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The electronic structures of a series of Fef#e(l) model complexes of the di-iron subsite of [Fe]-hydrogenase,
[(u-PDT)Fe(COK(CN)I* (1), [FeCO){ MeSCHC(Me)(CH:S)} (CN)*~ (II), [Fex(CO){ PhCHSCH,C(Me)-
(CHoS)}(CN)ZJ? (1), [Fe(COM{ PhCHSCH,C(Me) (CH.S)} (CN)]™ (IV), and [Fe(CO){ MeSCHC(Me)-
(CH,S)}H(CN)]™ (V), were investigated in the gas phase using photodetachment photoelectron spectroscopy.
The adiabatic electron detachment energy (ADE) of each species and the intramolecular Coulomb repulsion
for the doubly charged species were obtained. The ADEs correspond to the intrinsic redox potentials (in
vacuo) of reactions involving the Feft}-e(l)/Fe(I)-Fe(ll) couples in these compounds. The photoelectron
spectra were understood and qualitatively assigned by comparing with tha(6f(HsS,, which has been

well studied previously and exhibits similar valence spectral featurés-¥s A “normal level scheme” is
suggested for the electronic structure of these low spin di-iron compounds, in which all occupied 3d levels
lie above all occupied ligand levels. We also observed subtle differences in the electronic structures of the
five di-iron complexes due to the slightly different ligand environments.

1. Introduction HN
. . 5 [4Fe4S]
All-iron hydrogenases are one of two major classes of
! ) ) L SO\ S—cys
metalloproteins catalyzing the reversible activation of molecular e e
hydrogen according to the reactionz + 2H" + 2e". In living 0C/ N/ \_ N

systems, the [Fe]-hydrogenases are mainly used to reduce
protons to H.1™* Various spectroscopic methods have been
applied to investigate their structures, and an unusualS-e
cluster, called H-cluster, has been proposed to be the site of ) )
hydrogen activatiod.FTIR~7 and X-ray structur®® studies Experimental support for a paramagnetic Feffg(ll) state
show that the H-cluster from different organisms are essentially C0mes from**CO labeling studies on the H-center of hydro-
the same and consist of a di-iron subcluster linked by a cysteinegenase by DeLacey et at.who have argued on the basis of
thiolate to a [4Fe4S] cluster (Figure 1). Each iron of the di-iron the»(CO) frequencies associated with the distal paramagnetic
subclusters is coordinated by a terminal CO, a bridging CO and Fe atom that this center must be Fe(l). Some Fe{§(l) model
a CN ligand; the two Fe atoms of the subsite share two bridging complexes, such agf{PDT)Fe&(COM(CN),]>~ (PDT = SCH-
sulfur ligands of a propanedithiolate or azapropanedithiolate CH,CH,S), have been synthesized and characterized recently,
unit 10-12 which are stable and structurally similar to the di-iron center of
The H-cluster has been found to possess three oxidation stateshe H-cluster in its CO-inhibited foriH—22 Furthermore, it has
during the catalytical cycle. The fully oxidized inactive H-cluster been reported that a transient Fe(Pe(ll) di-cyanide species
and the completely reduced H-cluster are EPR silent, whereasgenerated by one-electron oxidation of an Fefg(l) complex
the partially oxidized active H-cluster is paramagneic< showsy(CO)erminaand(COMyrigge at frequencies very close to
1/2) On the basis of Mssbauer, EPR, and ENDOR spectro- those of the oxidized CO-inhibited form of the H-clustér.

scopic studies, Popescu and ki suggested that the [4FedS] Using density functional theory (DFT), Cao and Hall have
subcluster carries a+2 charge in both oxidized and reduced L7 .
calculated the structures of the di-iron subcluster in the

. 3 idati i-
forms of the H-clustet® Thus, the oxidation states of the di H-cluster?® By comparing the calculated CNand CO

iron subcluster involved in the catalytic cycle can be either Fe- . ) . . -
(1) —Fe(ll) < Fe(ll)—Fe(lll) < Fe(III)y—Fe()YII) or Fe(l)-Fe(l) vibrational frequencies with the observed band®otulgaris

~ Fe(l)—Fe(ll) < Fe(ll)—Fe(ll). [Fe]-hydrogenase, they proposed that the oxidized inac-
tive enzyme should be an FeJe(ll) species, whereas an
*To whom correspondence should be addressed. E-mail: Fe(l)—Fe(ll) species and an Feftfe(l) species are responsible

Figure 1. Schematic structure of the H-cluster in [Fe]-hydrogenase.

chris.pickett@bbsrc.ac.uk and Is.wang@pnl.gov. _ for the active EPR-detectable state and the fully reduced EPR-
. Washington State University and Pacific Northwest National Labora- silent state, respectively. Their results preclude the presence of
ory. ! ' h .

