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The tetranuclear iron complex Fe4[MeC(CH2S)3]2(CO)8 (1) functions like a hydrogenase to catalyze proton reduction
to H2 in the presence of 2,6-dimethylpyridinium acid (LutHþ). Experimentally, at the first reduction potential (-1.22 V
vs Fc/Fcþ), the concentration of LutHþ decreases slowly, while at the second reduction potential, which is sufficient to
reduce 1- (-1.58 V vs Fc/Fcþ), the concentration of LutHþ decreases more rapidly. Here, density functional theory
predicts both reduction potentials (E0) and proton-transfer free energies relative to LutHþ for numerous intermediates
and several important transition states as a basis for developing thermodynamics cycles for routes to hydrogen
production by 1. At the less negative potential, one-electron reduction of 1 is followed by protonation to form a bridging
hydride complex; then, a second one-electron reduction is followed by a second protonation, an ECEC process. This
doubly reduced and doubly protonated species has a structure with bridging hydrides between both outer Fe-Fe pairs
and can produce H2 and regenerate 1 only by bringing the two hydrogens into proximity through a high-energy
intermediate or transition state, a result consistent with the experimentally slow uptake of LutHþ at this potential. In
contrast, at the more negative (lower) reduction potential the two-electron-reduced species, 12-, which has bridging
carbonyls between both Fe-Fe pairs, is protonated at a terminal Fe position to form a species that produces H2 by
rapidly picking up a second proton and regenerating 1 in an EECC process. Thus, the latter route avoids the high-
energy intermediates and transition states necessarily accessed by the former route, a result that explains the more
rapid uptake of LutHþ at the second more negative potential. Although both routes arrive at a doubly reduced, singly
protonated species in the third step of these processes, the calculations predict that a high barrier prevents the rapid
interconversion of these two nearly isoenergetic species. The calculations confirm the importance of terminal metal
hydrides, rather than bridging hydrides, for rapid H2 production and show in detail how the bridging CO maintains the
terminal hydride structure at the lower reduction potential even though the bridging hydride conformation is more
stable. These results provide clues for designing new biomimic electrocatalysts and further evidence for the terminal
Fe-H mechanism in [FeFe]-hydrogenase. The calculations also predict that at even lower reduction potentials, new
more highly reduced intermediate species can be accessed that could lead to alternative routes to H2.

Introduction

Di-iron hydrogenases catalyze the reduction of protons to
H2.X-ray crystal structures reveal that the enzyme’s active site,
the H-cluster, consists of a di-iron [2Fe] cluster bridged to a
[4Fe-4S] cluster by a cysteine ligand from the protein back-
bone, as shown in Figure 1a.1,2 Two catalytically active redox
states of the di-iron cluster were examined crystallographi-
cally: the FeIFeII form (Hox)

1 with one CO ligand bridging

between the two irons and a weakly bound H2O on Fed, and
theFeIFeI form (Hred)

2with the bridgingCO in a semibridging
position.2-5 More highly oxidized FeIIFeII forms are also
known but are believed to be catalytically inactive.6,7

The design of biomimetic catalysts to simulate the func-
tion of hydrogenase is being persued8-14 both to study the

*Towhom correspondence should be addressed. E-mail: mbhall@tamu.edu.
(1) Peters, J. W.; Lanzilotta, W. N.; Lemon, B. J.; Seefeldt, L. C. Science

1998, 282, 1853–1858.
(2) Nicolet, Y.; de Lacey, A. L.; Vern�ede, X.; Fernandez, V. M.;

Hatchikian, E. C.; Fontecilla-Camps, J. C. J. Am. Chem. Soc. 2001, 123,
1596–1601.

(3) De Lacey, A. L.; Fern�andez, V.M.; Rousset,M.; Cammack, R.Chem.
Rev. 2007, 107, 4304–4330.

(4) Siegbahn, P. E. M.; Tye, J. W.; Hall, M. B. Chem. Rev. 2007, 107,
4414–4435.

(5) Lubitz, W.; Reijerse, E.; van Gastel, M. Chem. Rev. 2007, 107, 4331–
4365.

(6) Pereira, A. S.; Tavares, P.; Moura, I.; Moura, J. J. G.; Huynh, B. H.
J. Am. Chem. Soc. 2001, 123, 2771–2782.

(7) Popescu, C. V.; M€unck, E. J. Am. Chem. Soc. 1999, 121, 7877–7884.
(8) Capon, J.-F.; Gloaguen, F.; Schollhammer, P.; Talarmin, J. Coord.

Chem. Rev. 2005, 249, 1664–1676.
(9) Liu, X.; Ibrahim, S. K.; Tard, C.; Pickett, C. J. Coord. Chem. Rev.

2005, 249, 1641–1652.
(10) Schmidt, M.; Contakes, S. M.; Rauchfuss, T. B. J. Am. Chem. Soc.

1999, 121, 9736–9737.
(11) Zhao, X.; Georgakaki, I. P.; Miller, M. L.; Yarbrough, J. C.;

Darensbourg, M. Y. J. Am. Chem. Soc. 2001, 123, 9710–9711.
(12) Barton, B. E.; Rauchfuss, T. B. Inorg. Chem. 2008, 47, 2261–2263.



