Fe(I11)Fe(Il) redox couple. In the reduced state these centers are
class II mixed valence with an St =1/2 ground state derived from antiferromag-
netic coupling of a high-spin Fe(III) (S; = 5/2) and a high-spin Fe(II) (S; = 2) (vide
infra) [22,27,35], Alternatively, there is a model complex (Chart II) prepared by
Wieghardt, Chaudhuri and co-workers [134], which is completely delocalized class
IIT mixed valence and has an St =9/2 ferromagnetic ground state [135—137]. Here
we consider how the magnetic coupling relates to the delocalization and the factors,
which differ between these complexes leading to their large change in ground state
properties.

(Chart II)
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In binuclear, mixed valence compounds having only one unpaired electron such
as Cu, where in each resonance structure ((M"M”*!«<>M"*!M"]) one metal center
is diamagnetic, there can be two interactions between the metal centers: electronic
coupling (H,y, also called resonance splitting) and vibronic coupling [138]. This is
the case for the mixed valence Cu(I)Cu(Il) dimers in the previous section and, for
example the classical Creutz—Taube ion which is mixed valence and contains a
low-spin Ru(II) and a low-spin Ru(IIl) in each resonance structure [139—-141]. For
mixed valence compounds in which both metal centers are paramagnetic an
additional interaction has to be considered, namely electron exchange [27].

Electron exchange in homovalent compounds leads to the well-known Heisen-
berg—Dirac—van Vleck (HDvV) spin coupling term (H = — 2J(S,S,)) in the spin
Hamiltonian formalism [35,142—146]. This is observed in the oxidized state of
ferredoxins [2Fe-2S]** where two high spin Fe(Ill) ions (S;= 5/2) are antiferro-
magnetically coupled resulting in a total spin of Sy =0 for the dimer ground state.
This coupling is mediated by a superexchange mechanism [112] through the
bridging sulfides.

The addition of electronic coupling, H,p, to electron exchange in paramagnetic
mixed valence compounds leads to further splitting of the HDvV spin states with
the extra electron on either half of the dimer into symmetric and antisymmetric
delocalized wavefunctions. This resonance-delocalization process entails electron
transfer between the iron ions and is spin dependent stabilizing the states with
larger values of St. This additional interaction is called double exchange (or spin
dependent delocalization) [27,147—-155]. The underlying physical picture is given in
Fig. 16, which shows that the delocalization yields maximal spin polarization
stabilization energy when the unpaired electrons on each ion are aligned in a net
ferromagnetic configuration [26]. In the spin Hamiltonian formalism, double ex-
change is included as an additional term depending on Sy, which leads to the
following energies where B is the double exchange parameter [27]:

E,(Sp)= —JSi(Sr+1) £ B(S;+1/2) (4)

a) ferromagnetic

______

i 3 . ~+ —
FROEE BRREE R RRE RREEE
Fea Feg Fea Feg

b) antiferromagnetic
S +
H4-44+4 FEERE RRERE b
Fea Feg Fea Feg

Fig. 16. Delocalization of the extra electron in the reduced, mixed valence form of an Fe(III)Fe(II)
dimer. There is loss of spin polarization energy for the antiferromagnetic ground state (b) but not for the
ferromagnetic ground state (a).
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Fig. 17. Energies of the spin states for an Fe(IlI)Fe(Il) dimer as a function of the ratio of HDvV
coupling, J, to double exchange, B. Relevant energy splittings mentioned in the text are indicated.

The effect of the interplay between the HDvVV coupling and double exchange is
illustrated in Fig. 17 where the energies of the spin states are plotted versus the
ratio of B/J (for J <0, i.e. antiferromagnetic coupling). For B/J =0 the usual spin
ladder for an antiferromagnetically coupled Fe(I)Fe(III) dimer is obtained. With
increasing B/J every spin state splits into two components where the splittings
(2B(St + 1/2)) are larger for larger total spin St. Thus, the ferromagnetic St =9/2
state becomes ground state for B/J > 9.