*John Innes Centre. Fe(ll)—Fe(ll) or Fe(lll)—Fe(lll) states in the catalytic cycle,
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and these calculations have been recently confirmed by Liu and 2-

Hu 24 I . 1 M
Extensive theoretical studies have been focused on the —‘ 8

electronic structures of FeS clusterg® 28 In these clusters, 4 g

each Fe possesses a high-spin state, and an “inverted level ¢ />\\ 0C-_ //\\/CO

scheme” pattern is obtained for their molecular orbital (MO) ocSfe— \\co oc//Fe Fe\\co

energy levels, in which strong exchange interactions split the NC CN NC CN

Fe 3d levels into a set of spin-up)(and a set of spin-down
(B) levels with the primarily ligand-based levels in betwéer?’

This “inverted level scheme” has been shown to apply toe&e Il > Y -
complexe¥’ with one to four Fe and has been investigated o

experimentally?®-31 In the di-iron active site of the [Fe]- S

hydrogenase, each iron coordinates with both strong-field ligands S\ N
(CO, CN") and weak-field ligands+S) (Figure 1). In addition, OC\ME 35>MLCO

the Fe-Fe distance is shorter and there exist weak-Fe o \ ~co NC/ \co

bonding interactions. Therefore, the electronic structure of the  N¢ N

di-iron site of the [Fe]-hydrogenase is expected to be more

complicated. Most previous theoretical studies have focused on

the vibrational properties and catalytic mechanig#é,32and .

there has been very limited effort on the electronic structures vy, —‘

of the di-iron subcluster of the [Fe]-hydogenadtklowever,

understanding the detailed electronic structure of the 2Fe

subcluster is likely to be critical in elucidating the catalytic oc //\\ I~

mechanisms of the H-cluster. o= Fe\CO
Gas-phase photodetachment photoelectron spectroscopy (PES) / \CO

is an excellent tool to study the electronic structure and chemical _, igure 2. Schematic molecular structures of the five model com-

bonding of isolated molecules or inorganic complexes without pieyes: |, [(4-PDT)Fe(COMCN)I?, I, [FeCOM MeSCHC(Me)-

the perturbation in the condensed phase. We have develope CHzS)z}(CN)z]Z’ I, [Fex(CO){ PACHSCHC(Me)(CH:S)s} (CN)2;

an experimental technique, which couples electrospray ionizationIv, [Feg(CO)z;{PhCHzSCHzC(Me)(CHzS)z} (CN)I; V, [FeXCO){ Me-

(ESI) with a magnetic-bottle photoelectron spectrom&&sl| SCHC(Me)(CH:S)}(CN)]™.

is a versatile technique, allowing ionic species in solution

samples to be transported into the gas phase. Our recent researdh given here. To produce the desired anions, we usetii6lar

has shown that the new ESPES technique is ideal for solutions of their [NE4* or [K*18-crown-6] salts in pure

investigating multiply charged anions in the gas phase, as well acetonitrile. Details of the synthesis and characterization of these

as anionic metal complexes commonly present in sol#dh. ~ compounds have been reporfédt’” Sample solutions were

Using this technique, we have carried out a preliminary study sprayed through a 0.01 mm diameter syringe needle biased at

of a series of [LFe]-complex anions involved in théFeFe3" —2.2 kV in a pure N atmosphere. Negatively charged ions

redox coupleé® with emphasis on the determination of the emerging from a desolvation capillary were guided by a radio

intramolecular reorganization energies. PES studies on a seriedrequency-only quadrupole ion-guide into an ion trap, where

of [1Fe] and [4Fe] complexes have been carried out recéftfy.  the anions were accumulated for 0.1 s before being pushed into

The spectral patterns of these complexes agreed well with spinthe extraction zone of a time-of-flight mass spectrometer.

polarized DFT calculations, suggesting that the “inverted level  In the PES experiment, the anions of interest were mass-

scheme” is a general feature of the electronic structures of theselected and decelerated before being intercepted by a laser beam

