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Abstract

Density functional theory calculations using both the B3LYP and BP86 functional in conjunction with a medium and large size basis
set have been used to predict the structures and ionization energies of 12 models of iron-only hydrogenases. Although the structural pre-
dictions do not allow a clear discrimination between the different computational models, these models do yield significantly different adi-
abatic and vertical ionization energies. The closest agreement with experiment is given by the BP86 functional and the large all-electron
basis. At this level of theory the adiabatic ionization energies are very close to experiment, but the vertical values are uniformly too small,
leading to an underestimation of the reorganization energies. The calculations also suggest that measured ionization energies may help in
identifying both the bridge-head group and whether CO bridging takes place upon ionization.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

An understanding of the structure—function relation-
ships in metalloproteins is now sought through a combina-
tion of structural, spectroscopic and modelling techniques,
which can involve both the actual protein and synthetic
models of the active site [1]. Electron transfer is often cen-
tral to the mode of action of many such proteins and for
this reason experiments and modelling studies have focused
on understanding the redox properties of the metal centre
[2]. This has led to a resurgence in the use of photoelectron
spectroscopy (PES) to study the ionization process [3]. This
technique can yield both the vertical and adiabatic electron
detachment energies (VDE, ADE), the difference between
these quantities being the reorganization energy A, a
quantity central to the Marcus theory of electron transfer,
which can lead to predictions of the rate of the actual redox
reaction [4-6]. Although PES has traditionally been used in
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the study of neutral transition metal complexes, the use of
an electrospray ionization (ESI) technique allows the PES
of charged species to be studied, and has greatly expanded
the range of models of metalloproteins which can be stud-
ied by this technique [5,7]. Other workers have used PES to
study the electronic structure of active site analogues of a
number of proteins, whilst we and others have used these
experimental data to assess the appropriate functional
and basis set for the investigation of iron sulfur proteins
[8-11].

Hydrogenases are an important class of metalloprotein
which catalyze the reversible activation of molecular
hydrogen

H, < 2H* + 2¢

and may thus be used in the future as fuel cells [12]. One
such group, the all-iron hydrogenases, involve a di-iron
cluster linked by a cysteine thiolate to a [4Fe4S] cluster
to give the so-called H-cluster [13] (Fig. 1). The redox reac-
tion involving hydrogen takes place at the di-iron cluster,
with the [4FedS] cluster providing an electron source and
sink. There are many questions concerning the actual
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Fig. 1. Active site structure of Fe-only hydrogenase. The bridge-head
atom X can be N, O, C; X; can be CO or H, or vacant.

reaction taking place at the di-iron centre, in particular the
various oxidation states of the two iron atoms and the ac-
tual identity of the bridge-head atom, suggested to be car-
bon, nitrogen or oxygen [14,15]. In an effort to elucidate
the structure and function of the di-iron and [4Fe4S] cen-
tres, many synthetic models have been prepared [16-21].
Very recently, Tard et al. [22] synthesized and characterized
the H cluster in solution, which is very similar to the active
site of the enzyme (CN is absent in the synthetic cluster)
but its crystal structure is yet to be determined.

Yang et al. have used the ESI-PES technique to measure
the ionization energies of a series of Fe(I)-Fe(I) complexes
which may be models of the di-iron subsite [23]. The struc-
tures of a number of these, and related complexes, have
also been determined [16,17]. On the modelling side, the
size and electronic complexity of these polynuclear metal
complexes has meant that ab initio methods, which include
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a high level of explicit electron correlation, cannot be used
to study them. As in many other chemical areas where elec-
tronic structure methods are used, the technique most com-
monly used to model hydrogenases is density functional
theory (DFT) [14,15,24,25]. However, it is precisely in the
area of transition metal complexes, where a manifold of
closely spaced states of different spin multiplicity is often
found, that DFT needs to be used judiciously, since the
popular hybrid functionals such as B3LYP contain some
Hartree—Fock exchange, which can affect the relative ener-
gies of such states. Indeed, there is some controversy as to
the most appropriate functional to use in the study of metal
containing hydrogenases [24]. The lack of high level ab ini-
tio calculations to judge the accuracy of different function-
als means that there is a need for experimental data of
model systems, both structural and energetic, to compare
with the predictions from different functionals. In this
paper, we compare such experimental data for a number
of model compounds of the di-iron subsite with predictions
using two sets of functionals and basis sets.