As described in Section 3, vibronic coupling can lead to double well potential
energy surfaces which corresponds to localization of the excess electron (i.e. class 11
mixed valence behavior). This effect is more pronounced in the lower spin states
than in the higher spin states since double exchange splitting goes as + B(St+ 1/2)
which increases with St and opposes vibronic coupling. Therefore, strong antiferro-
magnetic HDvV coupling which lead to ground states with lower spin favors
localization. Quantitatively, inclusion of vibronic coupling into the spin Hamilto-
nian formalism (Eq. (4)) yields the following energies (A4, k_, and x_ are defined
in Section 3 [126]) [27]:

s o e

Fig. 18 gives the effects of vibronic coupling on the dimer spin states (lower
energy roots of Eq. (5)) of an antiferromagnetically coupled Fe(III)Fe(I) complex.
The ground state is St =1/2 which has a double well and thus is localized or
trapped valent (class II) while the excited spin states are less trapped, and in the
St =9/2 case there is one minimum at the symmetric geometry (x _ = 0) indicating
complete delocalization (class III).

We can now consider the [2Fe-2S] ET center in ferredoxin which has a localized
Fe(IIT)Fe(I1) St = 1/2 ground state [22] and evaluate factors in Eq. (5), which differ
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Fig. 18. Ground and excited spin-state potential energy surfaces in the antisymmetric reduced normal
coordinate x _ for an Fe(Il)Fe(Il) dimer. Calculated using Eq. (5) with J= —150 cm !, B=300
cm~ !, A%/k_ =2000 cm~'. As the total spin increases from S =1/2 to 9/2, valence delocalization

becomes increasingly favored as indicated by the single minimum in the potential energy surface of the
St =9/2 state.

relative to the tris-y-hydroxo bridged, 1,4,7-trimethyl-1,4,7-triazacyclononane (L)
capped iron dimer, [LFe(p,-OH);FeL]** (Chart II), which exhibits a valence
delocalized S =9/2 ferromagnetic ground state [134—137]. These differences in
electron delocalization can be understood by investigating the metal centered

excited states which provide direct experimental probes of orbital pathways for
electron delocalization and superexchange [109,110].
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Fig. 19. Left: molecular-orbital splitting diagram for [LFe(OH);FeL]?* based on an angular-overlap
approach in conjunction with the observed electronic transitions. Right: low-temperature MCD spec-
trum (top) and absorption spectrum (bottom) of [LFe(OH);FeL]** in 50:50 propionitrile—butyronitrile
glass. Band assignments refer to the MO diagram in the left panel [109].
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dy2+dy

Fig. 20. Contour plots of the molecular orbitals associated with the z2? bonding — antibonding transition
from an SCF-Xa-SW calculation of [LFe(OH);FeL]*>*. The plots are in the Fe-(OH)-Fe plane.

Fig. 19 presents the low temperature absorption and MCD spectra of [LFe(,-
OH);FeL]** with specific band assignments indicated at the top which derive from
the selection rules for absorption, MCD, and resonance Raman depolarization
ratios [109,110]. These band assignments relate to the angular overlap generated
energy level diagram on the left hand side of Fig. 19, which shows the splitting of
the octahedral set of d orbitals (t,,, €,, far left) into symmetric and antisymmetric
combinations in the dimer due to superexchange interactions with the bridging
hydroxides (middle) and direct metal-metal bonding interactions (right). The
resulting ten dimer molecular orbitals are occupied by 11 electrons to produce the
St=9/2 ground state with the extra electron in the bonding combination of z2
orbitals (the z-axis is along the Fe-Fe axis). The transition to the z? antibonding
combination (the 13 500 cm ~' band labeled a,. in the spectra of Fig. 19) is a direct
probe of the electronic coupling associated with delocalization of the extra electron
and is thus a measure of 2H, (10B for the S;=9/2 state, where B is again the
double exchange parameter that defines the contribution of electron delocalization
in the spin-Hamiltonian formalism (Eq. (4))).