Fe—S complexes. in the detachment zone of the magnetic-bottle photoelectron
In the current paper, we report gas-phase PES studies of fiveanalyzer. For the current study, three photon energies were used

Fe(l)-Fe(l) model complexes of the 2Fe sub-site in the for detachment: 266 nm from a Q-switched Nd:YAG laser and

H-cluster of the [Fe]-hydrogenaseufPDT)Fe(CO), (CN),]%~ 193 and 157 nm from an excimer laser. Photoelectrons were
(1), [Fe(COR{ MeSCHC(Me)(CH:S)} (CN)zJ2~ (I1), [Fe(CO)- collected at nearly 100% efficiency by the magnetic bottle and
{PhCHSCHC(Me) (CH:S)} (CN)]2 (lIl ), [Fex(COW{ PhCH- analyzed in a 4-m long time-of-flight tube. Photoelectron time-

SCH,C(Me)(CH:S)} (CN)]~ (IV), [Fe(COu{ MeSCH, C(Me)- of-flight spectra were collected and then converted to kinetic
(CH2S)} (CN)]~ (V). The schematic molecular structures for energy spectra, calibrated by the known spectra aifd O'.

|-V are shown in Figure 2. PES spectra for each anion were The binding energy spectra were obtained by subtracting the
taken at three photon energies: 266 (4.661), 193 (6.424), andkinetic energy spectra from the corresponding photon energies.
157 nm (7.866 eV). Spectral features were assigned on the basiShe energy resolutiorAE/E) was about 2%, i.e., 10 meV for

of previous theoretical works and past experience with related ~0.5 eV electrons, as measured from the spectrum af B55
molecules. A “normal level scheme” is found for the molecular nm.

orbitals of these low spin di-iron compounds, in which all

occupied metal 3d levels lie above the ligand levels. The 3 Results

adiabatic electron detachment energy (ADE) of each species

and the intramolecular coulomb repulsion for each dianion were ~ 3.1. Photoelectron Spectra at 157 nniigure 3 shows the

determined. PES spectra of all of the five anions at 157 nm. The overall
. . spectral patterns of the three doubly charged anierli are
2. Experimental Section very similar. In the spectrum df(Figure 3a), four bands were

Details of the ESFPES apparatus were published else- observed between 0 and 6 eV, as well as a sharp peak centered
where?2 Only a brief description of the experimental procedure at 7.3 eV (D). Bands X and A were very broad, whereas band
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Figure 3. Photoelectron spectra oV at 157 nm (7.866 eV).

B was relatively sharp and intense. Band C was also broad and
appeared to be overlapped with band B. In the spectruth of
(Figure 3b), bands X, B, and D are nearly identical to those
observed in the spectrum bfHowever, bands A and C showed
some differences: band A df was more complicated and
appeared to contain two components,(A,); the band C ofl

was more intense compared to thatlofThe spectrum ofll
(Figure 3c) is nearly identical to that dof: the A; and A
components of the A band were even better resolved iand
band C was even more intense. However, the intensity of band
Din Il decreased dramatically relative to that iandll . From

I to lll, all of the spectral features (X,-AC) shift slightly to
higher binding energies, except for babdwhich appeared in
the same binding energy in all three spectra. As we will show
below, band D inl—IlIl could not be due to direct photode-
tachment transitions because of the repulsive coulomb barrier
(RCB) present in the doubly charged anions.

The two singly charged anions have much higher binding
energies because of the lack of intramolecular coulomb repulsion
that is present in the three doubly charged anions. The
photoelectron spectra of the two singly charged anibns
(Figure 3d) and/ (Figure 3e) are nearly identical to each other.
The overall spectral patterns Bf andV are similar to those

in 1—I1ll , in particular, the X band is almost identical to that in
I=IIl . The shapes of the A and B bands are different from those
in =1l . The A band also seemed to contain two components,

but the A subband was more intense v andV than inll
andlll . The B band iV andV was broader and less intense
compared to that in—IIl . It was expected that a similar C
band might exist in the spectra Bf andV at higher binding
energies beyond the 157 nm photon energy.

3.2. Photon-Energy-Dependent Studie®hotoelectron spec-
tra of | —IIl at three photon energies are shown in Figure§ 4

Yang et al.
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Figure 4. Photoelectron spectra dfat (a) 266 (4.661 eV), (b) 193
(6.424 eV), and (c) 157 nm.
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Figure 5. Photoelectron spectra df at (a) 266, (b) 193, and (c) 157
nm.