5738 Inorganic Chemistry, Vol. 49, No. 12, 2010 Surawatanawong and Hall

hydrogen productionmechanism and as alternativematerials
for rare andexpensiveplatinumelectrodes inhydrogenproduc-
tion and fuel cells.15-17 Model complexes with structures
similar to the active site of hydrogenase, such as di-iron hexa-
carbonyl dithiolate complexes and their substitutedderivatives

(Figure 1b), have been studied for hydrogen production
reactivity.8,10-14,18-34 The substitution of CO by better
donor ligands, i.e., cyanide,10 phosphine,11-13 and cyanide/
phosphine,14 leads to catalysiswithweaker acids (higher pH),
at less negative reduction potentials, and at higher H2 pro-
duction rates. Although the identity of the dithiolate bridge-
head in the di-iron hydrogenase structure is unknown, basic
sites at the bridging thiolate29,35 ligands have been introduced
in the synthetic model catalysts because of their implications
as proton sites. However, the H2 production rates of these
di-iron model complexes are still relatively low compared to
di-iron hydrogenases.
There remains a major difference between the stable struc-

tures of di-iron model complexes and that of the di-iron
subsite inhydrogenases.Although structures of unstablemixed-
valence FeIFeII model20,26,36 complexes are found with semi-
bridging CO, a structure that resembles the Hox state of
di-iron hydrogenases, stable FeIFeImodel complexes have all
terminal COs, structures that do not replicate the semibridg-
ing CO structure in the Hred state of di-iron hydrogenases.
The semibridging carbonyl structure at the [2Fe] subsite in
theHred state of di-iron hydrogenases creates a vacant site on
the distal iron (Fed), which favors protonation at the terminal
position of Fed. Furthermore, experimental data on di-iron
model complexes show that a terminal hydride can be more
active for hydrogen production than a bridging hydride.24

Density functional calculations4 suggest that models of
the di-iron hydrogenase active site are protonated either at
the Fe-Fe bond for all-terminal CO structures37,38 or at the
terminal position on one Fe for a bridging CO structure.39-42

De Gioia and co-workers37 showed that (μ-S(CH2)3S)[Fe-
(CO)3]2 with an all-terminal CO structure leads to hydrogen
production between theFe sites throughan intermediatewith
one hydrogen on each iron. On the other hand, the hydrogen
production path through the terminal hydride adducts is more
favorable in the density functional calculation of [(CO)(CN)-
Fed(μ-DTMA)(μ-CO)Fep(CO)(CN)(SMe)]- (DTMA =
SCH2NHCH2S) complex,40,41 in which DTMA can assist
the proton-transfer reaction to the terminal site on the distal
iron.
More recently, Pickett, Best, and their co-workers synthe-

sized and studied Fe4[MeC(CH2S)3]2(CO)8 (1), a catalyst
in which [2Fe3S] units are fused by two bridging thiolate
ligands (Figure 1c).43,44 The catalyst undergoes two one-
electron reductions, forming 1- and 12- at-1.22 and-1.58V

Figure 1. Structures of (a) the di-ironhydrogenase active site, (b) di-iron
synthetic models, and (c) [Fe4(MeC(CH2S)3)2(CO)8]

2- (12-).
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(vs Fc/Fcþ), respectively, in CH2Cl2 solvent. The DFT-
calculated structures and IR spectra of 1, 1-, and 12- in
comparison to the IR spectra from spectroelectrochemical
(SEC) experiments showed that 1 and 1

- have all-terminal
COs structures, whereas 12- has a bridging CO on each iron
pair. Interestingly, unlike other FeIFeI models, which like 1
have all terminal COs,10-14 the 12- species with equivalent
oxidation states of 4FeI has a bridgingCOstructure similar to
the structure of the di-iron subsite in theHred state of di-iron
hydrogenase. Moreover, when the 2,6-dimethylpyridinium
acid (LutHþ) is used as a proton source, the rate of H2

production for 1 at the lower potential is significantly higher
than that for Fe2(μ-S(CH2)3S)(CO)6 and Fe2(μ-PPh(CH2)3-
PPh)(CO)6.

44 Simulations of the electrochemical results sug-
gested that the slowH2production at the first reduction poten-
tial is an ECEC process, while the more rapid H2 production
at the second reduction potential is an EECC process.
In this study, we investigated the structure and stability of

over 58 possible intermediates involved in proton- and
electron-transfer in the H2 production by 1. The reduction
potentials (E 0) and the proton-transfer free energies relative
toLutHþ of these intermediates are calculated and compared
to the applied reduction potentials and acidity of LutHþ.
These density functional studies reveal the most probable
intermediates and the key transition states involved in the
H2 production mechanism of the tetra-iron hexa-sulfur cata-
lyst 1 and offer insight into the higher reactivity of 12- for
H2 production.

Computational Details

All calculationswere performedwith theGaussian03prog-
ram.45 The TPSS46 density functional was used for all geo-
metry optimization and frequency calculation. The Stuttgart
RSC1997ECPbasis set47 isused forFe;LANL2DZdp48with
effective corepotential (ECP) is used for sulfur; 6-31G(d,p)49-51

is used for C, O, and Fe-bound H; and 6-31G(d)49-51 is used
for other hydrogen atoms.Awide rangeof possible structures
was examined, some alternative starting geometries conver-
ged to the same structure, and others converged to very high
energy structures.Only the lower energy structures are reported

here; all were fully optimized with default convergence criter-
ia, and frequencies were calculated to ensure that there are
no imaginary frequencies for minima and only one imagi-
nary frequency for transition states. Zero-point energies and
thermodynamic functions were calculated at 298.15 K and
1atm.Thesolvationenergieswere calculatedon thegeometries
from TPSS gas-phase optimizations by using the CPCM52,53