Density functional calculations calibrated with the experimental data for this
transition show that 90 + 7% of 2H,p derives from the direct overlap of two z2
orbitals at an Fe-Fe distance of 2.51 A. The contour plots of the molecular orbitals
associated with this bonding — antibonding transition are given in Fig. 20. An
absorption bandshape analysis combined with resonance Raman spectroscopy
establish a probe of the excited state distortions associated with this ¢ — o*
transition [109,110]. Upon excitation into this band, both a} core vibrations are
resonance enhanced, the in phase breathing mode at 316 cm ~ ! and the out of phase
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accordion distortion at 124 cm —!' (Fig. 21). These vibrations were used to fit the
low-temperature absorption bandshape, its temperature dependence and the reso-
nance Raman excitation profiles (Fig. 22), allowing for excited state distortions of
anharmonic potential energy surfaces. From this analysis, an accurate estimate of
the excited state geometry (Fig. 23) was obtained. These studies show that there is
a large increase in the Fe—Fe distance (0.4 A, Fig. 22 bottom) consistent with the
loss of a direct M—M bond. These potential energy surfaces can further be used to
obtain an experimental estimate of the dependence of 2H,; (10B) on Fe-Fe
distance (r). From Fig. 23 an estimate of AB/Ar is 1750 cmf‘/A. These studies
show that the B value for [LFe(p,-OH);FeL]?+ (r=2.51 A) is 1,350 cm ', and on
going to the [2Fe-2S]* dimer (r =2.73 A) B decreases to ca. 965 cm ~ ! [156], which
is still a sizable contribution to electron delocalization due to direct d_, orbital
overlap in the Fe-S dimer [109,110].

As indicated above, this electronic coupling is opposed by antiferromagnetic
exchange coupling, which can also be estimated from excited-state spectroscopy.
Fig. 17 allows for the combined effects of antiferromagnetic coupling and double
exchange on the mixed valence iron dimer ground state and shows that an Sy =1/2
occurs for B/J <3 while an S;=9/2 is the ground state for B/J>9. For an
St =9/2 ground state, the Sy =7/2 first excited state is at an energy 4,, o, =
9J + B. From SQUID magnetic susceptibility data for [LFe(u,-OH);FeL]** in Fig.
24, there is no deviation in . above the error limits at high temperature indicating
that 4,, o, >720 cm~'. With the B value of 1350 cm ~' (vide supra), this gives
—J <70 cm~!. This exchange coupling is associated with super-exchange path-
ways between half occupied magnetic orbitals on the two irons which are also
observed directly in the electronic spectrum. From Fig. 19, the symmetric-antisym-
metric splitting (AES?) of the e(c) orbitals is 3460 cm~' and that of the e
component of the t, () set is 1680 cm ~'. Using these experimental values along
with reasonable estimates of the Coulomb and exchange integrals in the Hay,
Thibeault, Hoffmann model [108] which relates (AES*)? to J:

1 < (AESAY?

J:Kab_iz

6
2 iJaa_Jab ()

a1‘(2): 124¢cm™” a1'(1):,§i1ecm'1
|

Raman Intensity

80 120 160 200 240 280 320 360 400
Raman Shift (cm™)

Fig. 21. Solid-state resonance Raman scattering of [LFe('*OH);FeL]>* and [LFe('®*OH);FeL]** at ca.
120 K using 568 nm excitation. Included are depictions of the aj(1) and a}(2) normal mode solutions
from a normal mode analysis based on the observed isotopic shifts [109,110].
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Fig. 22. Top: experimental (solid line) and simulated (dashed line) variable-temperature solution near-IR
absorption spectra of [LFe(OH);FeL]*>*. Middle: experimental and ca. 120 K solid state resonance
Raman excitation profiles of the 316 and 124 cm ~! vibrational modes of [LFe(OH);FeL]**. The 8 K
solid-state absorption spectrum is superimposed. Simulations are calculated using Lennard-Jones
potentials. Bottom: Nuclear distortion derived for the ¢ — c* excited state [110].