2. Computational details

We have studied both the geometric structures and ion-
ization energies of 10 synthetic model compounds (I-V and
VIII-XII) and two analogous clusters (VI and VII) corre-
sponding to the enzyme active site, shown in Figs. 2 and
3. The model compounds have a number of structural fea-
tures in common with the enzyme, in particular two bridg-
ing sulphurs and CO, or both CO and CN ligands, bound
to the iron atoms. Five of the models (I-V) studied here
have been synthesized by Razavet et al. [16,17,24] to both
mimic the active site of the Fe-only hydrogenase and to
help explain the cyanation mechanism. Some of these
species have also been structurally and spectroscopically
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Fig. 2. Analogues (I-VII) of Fe-only hydrogenases.
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Fig. 3. Analogues (VIII-XII) of Fe-only hydrogenases.

characterized, and studied by DFT methods. In particular,
the PES of compounds I-V have been measured by Yang
et al. [23]. There are crystal structure data for two of these
compounds (I and 1V), and for the remaining three in
which the CN ligands have been replaced by CO ligands.
Clusters VI and VII were prepared from the structure of
Desulfovibrio vulgaris (PDB code: 1HFE), to include two
possibilities for the bridge-head group (CH, or NH) [13].
We have also studied a range of synthetic molecules which
are analogues of the iron only hydrogenases (VIII-XII)
[18,20,26,27]. This set of molecules differs from the previ-
ous group (I-VII) by the lack of a third sulfur atom. They
differ in their actual charge, the bridge-head group and in
the number of CN ligands, with (XII) having two trimethyl
phosphine groups in place of the enzymatic cyanides.
Structural data are available for these five molecules, but
there is a lack of ionization energy data. The two neutral
species (VIII and X) differ only in the bridge-head (CH,
and NMe respectively), the two doubly charged species,
(IX and XI) having NH and NMe bridge-heads. These
models (VIII and X) are related to IX and XI via cyana-
tion. Model XII has two neutral phosphorous ligands to
mimic the anionic cyanides as discussed by Zhao et al.
[27]. Recently, a similar model has been synthesized having
a hydride ion bridging the two iron atoms [28].

In the calculations of these 12 molecules, we have
employed two of the most common functionals (B3LYP
and BP86) [29,30], B3LYP having 20% Hartree—Fock
exchange whilst BP86 has none. We use two different basis
sets (BS1 — LANL2DZ" basis for Fe and S, D95V™ basis for
CO and CN, 3-21G basis for other atoms; BS2 — 6-
311++G™ basis for all atoms) [31,32]. For BS1, which
involves a pseudopotential on the Fe and S atoms, the total
number of basis functions is in the range 297-411, and for
the larger all electron basis, BS2, this number is up to 846.
The basis, BS1, was chosen by Cao and Hall to study the

reaction mechanism of Fe-only hydrogenase models by
monitoring the vibrational frequencies of the CO and CN
ligands of the species involved in the reaction [15]. All cal-
culations were performed using caussiaN 03 [33]. The ini-
tial structures for the synthetic models were taken from
the Cambridge structural database [34].

3. Computational results
3.1. Synthetic cluster results

We first discuss the structures and ionization energies of
the model compounds I-V shown in Tables 1 and 2. We see
that both functionals and both basis sets generally predict
the Fe-Fe and Fe-ligand distances to within 0.1 A.The cal-
culated structures using the two functionals differ mainly in
the changes in the Fe-Fe distances upon ionization. We see
there is no systematic way in which these lengths change
with the different functionals and basis sets. Furthermore,
both functionals predict CO and CN vibrational frequen-
cies consistent with experiment [15,25].