method with UAKS atomic radii and solvation parameters
corresponding toCH2Cl2 (ε=8.93).As describedbelow,DFT
calculations in conjunction with appropriate solvationmodels
have been used to determine reduction potentials (E 0)54-58

and proton dissociation constants (pKa).
59-65 With appro-

priate parametrization against closely related molecules, these
techniques can yield accuracies of∼3 kcalmol-1,E0( 0.15V,
andpKa(2, onmoderately sizedorganicmolecules.Although
parametrized techniques are under investigation for mono-
nuclear transition metal systems,66 the accuracy of the un-
parameterized values reported here will be less. Although we
calculated a number of barriers for internal rearrangements
of the various species, we have not calculated the rate of Hþ

transfer from LutHþ, which is likely to be relatively undisso-
ciated, nor have we calculated the rate of electron transfer
from the electrode. We have assumed that the electron trans-
fer is fast and that internal rearrangements over low barriers
are faster than proton transfer fromLutHþ. These issues will
be described for appropriate situations below.

Reduction Potential (E 0) Calculation. The thermodynamic
cycle in Scheme 1 is used for calculation of reduction potential of
A, E 0(A). The reduction potential can be derived from ΔGEA

sol

as in eq 1.

E0ðAÞ ¼ -ΔGEA
sol=F;F ¼ Faraday constant ð1Þ

ΔGEA
sol ¼ ΔGEA

gas - ΔGsolvðAÞ - ΔGsolvðe- Þ þ ΔGsolvðA- Þ
ð2Þ

TheΔGEA
sol can be calculated from eq 2 whereΔGEA

gas is the
free energy change for the electron addition toA in the gas phase
andΔGsolv(A),ΔGsolv(e

-), andΔGsolv(A
-) are the solvation free

energies ofA, e-, andA-, respectively. The solvation free energy
of e- cannot be obtained directly from the calculation. How-
ever, we can eliminate this value through the calculation of rela-
tive reduction potentials with a specific reference redox couple;
here, we chose ferrocene/ferrocinium (Fc/Fcþ). The relative
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reduction potential of the half reaction A þ e- f A- vs Fcþ þ
e- f Fc is reported as shown in eq 3.

E0ðAÞ vs ðFc=FcþÞ ¼ E0ðAÞ - E0ðFcþÞ ð3Þ
Our work on di-iron model complexes shows that with the pro-
cedure described above [0/1-] E 0’s will be calculated too posi-
tive, while [1-/2-] E 0’s will be calculated too negative.67

Proton-Transfer Free Energy Calculation. The Brønsted acidity
of a particular compound is usually reported as its proton dis-
sociation constant (pKa). The thermodynamic cycle in Scheme 2
can be used for the calculation of the free energy change upon pro-
ton loss,ΔGPL

sol (eq 4), which is related to the pKa of AH
þ (eq 5).

ΔGPL
sol ¼ ΔGPL

gas þ ΔGsolvðAÞ þ ΔGsolvðHþÞ
- ΔGsolvðAHþÞ ð4Þ

pKa ¼ ΔGPL
sol=2:303RT ð5Þ

In eq 4, only the proton solvation free energy, ΔGsolv(H
þ),

cannot be calculated quantummechanically. Although, it can be
deduced experimentally from the pKa of a known acid, to the
best of our knowledge, neither the proton solvation free energy
nor the pKa of LutH

þ in CH2Cl2 solvent is known experimen-
tally. Thus, we cannot calculate the pKa of the intermediate
AHþ by using the known pKa of LutH

þ in CH2Cl2. Fortunately,
essentially the same information is available by calculating the
free energy change to transfer a proton from LutHþ to A (eq 6),
and this direct comparison between AHþ and LutHþ avoids the
need to determine the pKa.

AþLutHþ f AHþ þLut ð6Þ
The free energy inCH2Cl2 for the reaction in eq 6will be referred
to as proton-transfer free energy to A, and when it is negative,
LutHþ is more acidic than AHþ.

Results and Discussion

We investigated the hydrogen production by 1 in the pre-
sence of LutHþ by beginning with the calculation of the one-
and two-electron-reduced formsof 1 (1- and 12-) and follow-
ing thatwith calculations of the proton transfers to 1, 1-, and
12- to formH-1þ,H-1, andH-1-, respectively.We calculated
alternative structures forH-1x (x=1þ, 0, 1-, and 2-) based
on the arrangement of the hydride and carbonyl ligands to
determine themost stable structure of each species. Although
bridging S can be protonated in these species, barriers for H2

production from such species are large,39 and we have not
considered them further. Various structures of 2H-1x and
3H-1x (x=1þ, 0, and 1-) from the second and third proton
addition were also examined. Then, the proton-transfer free
energies of the more stable structures for each species were
calculated. The reduction potentials of intermediates relative

to ferrocenium (Fcþ) are also calculated to compare with the
applied reduction potential. Finally, the overall scheme for
hydrogen production is constructed to show the most proba-
ble intermediates in the catalytic cycle.