(with K, is the two center-two electron exchange integral, J,, and J,, are the
one-center and two-center two-electron coulomb repulsion integrals, respectively,
and i the one-electron magnetic orbital pathways) gives an experimental estimate of
—23<J<2 cm~'. An estimate of J for the localized mixed valence [2Fe-2S]"
center can be obtained from the previously reported magnetic susceptibility data
[24,157], which gave a 45, ,, splitting of 315 cm ', and Fig. 17, which shows that
A3 1, = —3J— B. The above estimated B value for [2Fe-2S]" (965 cm ') thus
gives J= —430 cm~!, which is much larger than the J value for [LFe(p,-
OH);FeL]** and leads to the experimentally observed St = 1/2 ground state. This
difference in J relates to differences in superexchange pathways where the tris-hy-
droxy bridged structure has relatively poor Fe-bridging ligand overlap due to
protonation and the ca. 80° Fe-O-Fe angle while the iron sulfur dimer has highly
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Fig. 23. Ground state and o* excited state potential energy surfaces along the Fe-Fe vector. Effects of
the nuclear distortion shown in Fig. 22 bottom on the double-exchange resonance splitting between the
St =19/2 ground and excited spin states. The dashed vertical line marks the Fe-Fe distance in [2Fe-2S]*
[109].

covalent sulfide bridges (a low-valence ionization energy) which provide two
efficient superexchange pathways as illustrated in Fig. 25.

Finally, these superexchange and double exchange contributions have to be
combined with vibronic coupling in the O _ mode of PKS theory. This produces a
geometric distortion that can lead to valence trapping (Eq. (5)). This leads to the
potential energy surfaces in Fig. 26, and the final parameter values for [2Fe-2S]"
and [LFe(p,-OH);Fel]>* are given in Table 1 [158]. Since the double exchange
term goes as B(St+ 1/2), the S;=9/2 ground state of [LFe(u,-OH);FeL]** is
delocalized while the St =1/2 ground state of [2Fe-2S]™" is localized as observed
experimentally. From Table 1 the dominant contribution to localization in
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Fig. 24. Variable temperature magnetic susceptibility data of [LFe(OH);FeL]>*. The solid line is the
best fit of the low-temperature data using a spin system of S =9/2 with g=2.115and D =2.28 cm .
Inset: High-temperature data displayed on an expanded scale. A simulated data curve (taking into
account thermal occupation of the first excited spin state St = 7/2) is included showing the calculated
temperature dependence for 4 =720 cm ~ ' [109].
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Fig. 25. Superexchange pathways for [LFe(OH);FeL]** (top) and [2Fe-2S]* (bottom). The pathway for
the former compound is significantly weaker than those for the latter due to reduced metal-bridging
ligand covalency (hydroxo versus sulfido) and the differences in the bridging angle [109].

[2Fe-2S]* is the large antiferromagnetic coupling which opposes the electronic
coupling associated with electron delocalization. Therefore, changes in the
antiferromagnetic coupling, in particular in the higher nuclearity clusters, could
affect their delocalization and hence contribute to the redox properties of these
sites.
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Fig. 26. Ground and excited spin-state potential energy surfaces in the x _ coordinate calculated with
Eq. (5) and the parameters given in Table 1, showing the valence delocalized St =9/2 ground state for
[LFe(OH);FeL]** (A) and the valence localized St = 1/2 ground state for the [2Fe-2S]* dimer (B).
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5. Delocalization versus localization in tetrameric versus dimeric Fe-S clusters

The [4Fe—4S] cubane cluster can be viewed as a dimer of two [2Fe-2S] clusters
where one thiolate on each iron center is replaced by a sulfide, which thus becomes
a p;-bridging ligand. Removal of one iron center from the cubane cluster gives the
cuboidal [3Fe-4S] cluster with ps- and p,-bridging sulfides (Chart III).