However, we find the predictions to be quantitatively
different as far as the ionization energies are concerned.
For both basis sets, the VDE and ADE values are system-
atically smaller for the B3LYP, compared to the BP86
functional (Tables 1 and 2). Indeed, for the doubly charged
anions, the B3LYP functional gives a negative VDE and
ADE in most cases. The difference in the ionization ener-
gies given by the two functionals is fairly constant at 0.3—
0.4 eV for both basis sets, reflecting the localized (Fe 3d)
nature of the ionization in all the compounds, with the
absolute values being ~0.2 eV greater for the larger basis
(BS2) (Table 2). It is the BP86 functional, combined with
the larger basis set (BS2) which gives the best agreement
with the experimental ionization energies. The VDE values
are uniformly too small by ~0.3 eV, although the ADE
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Table 1 .

Calculated Fe—X bond lengths (A) and electron detachment energies (eV) of Fe-only hydrogenase models (I-V) using basis Bl

Models X Fe-X bond length Energies

Reduced Oxidized
X-ray® B3LYP/BS1 BP86/BS1 B3LYP/BSI BP86/BS1 Experiment® B3LYP/BSI BP86/BS1

I Fe 2.52 2.56 2.59 2.68 2.66 VDE 0.67(10) —0.17 0.15
S¢ 2.27-2.29 2.33-2.36 2.31-2.33 2.32-2.38 2.29-2.37 ADE 0.15(10) —0.44 —-0.07
Cco 1.71-1.79 1.74-1.75 1.74 1.76-1.78 1.73-1.75 Joxi 0.52 0.27 0.22
Cen 1.92-1.94 1.92 1.89-1.90 1.90-1.91 1.87-1.88

II Fe 2.49 2.59 2.62 2.59 2.56 VDE 0.84(10) —-0.15 0.16
Rid 2.25-2.27 2.32-2.36 2.32-2.33 2.29-2.41 2.26-2.39 ADE 0.25(10) —0.39 —0.02
Cco 1.79-1.81 1.74-1.76 1.73-1.75 1.75-1.80 1.73-1.77 Aoxi 0.59 0.24 0.18
Cen - 1.92 1.89-1.90 1.90-1.91 1.87-1.89

11 Fe 2.49 2.60 2.62 2.58 2.56 VDE 0.95(10) —0.08 0.21
S¢ 2.25-2.27 2.33-2.36 2.31-2.34 2.30-2.41 2.27-2.39 ADE 0.35(10) —0.34 0.04
Cco 1.79-1.81 1.74-1.76 1.73-1.75 1.75-1.80 1.73-1.77 Joxi 0.60 0.26 0.17
Cen - 1.92 1.89-1.90 1.90-1.91 1.87-1.89

v Fe 2.54 2.51 2.54 2.67 2.51 VDE 3.9(1) 3.04 3.41
it 2.24-2.26 2.32-2.34 2.29-2.32 2.31-2.36 2.26-2.36 ADE 3.30(10) 2.78 3.19
S 2.25 2.27 2.24 2.32 2.25 Joxi 0.60 0.26 0.22
Cco 1.75-1.77 1.75-1.77 1.73-1.75 1.77-1.80 1.76-1.77
Cen 1.94 1.92 1.90 1.90 1.86

\' Fe 2.50 2.51 2.54 2.65 2.50 VDE 3.86(8) 3.03 3.41
Nid 2.25-2.26 2.31-2.34 2.29-2.32 2.31-2.37 2.30-2.36 ADE 3.30(8) 2.77 3.18
S 2.23 2.27 223 2.32 2.25 Joxi 0.56 0.26 0.23
Cco 1.76-1.78 1.75-1.77 1.74-1.75 1.77-1.80 1.76-1.77
Cen - 1.92 1.89 1.90 1.86

& X-ray values are for Fe(I)-Fe(I) species.
® Values are taken from [23].
¢ Denotes bridging atom.

values are in excellent agreement with experiment. This
leads to the computed reorganization energies being smaller
than the experimental values by ~0.3 ¢V. We have noted a
similar, though smaller underestimation of the reorganiza-
tion energies in our study of rubredoxin analogues [11].