1. Structure Determination of 1, 1-, and 12-. The com-
puted structures of 1, 1-, and 12-, described briefly below,
are in excellent agreement with the experimental structure
of 1, the IR spectra, and structures computed previously
with a different functional.44 The calculated minimum-
energy structure of 1 has all terminal COs on both outer
Fe atoms with Ci symmetry (Figure 2). The Mulliken
atomic charges show that the outer Fe atoms (Feao and
Febo) are more electron rich than the inner Fe atoms (Feai
and Febi) (-0.873 and -0.552, respectively) (Table 1).
The formal oxidation numbers of Fe in 1 could be
assigned as Fe1þFe2þFe2þFe1þ; this assignment parallels
the Mulliken charges, but one should not expect to
find numerical similarity, as the formal charges assign
metal-ligandbondingpairs to the ligand,while theMulliken
charge partitions these electrons between the metal and
ligand atom (APT charges, see SI, parallel the Mulliken
charges). Furthermore, theMOs are very delocalized (see
SI), which would suggest that the inner Fe2þ are open-
shell and antiferromagnetically coupled to the adjacent
Fe’s. The Feao-Feai bond is 2.527 Å, whereas the Feai-
Febi bond is slightly longer (2.618 Å) (Figure 2 andTable 2).
Experimentally, these bonddistances are 2.543 and2.651 Å,43

respectively, while the previous DFT calculations gave
2.544 and 2.628 Å,44 respectively. We also determined a
structure with one terminal CO on Feao rotated to the
semibridging position between Feao-Feai, 1(TS), a tran-
sition state 9.00 kcal/mol less stable than 1.
The first electron reduction forms 1-, which has a

minimum-energy structure similar to 1, Ci symmetry, and
all terminal COs. The main difference is that the Feai-Febi
bond distance in 1- lengthens to 2.900 Å, a change that
results from the electron occupation of the LUMOof 1 that
is Feai-Febi antibonding (in SI see Figures S1 and S2). The
unpaired electron in 1- is locatedmainly on inner Fe atoms;
spin densities on Feai and Febi are 0.492, whereas spin den-
sities on outer irons, Feao and Febo, are 0.023 (Table 3). The
charge density rearranges such that the outer Fe’s (-0.923)
have even more electrons and the inner Fe’s (-0.423) have
fewer electrons in spite of the added electron residingmainly
on the inner Fe’s. The oxidation number of Fe could be
assigned as Fe1þFe1.5þFe1.5þFe1þ or an antiferromagneti-
cally coupled Fe0.5þFe2þFe2þFe0.5þ. The structure with a
single semibridging CO between Feao-Feai, 1(TS)

-, is also
determined to be a transition state, now only 3.39 kcal/mol
less stable than 1

-.
The second electron reduction forms 12-. Unlike 1 and

1-, the minimum-energy structure of 12- has bridging

Scheme 1. Thermodynamic Cycle of Electron Reduction Scheme 2. Thermodynamic Cycle of Proton Dissociation

(67) Surawatanawong, P.; Tye, J. W.; Darensbourg, M. Y.; Hall, M. B.
Dalton Trans. 2010, 3093–3104.
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COs between both Feao-Feai and Febo-Febi with the
Feai-Ca_br bond (2.069 Å) slightly longer than the
Feao-Ca_br bond (1.850 Å). The Feai-Febi bond distance
in 12- further extends to 3.457 Å, corresponding to a fully
occupied Feai-Febi antibonding orbital (Figure S3).
Now, the atomic charges on the outer Fe atoms (-0.587)
are less negative than those on the inner Fe atoms
(-0.700) (Table 1). Supported by the arrangement of
CO ligands in the bridging CO structure of 1

2-, the

back-bonding from the outer Fe not only to the bridging
CObut also to the equatorial COs as shown inHOMO-1
and HOMO-2 orbitals (Figure S3) results in the length-
ening of all CO bonds in comparison to 1 and 1- (Table 2).
The oxidation number of Fe atoms could be assigned as a
mixture of Fe1þFe1þFe1þFe1þ and Fe0Fe2þFe2þFe0.
The MOs (see SI) suggest that substantial Fe 3d lone pair
character exists on the outer Fe’s. The structure with only
one semibridging CO on one of the inner-outer Fe pairs,

Figure 2. Rotation of carbonyl on one of the irons of 1, 1-, and 12-. The relative free energies in CH2C12 solution are given in kcal/mol. Selected bond
distances are given in Å.

Table 1. Mulliken Atomic Charges of nH-1
x (n = 0, 1, 2, and 3; x = 2-, 1-, and 0)

1 1
-

1
2-

H-1(d) H-1(b)- H-1(c)- H-1(c)2- 2H-1(d) 2H-1(e) 2H-1(c)- 2H-1(d)- 2H-1(e)- 3H-1(d) 3H-1(c)-

Feao -0.873 -0.923 -0.587 -0.863 -0.603 -0.862 -0.924 -0.979 -0.993 -0.832 -0.912 -1.033 -0.643 -1.029
Feai -0.552 -0.423 -0.700 -0.432 -0.660 -0.784 -0.752 -0.614 -0.443 -0.778 -0.711 -0.455 -0.718 -0.681
Febi -0.552 -0.423 -0.700 -0.617 -0.667 -0.736 -0.742 -0.677 -0.563 -0.785 -0.696 -0.564 -0.675 -0.738
Febo -0.873 -0.923 -0.587 -1.008 -1.019 -0.570 -0.626 -0.953 -0.929 -0.686 -1.014 -0.975 -0.969 -0.945
Ca_br 0.546 0.541 0.550 0.543 0.542 0.535 0.548 0.531
Cb_br 0.546 0.545 0.552 0.559
Ha_br 0.069 0.068 0.126
Hb_br 0.143 0.125 0.124 0.067 0.127 0.070 0.121 0.071
Hao_t1 0.117 0.078 0.212 0.078 0.105 0.062
Hao_t2 0.087 0.066
Hbi_t 0.150
Hbo_t
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1(TS)2-, is also determined to be a transition state that is
less stable than 12- by 5.90 kcal/mol. Note that the all-
Fe1þ structure of this tetra-iron species displays bridging
COs, while the corresponding structures of the all-Fe1þ

di-iron model compounds show all terminal COs. Inter-
estingly, bridging CO structures are predicted to appear
in the di-iron species when the complex is made electron
rich enough by strong donors or when the Fe-Fe is
weakened by reduction or oxidation.18 The appearance
of CO bridging structures in the all-Fe1þ tetra-iron
systems is a reflection of the electron-rich character
caused by the strong S donor ligands, the fewer COs,
and the negative overall charge.