-

(Figure 3a), appeared as a shoulder in the 193 nm spectrum
(Figure 4b). Band C was cut off in the 193 nm spectra ahd

Il because of the repulsive coulomb barrier, which will be
discussed below. In the 193 nm spectrumllbf (Figure 6b),

the B band became broader because of partial contributions from
the band C, which was not completely cut off. The 266 nm

spectra showed that the X band in all three species in fact
contained many unresolved and closely spaced spectral features.
The B band was completely cut off by the RCB, whereas the A
band became very weak in the 266 nm spectra, again due to

the RCB. We also obtained the spectra of the two singly charged

respectively. Spectral features were better resolved at the lower@nions [V andV) at the lower photon energies (not shown).
detachment photon energies. In the 193 nm spectra, the X bandd he X band inlV andV was also shown to have two subbands

in all three species were resolved into two subbandsaixd
X3). The A band was also resolved more clearly into two
components (Aand Ay), especially inll andlll . In1, the A
subband, which was not resolved in the 157 nm spectrum

(X1 and %), which were already discernible in the 193 nm
spectrum oflV (Figure 3d).

The adiabatic detachment energies of the threshold peaks of
each complex and the vertical detachment energies (VDES) of
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X ]| charged anions because of the intramolecular coulomb repulsion
(a) 266 nm and prevents slow electrons from being emitted. The RCB
effects were seen most clearly by comparing the PES data at a
4 lower photon energy to that at a higher photon energy. For
42 example, the C band was cut off in all the 193 nm spectra of
I—I11I', whereas the B band was completely cut off in all of the
e 266 nm spectra df—I1ll . From the spectral cutoff of the photon-
energy-dependent spectra, we could estimate the RCB heights.
The B band was relatively sharp and provided the ideal spectral
feature to determine the barrier heights. The B bandiuds a
VDE of 3.96 eV, as measured from the 157 nm spectrum (Figure
4c). However, we note that the VDE of the B band is shifted
slightly to a lower value in the 193 nm spectrum (Figure 4b).
Furthermore, the intensity of the B band relative to that of the
X and A bands was decreased in the 193 nm. Both of these
observations suggested that the 193 nm photon was near or
slightly below the RCB of the B barf,yielding approximately
a barrier height of 2.5 eV (6.4243.96 eV). This means that
the spectral cutoff would be around 2.2 eV (4.6&15 eV) in
the 266 nm spectrum. This was exactly the case as seen in Figure

(b) 193 nm

X X

Relative Electron Intensity

Binding Energy (eV) 4a, where the Asubband was completely cut off whereas the
Figure 6. Photoelectron spectra 8f at (a) 266, (b) 193, and (c) 157  A; subband (VDE= 2.13 eV, Table 1) was not cut off. In fact,
nm. the 266 nm photon was right near the RCB top of the

) ] detachment transition to the;Asubband. Using the same
all observed features are listed in Table 1. The ADESs representyrocedure and the data in Figures 5 and 6, we estimated the
the electron affinities of the neutral speciesfdrandV or the RCB heights to be 2.3 and 2.1 eV forandlll , respectively.
second electron affinities in the casesleflll . They were As shown previousl§ the RCB is equivalent to the intramo-

:Ezatlﬁrergﬁo?g S;ﬁ\évgrg‘]da:hs;agdrgirl:nz«’zlg:sgtng tl)eaogri]r?t:rig(ztgrllecmar coulomb repuision derived from the excess charges. It
. S | gace .~ 'Is surprising that the RCB ih—Ill is not the same, because
with the binding energy axis to take into account the finite . S )
. . . the three anions have the same coordination environment. The
resolution and a thermal broadening. The ADEs were determined . . . . .
only difference among them is the distal side chains of the
from the 266 nm spectra for each complex because of the better ..~ : - .
. dithiolate ligands (Figure 2). The trend of the intramolecular
resolution at the lower photon energy. The VDE of each peak . . : i .
) . coulomb repulsion from to Il is consistent with their ADE
was measured straightforwardly from the peak maximum. end: the decreasing coulomb repulsion frbto Il leads to
However, because the PES spectra contained many unresolve@;I : 9 P