RS SR RS

RS SR - N .- s
\ s Fe: —l’ Fe Feq '
2 /Fe-;s‘—,Fe\ — | T Fle,S —_— | l re SR
RS SR -4 RS ';:e'/" - [FeRS] Sy /S
RS RS
[2Fe-2S] [4Fe-4S] [3Fe-4S]

(Chart III)

In the reduced mixed valence [3Fe-4S]° form of ferredoxin 11 of Desulfovibrio gigas
comprised of formally two Fe(IIl) and one Fe(II), the excess electron is delocalized
over a pair of iron centers leading to a Fe,(2.5) subsite (class III mixed valence) with
an S = 9/2 pair ground state which is antiferromagnetically coupled to the remaining
Fe(III) (S=5/2) to generate the observed S =2 ground state of the trinuclear
cluster [150,159,160]. In the cubane-type core structures, which mostly function in
two of three oxidation states, [4Fe-4S]*+->+-1+ [161], such a class III delocalized
mixed valence Fe,(2.5) pair with an S=9/2 ground state occurs for all three
oxidation levels [29,162—-166]. For example an St = 0 ground state results from the
antiferromagnetic coupling of two such S = 9/2 pairs in the [4Fe-4S]** cluster [167].

Here we consider the differences between the mixed valence site in the [2Fe-2S]*
dimer and the mixed valence sub-site of the [4Fe-4S]** tetramer that lead to a
valence localized pair (class II) in the dimer with an antiferromagnetic ground state
(Section 4) and to a valence delocalized pair (class III) in the dimer sub-site of the
tetramers with a ferromagnetic ground state. As indicated above this difference
should derive from differences in superexchange and double exchange, which in turn
relate to changes in covalency of the ligand—metal bond in the tetramers versus the
dimers. While the high covalency of these sites makes these difficult to study by
traditional spectroscopic methods, this difference can be addressed experimentally
through sulfur K-edge X-ray absorption spectroscopy.

Table 1

[LFe(p,-OH);FeL]** [2Fe-2S]+
B (cm™ ") 1350 965
J (ecm™1) >—70 —360
A%fk_ (cm™1)? 2590 3660

4 See Ref. [109], p. 8096 for vibronic coupling analysis.
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Fig. 27. Left: Cl K-edge XAS on D,;, [CuCl,]*~ and [ZnCl,J* ~. Only in the d° Cu(II) compound is a
pre-edge peak observable. Right: Orbital energy diagram displaying the origin of the pre-edge feature in
D,, [CuCl,]>~ as a transition from Cl Is level into the antibonding MO comprised of mainly Cu
d-character and covalently mixed Cl 3p character. The intensity is proportional to the square of the Cl
3p wave function coefficient. The inset shows a comparison of D,, [CuCl,]>~ and D,, [CuCl,]*~ [72].

Ligand K-edge X-ray absorption spectroscopy is a powerful new probe of
ligand—metal bonding, in particular for Bioinorganic systems [72,73,168—175]. The
nature of the experiment is illustrated in Fig. 27. In contrast to [ZnCLJ>~ (d'°),
square planar D,;, [CuCl,J*~ (d°) exhibits an intense pre-edge absorption peak in
the Cl K-edge X-ray absorption spectrum at 2820 eV corresponding to a CI 1s —» Cu
x> —y? transition [72]. Due to the localized nature of the Cl 1s orbital, this
transition intensity is associated with the electric dipole allowed chloride 3p
character mixed into the half occupied metal x> — y> HOMO due to bonding. An
experimental estimate of this mixing for D,, [CuCl,]* ~ was obtained using a variety
of spectroscopic methods which quantifies the intensity of the pre-edge feature in
Fig. 27 as corresponding to 39% Cl 3p character in the half occupied HOMO. The
energy of the pre-edge transition has three contributions: (1) the chemical shift of
the CI 1s core orbital due to ligand charge donation; (2) the ligand field splitting of
the d orbitals; and (3) the largest which is the shift of the d manifold due to changes
in Z; of the metal ion. The insert in Fig. 27 illustrates the effect of changing the
geometry to a D,, distorted tetrahedral structure on the pre-edge feature. The
energy goes down due to the decreased ligand field splitting in the D,, structure,
and the intensity decreases indicating a decrease of the covalency of the x2 — y?
orbital. Based on the quantitative intensity change between D,;,- and D, -[CuCl,]>~
, the ground state of the distorted tetrahedral structure has 30% Cl 3p character.