2. First Proton Addition: H-1
þ, H-1, H-1-, and H-12-.

The possible structures forH-1x (x=2-, 1-, 0, and 1þ)
based on various hydride and CO ligand arrangements
are shown in Figure 3. The addition of the first proton to
1 forms H-1

þ. H-1(a)þ and H-1(c)þ are less stable than
H-1(d)þ by 15.01 and 38.58 kcal/mol, respectively (Table 4).
H-1(b)þ could not be located; instead, the bridging CO
rotates to the terminal position, becoming H-1(d)þ after
geometry optimization. Themost stable structure,H-1(d)þ,
has a hydride bridging (Hb_br) between Febi-Febo and
all terminal COs on both outer Fe’s. The proton-transfer
free energy to 1 to form H-1(d)þ is unfavorable (relative
to LutHþ) by 21.46 kcal/mol (Table 5). Therefore, the
formation of any H-1þ species in the reaction is unlikely

because the most stable from, H-1(d)þ, is much more
acidic than LutHþ.
The additionof the first proton to1- formsH-1 (Figure 3).

Like the cationic species above,H-1(a) andH-1(c) are less
stable than H-1(d) (Table 4). Here, H-1(b) was located,
but it is still less stable than H-1(d) by 10.78 kcal/mol.
Unlike the cationic species, the proton-transfer free energy
to 1

- to form H-1(d) is favorable by -6.25 kcal/mol
(Table 5). Thus, the H-1(d) can be formed readily in the
electrocatalytic reaction. The atomic charges on outer
iron atoms are still more negative than that on inner iron
atoms (Table 1); furthermore, the atomic charges on
Febi-Febo, the pair with a bridging hydride (Hb_br), are
more negative than those on Feai-Feao, the pair without
the bridging hydride. In comparison to 1-, the Febi-Febo
bond and the Feai-Febi bond in H-1(d) lengthen by 0.06
and 0.03 Å, respectively, whereas the Feai-Feao bond
shortens by 0.04 Å (Table 2). Mulliken analysis shows
that the unpaired electron in H-1(d) is located mainly on
the inner Fe atoms with some on Febi (0.230) and a larger
amount on Feai (0.888), the atom without the bridging
H (Table 3).
The addition of the first proton to 1

2- forms H-1-

(Figure 3). Here, structure H-1(d)- is a transition state
with an imaginary vibrational mode for CO rotating
about the outer iron from a terminal to a bridging posi-
tion to formH-1(b)-; a similar situation is also found for
H-1(a)-, which transforms toH-1(c)-. SinceH-1(a)- and
H-1(d)- are transition states, they will decay rapidly to
H-1(c)- and H-1(b)-, respectively, and the rates of these
decays should be fast compared to the electron or proton
transfer. H-1(d)- and H-1(a)- have higher energies than
H-1(b)-, the lowest energy structure, by 5.52 and 7.34 kcal/
mol, respectively (Table 4). H-1(c)-, the structure expec-
ted to form initially fromprotonation of 12-, with a termi-
nal hydride (Hao_t1) on Feao and bridging COs between
Feai-Feao and Febi-Febo is only 2.73 kcal/mol above
H-1(b)-. The direct conversion between H-1(c)- and
H-1(b)- involves rotation of the ligands about the Fe with
the hydride, which results in cleaving a bridging ligand
(either H or CO). The transition state for this rotation is

Table 2. Selected Geometry Parameters of nH-1x (n = 0, 1, 2, and 3; x = 2-, 1-, and 0)

1 1- 12- H-1(d) H-1(b)- H-1(c)- H-1(c)2- 2H-1(d) 2H-1(e) 2H-1(c)- 2H-1(d)- 2H-1(e)- 3H-1(d) 3H-1(c)-

Feao-Feai 2.527 2.557 2.526 2.517 2.525 2.524 2.660 2.502 2.581 2.725 2.591 2.686 2.691 2.606
Feai-Febi 2.618 2.900 3.457 2.934 3.353 3.433 3.517 3.386 3.305 3.456 3.378 3.254 3.403 3.380
Febo-Febi 2.527 2.557 2.529 2.616 2.605 2.518 2.524 2.578 2.580 2.519 2.666 2.686 2.580 3.129
Feao - Ca_br 1.850 1.822 2.107 2.071 2.033 2.386 2.037 2.258
Feai-Ca_br 2.069 2.130 1.898 1.911 1.947 1.821 1.949 1.844
Febi-Cb_br 2.071 2.136 2.067 2.120
Febo-Cb_br 1.850 1.820 1.851 1.823
Feao-Ha_br 1.700 1.735 1.731
Feai-Ha_br 1.673 1.663 1.660
Febi-Hb_br 1.703 1.678 1.670 1.673 1.667 1.662 1.672 1.773
Febo-Hb_br 1.662 1.708 1.702 1.701 1.736 1.736 1.701 2.084
Feao-Hao_t1 1.506 1.548 1.506 1.876 1.529 1.830
Feao-Hao_t2 1.874 1.835
Febi-Hbi_t 1.640
Febo-Hbo_t