and closely spaced detachment transitions, the VDEs in most. € Increase of ADE in the same direction. Th|s.observat|on
cases should be considered as nominal numbers indicates that the excess charges are also delocalized to a small

degree to the distal ligands. This seems to be happening only
for the multiply charged anions, because the ADEs of the two
singly charged anions are identical within our experimental
The PES features shown in Figures@represent transitions ~ accuracy, despite the difference in the bound thioether ligands.
from the ground state of the dianioris{Il ) or singly charged ~ We generally assumed that the gas phase conformatidrs\of
anions [V, V) to the ground and excited states of the are similar to those in solutions as given in Figure 2. However,
corresponding singly charged anions or neutral molecules. there is a slight possibility that in the gas phase the S from the
Within the single-particle approximation (Koopmans' theorem), distal thioether inll andlll may coordinate to the proximal
the PES features can be viewed as removing electrons from theF€, causing one CO from the proximal Fe to bridge both Fe. In
occupied molecular orbitals of the parent anions. Therefore, Solution, a bridged precursor th and Il is observed’
unlike other various experimental methods based on electronicAlthough the bridged confirmation far andlll would readily
transitions from occupied MOs to empty or partially occupied €xplain their higher ADEs compared to that bf a much
MOs, PES provides a direct map of the occupied MOs. stronger stabilization might have been expected.
Furthermore, for anions involved in electron transfer reactions  The sharp peak (D) centered at 7.3 eV in the 157 nm spectra
(such as the di-iron active center in [Fe]-hydrogenase), PES dateof | —-III (Figure 3) was unexpected because it occurred in the
directly yield the intrinsic oxidation energy and intramolecular RCB cutoff regime. As discussed above, the three dianions
reorganization energy in the gas phase because photodetachmepbssess RCBs of 2.5, 2.3, and 2.1 eV, respectively, implying
is equivalent to an oxidation proce¥sin the following, we that electrons with kinetic energies less than these values would
will first discuss the repulsive coulomb barrier and the elec- not be emitted, except through tunneli®gThis caused the
trostatic interactions in the three doubly charged anions. We cutoff at the high binding energy side in the PES spectra at
will then discuss the electronic structure and the PES data of lower photon energies. However, the same cutoff applies in the
|-V through comparison with a series of analogous and well- 157 nm spectra. The origin of band D could be due to several

4. Spectral Assignments and Discussion

known inorganic di-iron metal complexes. processes: (1) detachment of singly charged anions from a two-
4.1. Repulsive Coulomb Barrier and the Intramolecular photon event (i.e., X + hv — X~ + e7; then X” + hv — X
Coulomb Repulsion in I-Ill. The disappearance of the high + €7); (2) resonant tunneling due to production of a highly

binding energy features in the lower photon energy spectra of excited dianion upon resonant absorption of a 157 nm pHgton;
I—IIl (Figures 4-6) is a direct consequence of the repulsion (3) thermionic emissions due to production of a “super” hot
coulomb barrief353° which exists universally in multiply  dianion if the absorbed photon in (2) is thermalized. We can
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TABLE 1: Measured Adiabatic Detachment Energies (ADE) for the Threshold Features and Vertical Detachment Energies

(VDE) of All of the Observed Features for |-V?

VDE

ADE X1 X2

Az Az B

0.67 (10)
0.84 (10)
0.95 (10)
3.9(1)
3.86 (8)

1.24 (10)
1.41 (10)
1.48 (10)

~4.3

~4.3

0.15 (10)
0.25 (10)
0.35 (10)
3.30 (10)
3.30 (8)

2.13 (5)
2.29(8)
2.35(8)

5.65 (8)

5.65 (8)

~2.7
2.96 (10)
3.18 (8)
6.04 (8)
6.04 (8)

3.96 (8)
4.18 (8)
4.32 (8)

7.00 (10)
7.05 (10)

4.56

~67

a All energies are in eV. The numbers in the parentheses represent the uncertainties in the last digits.

rule out (1) easily because the binding energy of 7.3 eV seemed
to be too high and the peak was too sharp compared to the
spectra of the singly chargdy and V. We have observed
similar phenomena in a previous PES study of&E€CO)2~

(n =9, 10) and attributed them to the thermionic emission
tunneling through the RCE In the RyC(CO}2~ cases, we
observed the sharp peak in the RCB forbidden region at different

photon energies, suggesting that it was indeed due to process

(3). As seen in Figures46, the sharp peaks did not appear in
the lower photon energy spectra. This could be due to the fact
that there was no resonant absorption other than the 157 nm
photon. In any case, we could not definitively assign the 7.3
eV peak, which could be due to either or both processes (2)
and (3).