In order to apply ligand K-edge X-ray absorption spectroscopy to metal com-
plexes with more than one hole in the d-manifold, this method was extended to a
series of metal tetrachlorides [169]. To quantify the covalency from the intensity of
the pre-edge feature of the d” [MCL,J*~ complexes, one needs to consider transi-
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tions from the Cl 1s to both the partially occupied t, and e covalently mixed
molecular orbitals which has been done using the irreducible tensor method. This
intensity is distributed over a series of d"*! final states using multiplet effects in
ligand field theory. The experimentally determined pre-edge intensity gives a total
covalency distributed over the five half occupied d orbitals of 85.5% for
[Fe(III)Cl,]~ which results in 21% per Fe(III)-CI bond.

The study was then extended to the sulfur K-edge (ca. 2470 eV) of a series of d”
tetrathiolates [170]. Using the pre-edge of blue copper as a reference (38% thiolate
S 3p character, see Fig. 3(A)) [73] and renormalizing for four coordinated sulfurs,
the intensity of the pre-edge gives a total thiolate covalency over the half occupied
d orbitals of 151% in [Fe(III)(SR),]~ (Fig. 28, solid line), or 38% per RS-Fe(III)
bond. This experimentally quantifies the fact that the thiolate ligand is more
covalent than the chloride (38 versus 21%) even though it has one less m valence
orbital for bonding. It is also of interest to compare the pre-edge feature of the
tetrathiolate model to those of three rubredoxins (Fig. 28) [171]. In all cases, the
intensity of the protein site is lower indicating reduced covalency (129% versus
151% total). This correlates with the fact the rubredoxins each have six H-bonds to
the thiolate ligands which reduces their donor strengths. This destabilizes the
oxidized site and should (along with the protein dielectric, dipoles etc. [37])
contribute to the generally higher reduction potentials of the protein sites relative to
model complexes.

In order to extend these studies to the Fe-S clusters, the differences between the
two kinds of sulfur ligand present in the clusters needed to be considered: terminal
thiolates and bridging sulfides. Due to different effective nuclear charges of these
two types of sulfur atoms the pre-edge transitions are nicely resolved in dimeric
model compounds (Fig. 29(a)) with the sulfide pre-edge feature at lower energy due
to the lower effective nuclear charge of sulfide compared to thiolate [172]. To
quantify sulfide pre-edge intensity, CsFeS, and KFeS,, which are linear chains of

renormalized absorption
I
S

o
o

0.0 ST ad - 1 1 1 1

2467 2468 2469 2470 2471 2472 2473
Energy / eV

Fig. 28. S K-edge XAS spectra of a ferric tetrathiolate model compound and three different rubredoxins.
The pre-edge intensity of the rubredoxins is reduced compared to the model compound indicating
H-bonding in the protein matrix [171].
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Fig. 29. S K-edge XAS spectra of [Fe,S,(SPh),]>~ (solid lines; A: n=2; B: n=4) and renormalized
addition spectra (dashed line) of the exclusively thiolate sulfur containing [Fe,Se, (SPh),]>~ and the
exclusively sulfide sulfur containing [Fe,S, Cl,]*~ [171].

ferric sites bridged by two p,-sulfides were used as a reference [176]. The intensity
of the pre-edge of CsFeS, quantifies the ferric sulfide as having 225% total
covalency, which gives 56% per sulfide-Fe(III) bond. This experimentally demon-
strates that the sulfide is more covalent than the thiolate, and from the shape of its
pre-edge feature, this in part reflects an additional © donor interaction for the
sulfide.

Using the thiolate and sulfide complexes described above as references, the S
K-edge X-ray absorption spectra of the binuclear ferric model complexes
[Fe,S,(SR),J*~ (Fig. 29(a)) yield experimental values for the covalency of the
iron-sulfur bonds. From the intensities of the pre-edge features in
[Fe(I11),S,(SR),J> —, each RS~—Fe(IIl) bond has 24% covalency relative to 38% for
[Fe(II1)(SR),]~, and each S*>~—Fe(III) bond has 72% covalency (relative to 56% for
CsFeS,). Thus replacing two thiolates with sulfides decreases the covalency of the
remaining thiolate-Fe(IIT) bonds, and replacing two bridging sulfides with thiolates
increases the remaining sulfide donor interactions, again demonstrating the greater
covalent donor interaction of sulfide relative to thiolate. Terminal ligands can
therefore be used as spectator ligands reflecting the electron donation from the
remaining ligand set (vide infra).