It is of interest to note that on the basis of FTIR spectra
of the oxidized form of model II, it has been suggested that
ionization may lead to a CO (on the proximal iron) being
bridged with the distal iron, and the sulfur being bound
to the proximal iron. Calculation of this latter species
(BP86/BS2) leads to an ADE of —0.25 eV which is consis-
tent with electrochemical measurements [17]. However, our
calculated ADE (+0.25 eV) for model II in which no such
rearrangement has taken place, is in excellent agreement
with the PES value suggesting the bridged CO species can
be ruled out in the gas phase.

3.2. Enzyme active site results

We now describe our predictions of the structures and
ionization energies for the two clusters (VI and VII) which
are models of the actual enzyme active site (Tables 3 and
4). We find that for both species the Fe-Fe bond length
increases when the B3LYP functional is used, but decreases
for the BP86 functional. This effect has been previously
noted [15,25] for these two functionals, but there are no
experimental data to test these different predictions. Our

calculated structures of VI for both the reduced and oxi-
dized states using B3ALYP/BSI are in good agreement with
those previously reported by Cao and Hall (species 11 and
18 in [15]), and we also find that the terminal CO in the
reduced state becomes bridging in the oxidized species.
At the B3LYP/BSI level there is a lengthening of the Fe—
Fe bond during ionization, but this lengthening is smaller
with the BS2 basis. There is a corresponding shortening
of the Fe-Fe bond upon ionization when both basis sets
are used in conjunction with a BP86 functional [25].

As found for the models (I-V), the ionization energies
are dependent upon the functional and basis set employed
(Tables 3 and 4). We also see that there is a systematic
increase in the VDE when the bridge-head group is chan-
ged from CH, (model VI) to NH (model VII), with the
reorganization energy being larger for the latter (Table
3). Although the effect is small, measured ionization ener-
gies may possibly be a useful fingerprint for identifying
the nature of the bridge-head group. The larger reorganiza-
tion energies found for the enzyme models (VI and VII),
than for the synthetic models (I-V), probably arise from
the bridging nature of CO in the oxidized state.

3.3. [2Fe2S] synthetic cluster results

Due to the success of the BP86 functional combined
with the BS2 basis, we have studied these molecules
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Table 2

Calculated Fe-X bond lengths (A) and electron detachment energies (¢V) of Fe-only hydrogenase models (I-V) using basis BS2

Models X Fe-X bond length Energies

Reduced Oxidized
X-ray* B3LYP/BS2 BP86/BS2 B3LYP/BS2 BP86/BS2 Experimentb B3LYP/BS2 BP86/BS2

I Fe 2.52 2.58 2.61 2.70 2.68 VDE 0.67(10) 0.00 0.39
S¢ 2.27-2.29 2.33-2.35 2.31 2.31-2.37 2.29-2.35 ADE 0.15(10) —0.25 0.18
Cco 1.71-1.79 1.76-1.77 1.75 1.78-1.80 1.75-1.78 Aoxi 0.52 0.25 0.21
Cen 1.92-1.94 1.95 1.92 1.92-1.94 1.89-1.91

1T Fe 2.49 2.61 2.63 2.61 2.58 VDE 0.84(10) 0.05 0.43
Rid 2.25-2.27 2.31-2.35 2.30-2.32 2.29-2.39 2.25-2.37 ADE 0.25(10) —-0.19 0.24
Cco 1.79-1.81 1.75-1.78 1.74-1.76 1.77-1.82 1.75-1.78 Joxi 0.59 0.24 0.19
Cen - 1.94-1.95 1.92-1.93 1.93-1.94 1.90-1.91

III Fe 2.49 2.62 2.64 2.60 2.57 VDE 0.95(10) 0.09 0.48
S¢ 2.25-2.27 2.31-2.34 2.30-2.33 2.29-2.39 2.26-2.37 ADE 0.35(10) —0.14 0.30
Cco 1.79-1.81 1.75-1.78 1.74-1.76 1.77-1.82 1.75-1.78 Aoxi 0.60 0.23 0.18
Cen - 1.94-1.95 1.92-1.93 1.93-1.94 1.90-1.91

v Fe 2.54 2.53 2.57 2.71 2.51 VDE 3.9(1) 3.15 3.57
Nid 2.24-2.26 2.31-2.34 2.28-2.32 2.30-2.36 2.26-2.34 ADE 3.30(10) 2.90 3.35
S 2.25 2.29 2.25 2.33 2.26 Aoxi 0.60 0.25 0.22
Cco 1.75-1.77 1.77-1.79 1.75-1.76 1.78-1.83 1.78-1.79
Cen 1.94 1.94 1.92 1.92 1.89