Hao_t1-Hao_t2 0.777 0.781
Hbi_t-Hb_br 0.857
O-Ca_br 1.194
O-cax 1.166 1.174
O-ceq 1.164 1.171 1.185
O-cin 1.172 1.178 1.180
O-Cb_br 1.194

Table 3.Mulliken Spin Densities of nH-1x (n=0, 1, 2, and 3; x=2-, 1-, and 0)

1- H-1(d) H-1(c)2- 2H-1(c)- 2H-1(d)- 2H-1(e)- 3H-1(d)

Feao 0.023 -0.058 0.311 0.754 0.148 0.187 0.849
Feai 0.492 0.888 0.500 0.227 0.342 0.175 0.201
Febi 0.492 0.230 0.013 0.020 0.220 0.298 0.005
Febo 0.023 0.022 -0.001 -0.001 0.273 0.402 0.000
Ca_br 0.059 -0.014 0.034 -0.015
Cb_br -0.001 0.000
Ha_br -0.017
Hb_br 0.001 -0.012 -0.014 0.000
Hao_t1 0.056 0.010 0.028 0.029
Hao_t2 0.045 0.010
Hbi

Hbo_t
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29.5 kcal/mol aboveH-1(b)- (see SI for additional details).
Thus, conversion betweenH-1(c)- andH-1(b)- should be
slower than electron or proton transfer.
Like the cationic and neutral complexes, the lowest

energy structure for the anions,H-1(b)-, also has a bridg-
ing hydride between Febi-Febo, but it also has a bridging
CO between Feai-Feao, instead of all terminal COs as
found in H-1(d)þ and H-1(d) (Figure 3). The proton-
transfer free energy of 12- to form H-1(b)- is quite
favorable at-19.83 kcal/mol (Table 5). Again inH-1(b)-

the atomic charges of Febo-Febi, the pair with the brid-
ging hydride, are more negative than those of Feai-Feao,

the pair without the bridging hydride (Table 1), and the
Febi-Febo bond is longer than the Feai-Feao bond by
0.08 Å (Table 2). The proton-transfer free energy of 12- to
form H-1(c)- is also favorable at -17.10 kcal/mol. The
Fe-Fe bond distances in H-1(c)- are not significantly
different from those in 12- (Table 2). However, with
a proton terminally bound at Feao, the bridging CO in
H-1(c)- shifts away from Feao toward Feai; the Feao-Ca_br

bond is lengthened (from 1.850 to 2.107 Å) and the
Feai-Ca_br bond is shortened (from 2.069 to 1.898 Å), a
movement reflecting the strong hydride trans influence.
The role ofH-1(b)- andH-1(c)- species in the dihydrogen
production will be discussed later.
The proton addition to 1, 1-, and 12- formsH-1þ,H-1,

and H-1-, respectively, but reduction of H-1- can form
the new species H-12-. Here, H-1(a)2- and H-1(d)2-

cannot be located, as during their geometry optimiza-
tions, one of theCO ligands on the outer iron rotates from
a terminal to a bridging position and these structures
become H-1(c)2- and H-1(b)2-, respectively (Figure 3).
Although we did not confirm the nature of the H-1(a)2-

and H-1(d)2- structures, we suspect that they are saddle
points as in our previously confirmed cases. Unlike the
monoanion, the dianionH-1(c)2-, a terminal hydride com-
plex, is more stable than H-1(b)2-, a bridging hydride
complex, by -5.20 kcal/mol (Table 4). This is another
example of this system preferring bridging COs when the
electron density available on the Fe atoms increases.
In comparison toH-1(c)-, the dianionH-1(c)2- has Feao-
Feai and Feai-Febi bonds lengthened by 0.14 and 0.08 Å,
respectively, and the outer iron atoms, Feao and Febo,
become more electron rich (Table 1). Note that from the
atomic charges, the hydride (Hao_t1) in H-1(c)2- appears
more hydridic than the hydride in H-1(c)- and would be
expected to abstract another proton to form H2 more
easily (vide infra).

Figure 3. Possible structures ofH-1
x (x=2-, 1-, 0, and 1þ) based on different arrangements of various hydride and CO ligands.H-1(a)x has a terminal

hydride on Feao, a bridging CO between the Feao-Feai bond, and all terminal COs on Febo.H-1(b)x has a bridging hydride between Febo-Febi bond, all
terminal COs on Febo, and a bridging CO between the Feao-Feai bond.H-1(c)x has a terminal hydride on Feao and a bridging CO between the Feao-Feai
bond and between the Febo-Febi bond. H-1(d)x has a bridging hydride between the Febo-Febi bond and all terminal COs on both Feao and Febo.

Table 4. Solvation (CH2Cl2)-Corrected Relative Free Energies ofH-1
x (x = 2-,

1-, 0, and 1þ) with Respect to the Most Stable Structure

1þ 0 1- 2-

H-1(a) 15.01 9.47 7.34c n/lb

H-1(b) n/la 10.78 0.00 5.20
H-1(c) 38.58 17.12c 2.73 0.00
H-1(d) 0.00 0.00 5.52c n/ld

aThe structure is found as H-1(d)þ. bThe structure is found as
H-1(c)2-. cThese structures are transition states. dThe structure is found
as H-1(b)2-.