624 E.I. Solomon et al. / Coordination Chemistry Reviews 200—202 (2000) 595-632

These S K-edge studies have now been extended to the [4Fe—4S] clusters [174].
Going from [2Fe-2S] to [4Fe—4S] involves replacing one thiolate on each Fe with
the bridging sulfides of a second dimer, resulting in the formation of ps-sulfide
bridges in the tetramers as compared to p,-sulfide bridges in the dimers (Chart III).
We have been interested in defining the changes in bonding which occur between
the dimer and tetramer that could affect delocalization and the redox properties of
these clusters. The measured S K-edge X-ray absorption spectra for [Fe,S,(SR),]>~,
[Fe,S,CLJ*~, and [Fe,Se,(SR),J*~ and the renormalized sum of the S K-edges of
the selenide and chloride, which reproduces that of [Fe,S,(SR),)*~, are shown in
Fig. 29(B) (R = Ph). In comparison to the dimer spectra in Fig. 29(A), the sulfide
peak has shifted to higher energy so that the pre-edge transitions of the thiolate and
the sulfide are no longer clearly resolved.

This comparison of the pre-edge features of [Fe,(2.5)S,(SPh),]?~ to those of
[Fe(I11),S,(SR),J*~ is complicated by two major differences which affect the
energies and intensities of the pre-edges: 1) the formal oxidation states change from
+ 2.5 to + 3 and 2) the bridging sulfide change from a p,- to a py-mode. In order
to independently evaluate the changes associated only with the bridging mode and
to define differences in electronic structure that could contribute to delocalization in
the tetramer, we compare the pre-edge of [Fe,(2.5)S,(SPh),>~ to that of a
hypothetical delocalized mixed valence p,-sulfide dimer [Fe,(2.5)S,(SPh),]*~. Fig.
30(A) gives the results for the chloride edges in [Fe,(2.5)S,Cl,]>~ and the hypothet-
ical [Fey(2.5)S,Cl,]’~ dimer which was estimated as follows: Comparison of the
pre-edge of [Fe(III)Cl,]~ with that of [Fe(Ill),S,Cl,J* ~ gives the effects of replacing
two chlorides with two p,-sulfides. This can be used in combination with trends
from density functional calculations to estimate the Cl pre-edge feature of
[Fe(I1),S,CL,]* ~ from that of [Fe(II)Cl,J> ~, which is observed experimentally. The
average of the energies and intensities of the [Fe(I1I),S,Cl,]>~ and [Fe(II),S,Cl,]* ~
pre-edge features then gives the predicted spectrum of the hypothetical
[Fe(2.5)S,CL,)? ~ delocalized p,-sulfide bridged dimer (class III) [174]. Comparison
to the Cl K-edge spectrum of [Fe,(2.5)S,Cl,>~ shows that the pre-edge of the
tetramer is lower in energy and considerably more intense. This shows (1) that the
Z. of the iron in the tetranuclear cluster is higher and (2) the Cl-Fe(2.5) bond is
more covalent. Thus using the terminal chloride ligands as spectator ligands, the
ps-sulfides in the tetranuclear cluster are poorer donors than the p,-sulfides in the
dimer.

The equivalent comparison for terminal thiolate ligation has been developed
using the analogous approach to estimate the pre-edge feature of
[Fe(I1),S,(SPh),]* ~ and from that of [Fe,(2.5)S,(SPh),]>~ [174]. From Fig. 30(B)
the same trends as in the chloride pre-edges are observed in the pre-edges of
[Fe,(2.5)S5(SPh),]*~ and [Fe,(2.5)S,(SPh),]*~: (1) the Z. of the iron in the
tetranuclear cluster is higher and (2) the RS~ —Fe(2.5) bond is more covalent. Thus
again, the ps-sulfides in the tetranuclear cluster are poorer donors than the
W,-sulfides in the dimer.