\ Fe 2.50 2.53 2.56 2.69 2.51 VDE 3.86(8) 3.15 3.57
S¢ 2.25-2.26 2.31-2.34 2.28-2.31 2.31-2.36 2.26-2.34 ADE 3.30(8) 2.90 3.36
S 2.23 2.28 2.24 2.33 2.26 Joxi 0.56 0.25 0.21
Cco 1.76-1.78 1.77-1.79 1.75-1.76 1.79-1.82 1.78-1.79
Cen - 1.94 1.92 1.92 1.89

& X-ray values are for Fe(I)-Fe(I) species.
® Values are taken from [23].
¢ Denotes bridging atom.

Table 3
Calculated Fe-X bond lengths (A) and electron detachment energies (eV) of two active site models of the Fe-only hydrogenase, using basis BS1
Models X Fe-X bond length Energies
Reduced Oxidized
X-ray® B3LYP/BSI BP86/BS1 B3LYP/BSI BP86/BS1 B3LYP/BSI BP86/BS1
VI Fe 2.57 2.53 2.57 2.58 2.55 VDE -0.93 —0.58
sd 2.28-2.30 2.36-2.38 2.32-2.34 2.37-2.38 2.33-2.38 ADE —1.22 —0.87
S 2.51 2.30 222 2.32 2.29 Aoxi 0.29 0.29
Cco 1.71-1.80 1.74-1.75 1.72-1.74 1.77 1.74
Ceo! - - - 1.85%, 2.19¢ 1.86°, 2.03¢
Cen 1.85-1.87 1.92-1.93 1.89 1.91-1.93 1.89
VII Fe 2.54 2.58 2.59 2.52 VDE —0.83 —0.50
s¢ 2.36-2.39 2.32-2.34 2.35-2.44 2.32-2.36 ADE —1.25 —0.85
S 2.30 2.22 2.30 2.26 Joxi 0.42 0.35
Cco 1.74-1.75 1.72-1.74 1.77 1.74
Cco? - - 1.80°, 2.43° 1.83°, 2.16°
Cen 1.92-1.93 1.89-1.90 1.93-1.94 1.89

* X-ray values are taken from [13] (PDB Code: I1HFE).
® Distances from distal iron.

¢ Distances from proximal iron.
9 Denotes bridging atom.

(VIII-XII) only at this level. Again the structures of these
species in their reduced state are accurately predicted
(Table 5). For the four models VIII-XI, we predict a
lengthening of the Fe-Fe bond upon ionization, whereas
for XII the bond length is unchanged, which is presumably
associated with the two bulky trimethyl phosphine ligands.

In agreement with the results of Lawrence et al., we find the
bond lengths to be slightly overestimated by our calcula-
tions [26]. For model VIII, the iron-ligand bond lengths
are slightly longer than those of reported by Cao and Hall,
probably due to the bigger basis (BS2) [15]. Moving from X
to XI, where the latter has two CN ligands instead of CO, a