Table 5. Proton-Transfer Free Energies (ΔGPT) of nH-1x with CH2Cl2 Solvation
Correction Calculated from the Reaction LutHþ þ nH-1

xf Lutþ (nþ1)H-1
(xþ1)

(n = 0, 1, and 2; x = 2-, 1-, and 0)

reaction ΔGPT

l þ LutHþ f H-1(d)þ þ Lut 21.46
1- þ LutHþ f H-1(d) þ Lut -6.25
12- þ LutHþ f H-1(b)- þ Lut -19.83
12- þ LutHþ f H-1(c)- þ Lut -17.10
H-1(d) þ LutHþ f 2H-1(e)þ þ Lut 15.44
H-1(b)- þ LutHþ f 2H-1(d) þ Lut -5.10
H-1(c)2- þ LutHþ f 2H-1(c)- þ Lut -21.77
2H-1(e) þ LutHþ f 3H-1(d)þ þ Lut 34.03
2H-1(d)- þ LutHþ f 3H-1(d) þ Lut -10.26
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3. Second Proton Addition: 2H-1þ, 2H-1, and 2H-1-.
Proton addition to H-1, H-1-, and H-12- forms 2H-1þ,
2H-1, and 2H-1-, respectively. As described above, the
formation of H-1þ is unlikely; therefore, 2H-12þ struc-
tures were not examined. Possible structures of 2H-1x

(x=1-, 0, and 1þ) are shown in Figure 4 based on the
arrangements of two hydrides and CO ligands in the
molecule; their relative energies are also shown in Table 6.
Interestingly, the structure with bridging hydrides bet-
ween Feai-Feao and Febi-Febo and all terminal COs on
Feao and Febo, 2H-1(e)x, is the most stable structure in all
cationic, neutral, and anionic 2H-1x species.
For the cations, 2H-1(e)þ is more stable than 2H-1(d)þ,

the structure with a hydride (Hb_br) bridging between the
Febi-Febo bond, a terminal hydride (Hao_t1) on Feao, and
a bridging carbonyl between theFeai-Feao bond (Figure 4),

by 12.61 kcal/mol and more stable than other structures
by 24-34 kcal/mol (Table 6). The proton-transfer free
energy to H-1(d), the lowest energy structure of H-1, to
form 2H-1(e)þ is unfavorable by 15.44 kcal/mol (Table 5).
Therefore, as forH-1(d)þ, the cationic species 2H-1(e)þ is
unlikely to be formed in the reaction.
Among the neutral species, 2H-1(d) lies close to 2H-1(e),

the former higher in energy by 5.26 kcal/mol, whereas
other structures have significantly higher energies than
2H-1(e) by 11-30 kcal/mol. Proton transfer to H-1(b)-

(Figure 3), the most stable structure ofH-1-, would initi-
ally lead (no structural rearrangement) to 2H-1(d) (Figure 4)
with -5.10 kcal/mol in proton transfer free energy
(Table 5). Then, 2H-1(d) could convert to 2H-1(e), the
most stable structure, through the rotation of the bridging
CO and terminal hydride. However, the transition state

Figure 4. Possible structures of 2H-1
x (x = 1-, 0, and 1þ) based on different arrangements of hydrides and CO ligands.
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for this rotation would be expected to be∼25 kcal/mol on
the basis of its similarity to the transition state between
H-1(c)- and H-1(b)-. Because of symmetry, the atomic
charges in 2H-1(e) are nearly equal for the Feai-Feao and
the Febi-Febo pairs, with more negative charge on the
outer Fe than on the inner Fe (Table 1). The 2H-1(e) could
be an intermediate for hydrogen production and regene-
ration of 1, as the free energy for hydrogen production is
favorable by -8.91 kcal/mol (Table 7). However, the
positions of two hydrogen atoms in 2H-1(e) are too far
from each other to directly form a hydrogenmolecule. To
produce the hydrogen molecule, a bridging hydride on
one of the inner-outer Fe pairs in 2H-1(e) needs to move
closer to the other hydride; the process could involve
hydride transfer to the inner Fe closer to the other hydride
through an intermediate like 2H-1(h) (Figure 4), for
which the energy is higher than 2H-1(e) by 12.71 kcal/mol.
Although the overall energy for the hydrogen production
by 2H-1(e) is exergonic, the reaction necessarily proceeds
through a higher energy intermediate, such as 2H-1(h),
and would be expected to have an even higher energy tran-
sition state (barrier) to reach this intermediate.
Onemight expect2H-1(c) (Figure4) tobe formed through

the protonation of H-1(c)-, which is only 2.73 kcal/mol
less stable thanH-1(b)- (Figure 3 and Table 4). However
2H-1(c) could not be located as the bridgingCO rotates to
a terminal position, becoming 2H-1(g) (Figure 4). Thus,
2H-1(c) does not exist but is a transition state on the
energy surface, and moreover, neither the dihydride- nor
the dihydrogen-bound state of 2H-1(g) could be found;
instead, the two hydrogen atoms on the same outer Fe in
2H-1(g) form a hydrogen molecule, which dissociates
from the iron center during the geometry optimization.
Thus, the hydride in H-1(c)- could abstract the pro-
ton from LutHþ, liberate H2, and regenerate 1, rapidly.
The hydrogen production directly from H-1(c)- and
LutHþ is calculated to be favorable by -22.00 kcal/mol
(Table 7).
For the dihydride anionic species, 2H-1(d)- lies even