The differences between the electronic structures of the mixed valence dimer and
tetramer due to the change of sulfide bridging mode can also be seen directly in a
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Fig. 30. A: Cl K-edge XAS spectra of [Fey(2.5)S,Cl,>~ (solid line) and the hypothetical, valence
delocalized [Fe,S,Cl,]* ~ (dashed line); B: S K-edge XAS spectra of [Fe,(2.5)Se,(SPh),]> ~ (solid line)
and the hypothetical, valence delocalized [Fe,(2.5)Se,(SPh),]* ~ (dashed line); C: S K-edge XAS spectra
of [Fe,S,C,]*>~ (solid line) and the hypothetical, valence delocalized [Fe,(2.5)S,Cl,]* ~ (dashed line). The
spectra show the dependence on the chloride- (A), thiolate- (B), and sulfide- (C) ligands due to changing
the bridging sulfides from a p,- to a ps-bridging mode. The construction of the spectra for the
hypothetical dimers is explained in the text [174].
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comparison of the sulfide pre-edge features in [Fe,(2.5)S,Cl, >~ and
[Fe,(2.5)S,ClL,J? ~ [174]. The hypothetical [Fe,(2.5)S,CL,J? ~ spectrum (Fig. 30(C)) is
estimated from the energies and intensities from the spectra of [Fe(I11),S,CLJ>~,
CsFe(III)S,, Ba,Fe(II)S;, and [Fe(11),S,Cl,]* ~ and trends from density functional
calculations. In contrast to the chloride (Fig. 30(A)) and thiolate (Fig. 30(B))
pre-edges, the sulfide pre-edge peak of the hypothetical dimer [Fe,(2.5)S,Cl,)* ~ is
more intense than the pre-edge peak of the tetramer [Fe,(2.5)S,Cl,)>~ and at lower
energy (Fig. 30(C); note that all intensities are renormalized to reflect the intensity
per Fe-S?>~ bond). The reduced intensity in the spectrum directly reflects the
reduced covalency of the Fe-p;-S?~ bond compared to the Fe-p,-S*>~ bond. The
higher energy of sulfide pre-edge in the tetramer which is also in the opposite
direction of the chloride and thiolate reflects a shift of the sulfide 1s binding energy.
The sulfide 1s binding energy increases because the sulfide goes from p,- to
p-bridging which results in a higher total charge donation to three rather than two
iron centers.

The reduced covalency should decrease the superexchange interaction of the
bridging ligands with the iron center and therefore reduce the exchange coupling.
The differences in the effective nuclear charge and the orientation of the orbital
containing the extra electron in the tetramer versus the dimer should also affect the
magnitude of the double exchange contribution [177]. Depending on their magni-
tudes, the combined effects of reduction of the superexchange pathway and increase
of the double exchange pathway in the mixed valence tetramer could yield a class
IIT delocalized subsite in the tetramers with an ferromagnetic S = 9/2 ground state.
A quantitative evaluation of these effects and inclusion of vibronic coupling is now
in progress.

6. Concluding comments

From the above summaries, the unique spectral features of metalloprotein redox
centers are becoming well understood and reflect highly covalent active sites. The
high covalency can play an important role in coupling the electron transfer center
into protein pathways for long range ET (Hp, in Eq. (1)) and in tuning the
interactions between metal centers in binuclear sites which can affect their reduction
potential, E°, and reorganization energy, A. For these highly covalent systems,
ligand K-edge X-ray absorption spectroscopy has had a large impact on our
understanding of the electronic structures of all the metalloprotein ET sites
considered in this review. The protein environment plays an important role in
determining the geometric and, hence, electronic structures of these active sites. In
iron sulfur centers, the role of the protein environment is still being developed,
while in blue copper centers, it is clear that the protein contributes to the geometry
of the active site as well as the position along the coupled distortion coordinate
defined in Fig. 7. In the Cu, center, the protein can influence the formation of a
metal-metal bond which maintains electron delocalization in the low symmetry
environment of the protein and this affects the reduction potential of the site.
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