P. Jayapal et al. | Journal of Organometallic Chemistry 691 (2006) 4532-4538 4537
Table 4 .
Calculated Fe-X bond lengths (A) and electron detachment energies (eV) of two active site models of the Fe-only hydrogenase, using basis BS2
Models X Fe-X bond length Energies
Reduced Oxidized
X-ray® B3LYP/BS2 BP86/BS2 B3LYP/BS2 BP86/BS2 B3LYP/BS2 BP86/BS2
VI Fe 2.57 2.55 2.60 2.58 2.55 VDE —0.75 —0.32
s¢ 2.28-2.30 2.35-2.37 2.30-2.32 2.35-2.37 2.31-2.37 ADE —1.00 —0.60
S 2.51 2.30 2.21 2.32 2.30 Aoxi 0.25 0.28
Cco 1.71-1.80 1.75-1.77 1.74-1.75 1.78-1.79 1.75-1.76
Cco! - - - 1.85°, 2.26° 1.87°, 2.04°
Cen 1.85-1.87 1.95 1.92 1.95 1.91
VII Fe 2.56 2.61 2.60 2.52 VDE —0.65 —0.25
s¢ 2.34-2.38 2.30-2.33 2.35-2.41 2.31-2.35 ADE —1.00 —0.56
S 2.29 221 2.30 2.26 Aoxi 0.35 0.31
Cco 1.76-1.77 1.74-1.75 1.78-1.79 1.75-1.76
Cco? - - 1.82°, 2.46° 1.85°, 2.15°
Cen 1.95 1.92 1.95-1.97 1.91
& X-ray values are taken from [13] (PDB Code: IHFE).
® Distances from distal iron.
¢ Distances from proximal iron.
4 Denotes bridging atom.
Table 5 .
Calculated structures (A) and ionization energies (eV) of models (VIII-XII) of Fe-only hydrogenases using BP86/BS2
Models X Fe-X Energies
X-ray* Reduced Oxidized
VIII Fe 2.51 2.54 2.67 VDE 8.20
s¢ 2.25 2.29-2.30 2.27-2.33 ADE 791
Cco 1.80 1.78-1.79 1.78-1.83 Aoxi 0.29
IX Fe 2.51 2.60 2.74 VDE 0.45
s¢ 2.28-2.29 2.31-2.32 2.29-2.31 ADE 0.17
Cco 1.74-1.76 1.75 1.77 Aoxi 0.28
Cen 1.94 1.93 1.89
X Fe 2.49 2.54 2.61 VDE 7.62
sd 2.26 2.30-2.31 2.26-2.28 ADE 7.41
Cco 1.78-1.81 1.78-1.79 1.79-1.82 Aoxi 0.21
XI Fe 2.51 2.56 2.57 VDE 0.34
sd 2.28-2.29 2.33-2.34 2.31-2.34 ADE —0.26
Cco 1.74-1.75 1.74-1.75 1.76-1.77 Aoxi 0.60
Ceo? - - 1.83° 2.23°
Cen 1.94 1.93 1.91
XII Fe 2.56 2.61 2.61 VDE 6.66
sd 2.25-2.26 2.28-2.29 2.25-2.36 ADE 6.31
Cco 1.75-1.77 1.76 1.77-1.78 Aoxi 0.35
P 2.24 2.26 2.29

& X-ray values are for Fe(I)-Fe(I) species.
° Distances from distal iron.

¢ Distances from proximal iron.

4 Denotes bridging atom.

lengthening of the Fe-Fe bond by 0.02 A is found experi-
mentally, a feature which is accurately reproduced by our
calculations. It is interesting to note that in common with
the enzyme models VI and VII, we find in the case of XI,
the formation of a bridging CO in the oxidized species.
Our calculated Fe-Fe distance is slightly longer than the
X-ray value for X, consistent with other calculations [26].

As far as the ionization energies are concerned, we note
that the reorganization energies are generally larger than

for the models (I-V). The magnitude of the ionization ener-
gies is mainly dependent on the charges on the species, with
the largest values being for the three neutral species (VIII, X
and XII) compared to those for the 2-species, IX, XI. In con-
trast to the two enzyme models, where the ionization energy
increases when NH is substituted for CH,, the ionization
energy decreases on going from VIII (CH,) to X (NCHs;)
which may suggest a potential role of the third sulfur atom
and cyanides in modulating the ionization energies.
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4. Conclusions

We have found that the available structural data does
not allow a clear discrimination between the different den-
sity functionals and basis sets which can be used to model
the iron-only hydrogenases. The ionization energies of
model compounds as measured by ESI-PES, might be very
useful in this respect and can possibly give some insight
into the nature of the bridge-head group and structural
changes upon ionization.
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