4.2. Electronic Structures of Fe(CO)sS,-Type Complexes.
Although the structures of the di-iron active site of the [Fe]-
hydrogenase were determined only recently, a group of ligand
bridged di-iron hexacarbonyl complexes jfe0)%S;] with

similar structures had been synthesized and characterized since

the 1960s#46 In these molecules, each iron atom is coordinated
with three terminal CO, and the two iron atoms are bridged by
the two —S ligands, which can be the simple Gnit or two
—SR ligands. Extensive theoretical and experimental investiga-
tions are available in the literature concerning the electronic
structure and chemical bonding of the sulfur bridged spééiés,
which are directly relevant to the model complexes in the present
work.

Teo et al. first performed an extensive molecular orbital study
on a series of FLCO)X, complexes’ For Fe(CO%S, and
FexCO)(SCH),, the upper filled MOs can be divided into three
sets of levels, as schematically shown in Figure 7. The first set
consists of seven completely filled MO levels with mainly iron
3d character, including the HOMO (Bawhich is an Fe-Fe
bonding orbital. The LUMO is mainly an Feé~e antibonding
orbital for F&(CO)(SCHs), and an S-S antibonding orbital
for Fe(CO)%S,. The second set of MOs (1and 1h) is well
separated from the seven 3d levels and mainly ef&&onding
character. Below these levels lies the third set of levels, which
are primarily S lone pairs. The MOs derived from the terminal
CO ligands (o and Ir) are below the S lone pairs. This is
called a “normal level scheme”, in that, all of the Fe 3d levels
are above the occupied ligand levels.

The valence photoelectron spectra of ,(B0)S, were
measured in the gas phd%&’and confirmed the basic features
of the MO scheme shown in Figure 7. Figure 8 reproduces the
Ne(l) and He(l) PES spectra of FEO)%S; by Anderson et af®

Fez(CO)eS2 (C2v)

S
2n

ds_
-5
1ng

—_—
4a,

=10

Figure 7. Schematic molecular orbital diagram of Fe0)%S, from
ref 47.
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Figure 8. Comparison of the 157 nm spectrumlofo those of Fg
(CO)%S; at Ne() and He() radiations. The F£CO)%S; spectra are from
ref 48.

16 18

the di-iron subsite of the H-cluster are very similar to(E®)%S;

and Fg(CO)(SCH).. In fact, they were all synthesized by the
cyanation of these carbonyl precurs&ts2® The CN- ligand is
isoelectronic to CO. Thus, the coordination environments and

who assigned the five observed bands using several theoreticathe oxidation state of Fe ih—Ill are similar to FgCO)S; or

models. The bands-13 were assigned to correspond to the three

Fe(CO)(SCHg)2: the two excess charges lir-lll are due to

sets of MOs as shown in Figure 7; bands 4 and 5 are assignedhe charges carried by the CNigands. It is reasonable to

to derive from mainly the COst and , respectively. We will
tentatively assign the PES datalefV on the basis of the PES
spectra and MO diagram of KEO)S,.

4.3. Spectral Assignments of | by Comparison With That
of Fex(CO)eS,. The molecular structures of our analogues of

believe that they should all have similar electronic structures.
Indeed, we note that the PES spectra-ofil are rather similar

to that of Fg(CO)%S,, as shown in Figure 8, where the 157 nm
spectrum ofl is plotted in the same energy scale as those of
Fe(COkS:.
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The bands X and A are nearly identical to the bands 1 and 2 lone pairs due to the strong exchange splitéhg’ Unequivo-

of Fe(CO)S,. Accordingly, we assign band X to be due to

cally, the strong field ligands CO and Clplay a major role in

detachment from Fe 3d-derived orbitals, analogous to the top determining the electronic structure of the di-iron active center

seven orbitals in the MO diagram of #EO)S, (Figure 7).

in the [Fe]-hydrogenase. We also observed subtle differences

The fine features resolved in the lower photon energy spectrain the PES spectra of the five model Fe{Fe(l) complexes

of | (Figure 4) should be due to the splitting of the Fe 3d orbitals.
The band A ofl is then due to detachment from the-F@
bonding orbitals. The intense and sharp band B dbes not
have a counterpart in the spectra ob0)%S,. This band is
assigned to be from detachment from therbitals of the CN

because of their slightly different ligands, reflecting the sensitiv-
ity of the electronic structure to the ligand environments in the
di-iron complexes. It would be interesting to elucidate these
differences in electronic structures among the five di-iron
complexes using more advanced theoretical calculations. It

ligands. Because of its negative charge, the binding energy ofshould be mentioned that the ligand environments of the di-

CN-~ is expected to be lower than that of the CO ligahtBy
comparing the spectra dfand Fg(CO)S,;, we note that the
band C ofl should contain the counterpart of band 3 og-Fe
(COX%S,, i.e., the ionization from S lone pairs, and partially
ionization of COg orbitals on the higher binding energy side
which was cut off by the RCB.

4.4, Spectral Assignments of Il and Ill. Following the
qualitative assignments of the spectral featuresl ofthe
assignments of the spectral featuredloéndlll are straight-
forward. The X, A, and B bands df andlIl are similar to

iron centers in these analogues are not exactly the same as the
di-iron site in [Fe]-hydrogenase because of the absence of a
bridging CO ligand. Both DFT calculatiof&s®* and FTIR
experiment¥ showed that the fully reduced FeflFe(l) species
favors the terminal CO conformation and a transient bridging
CO intermediate can be generated by one-electron oxidation. It
would be interesting to elucidate how the electronic structure
of complexes with a bridged CO differs from thoselefV.
Establishing the detailed electronic structure of the di-iron active
site of the H-cluster is critical to an understanding of the

those ofl and should again be due to detachment from the Fe mechanism of kK metabolism by the [Fe]-hydrogenases. The

3d, Fe-S bonding, and CN s orbitals, respectively. The
splitting of the A band inll andlll is slightly different from
that inl. The A and A subbands inll and Il are well
separated, whereas they overlap.im addition, the A subband

in Il and lll appeared to be relatively more intense. These
observations suggest that the S atom on the distal ligamd in
andlll (Figure 2) may contribute to thezsubband. Figure 3

current PES spectra provide a first step toward defining the
electronic structure of di-iron assemblies related to the H-center
and offer a set of experimental results which may be valuable
to further theoretical efforts.
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I toll tolll , implying that the distal S also contribute to the C
band inll andlll . In addition, the intense C band bf should
also have contributions from the phenylorbitals. lonization
of the phenylr orbitals in the same binding energy range was
observed in the PES spectra aHgCO,~ and other substituted
benzene carboxylate aniobts.

4.5. Spectral Assignments of IV and VIn IV andV (Figure

2), the S on the distal ligand is coordinated to one Fe atom,

displacing the CN ligand on the same Fe. Thus, although the

oxidation state of the two Fe centers remains the same, the total

charge oflV andV becomes—1. Consequently, the electron
binding energies diV andV are significantly increased by more
than 3 eV (Figure 3). The X band d¥ andV are nearly
identical to those il —Ill , suggesting that the Fe 3d orbitals
are not significantly influenced. The A band 8¢ andV,
however, showed significant changes compared to thatih .
This band is due to detachment from the MOs of-Bebonding
character. The additional S coordinationVhandV is expected
to induce changes to the manifold of the-F&bonding orbitals.
The relative intensity of the B band itv andV decreased
because now there is only one CNgand. Its broader width
was likely due to the overlapping with detachment features of
the S lone pairs.

5. Concluding Remarks

I . 1
From the PES spectra and the qualitative assignments, we >

can conclude that the electronic structures of all of the five Fe-
()—Fe(l) model complexek—V are very similar. The HOMO

of these complexes is an Fd 8rbital and all the Fe 3d derived
MOs lie above the ligand-based MOs, giving rise to a “normal
level scheme”. This MO level pattern is quite different from
those of ferredoxin-type [4Fe4S] and [2Fe2S] cluster complexes
which have the so-called “inverted level scheme”; that is, the
majority spin levels of the Fe 3d derived MOs are below the S

edged. The experimental work done at Washington was
performed at the W. R. Wiley Environmental Molecular
Sciences Laboratory, a national scientific user facility sponsored
by DOEs Office of Biological and Environmental Research and
located at Pacific Northwest National Laboratory, which is
operated for DOE by Battelle.
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