closer to the lowest energy structure2H-1(e)- (2.36kcal/mol)
(Table 6). However, the hydrogen molecule cannot be pro-
duced directly from either 2H-1(e)- or 2H-1(d)- because
the two hydrogen atoms are located at different sites in
these molecules (Figure 4); therefore, the H2 formation
would have to proceed through higher energy transition
states and intermediates, such as 2H-1(h)- (8.35 kcal/mol
relative to 2H-1(e)-). On the other hand, the structure
with two hydrogen atoms in terminal positions on the

same outer Fe (Feao), 2H-1(c)- (Figure 4), is only 0.96 kcal/
mol higher energy than 2H-1(e)- and can be formed rea-
dily through the proton transfer toH-1(c)2- (-21.77 kcal/
mol) (Table 5). The 2H-1(c)- can produce H2 and regene-
rate 1-, releasing energy of -20.77 kcal/mol (Table 7).

4. Third Proton Addition: 3H-1þ, 3H-1, and 3H-1-.
The third proton addition forms 3H-1x (x=1-, 0, and
1þ) in structures shown in Figure 5. The three hydrogen
atoms in the 3H-1

x optimized structures are located such
that two hydrogen atoms are on the same di-iron subsite,
whereas the third hydrogen atom is on the other di-iron
subsite. The cationic species 3H-1

þ is formed by the
proton addition to 2H-1. The lowest energy structure,
3H-1(d)þ, has two terminal hydrides (Hao_t1 and Hao_t2)
at the same outer Fe (Feao) and a bridging hydride (Hb_br)
betweenFebi-Febo. The structurewith a terminal hydride
on Febi (Hbi_t) and bridging hydrides between both
Febi-Febo (Hb_br) and Feai-Feao (Ha_br), 3H-1(c)þ is
1.56 kcal/mol above 3H-1(d)þ, while 3H-1(a)þ and 3H-1(b)þ

have higher energies than 3H-1(d)þ by ∼10 kcal/mol
(Table 8). As in H-1(d)þ and 2H-1(e)þ, the cationic
species 3H-1(d)þ is an unlikely intermediate in the reac-
tion, as the proton-transfer free energy to 2H-1(e) to form
3H-1(d)þ is endergonic by 34.04 kcal/mol (Table 5).
For the neutral species, 3H-1(d) is still the lowest energy

structure, more stable than 3H-1(c) by -7.16 kcal/mol
(Figure 5 and Table 8); once again, one expects that
hydrogen production would be more favorable at a single
Feao in 3H-1(d) rather than at the bridging Febi-Febo site
in 3H-1(c). 3H-1(d) can be formed by proton transfer to
2H-1(d)-, which is favorable by-10.26 kcal/mol (Table 5),
and the production of H2 from 3H-1(d) regenerates
H-1(d) exergonically by -18.16 kcal/mol (Table 7).
Reduction of neutral 3H-1 forms the anionic species

3H-1
-. For this anion, the 3H-1(b)- and 3H-1(d)- struc-

tures, in which two terminal hydrogen atoms (Hao_t1 and
Hao_t2) are at the same outer iron (Feao), could not be
located because during the geometry optimization the
two hydrogen atoms form a hydrogen molecule that
dissociates from the iron center (Figure 5 and Table 8).
On the other hand, structures with two hydrogen atoms
posed to form a hydrogen molecule at the Febi-Febo site,
3H-1(a)- and3H-1(c)-, canbe located asminima.3H-1(c)-

is found more stable than 3H-1(a)- by -3.47 kcal/mol,
and it could release H2 and regenerateH-1(b)- exergoni-
cally by -29.60 kcal/mol.
Among the 3H-1

x species (x=þ1, 0, and-1), when one
compares the structures that have the same position of two
hydrogen atoms at one iron pair, the third hydrogen atom
prefers to be at the bridging position between the other
inner-outer Fe-Fe bond rather than at the terminal posi-
tion on the outer Fe; that is, 3H-1(d)x is more stable than
3H-1(b)x and 3H-1(c)x is more stable than 3H-1(a)x by a

Table 6. Solvation (CH2Cl2)-Corrected Relative Free Energies of 2H-1x (x=1-,
0, and 1þ) with Respect to the Most Stable Structure

1þ 0 1-

2H-1(a) 28.88 29.58 n/ld

2H-1(b) 26.17 11.53 5.60
2H-1(c) 33.93 n/la 0.96
2H-1(d) 12.61 5.26 2.36
2H-1(e) 0.00 0.00 0.00
2H-1(f) 34.22 n/lb 7.63
2H-1(g) 24.08 n/lc n/lc

2H-1(h) n/ce 12.71 8.35

aThe structure is found as 2H-1(g). bThe structure is found as
2H-1(a). cThe minimum structure is not found because H2 dissociates
from theFe center. dThe structure is found as 2H-1(f)-. eThe structure is
not calculated.

Table 7. Free Energies for H2 Releasing (ΔGH2) of nH-1x with CH2Cl2 Solvation
Correction Calculated from the Reaction nH-1x fH2 þ (n-2)H-1x (n= 2 and 3;
x = 1- and 0)

reaction ΔGH2

H-1(c)- þ LutHþ f 1 þ Lut þ H2 -22.00
2H-1(e) f 1 þ H2 -8.91
2H-1(h) f 1 þ H2 -21.62
2H-1(c) f 1- þ H2 -20.77
3H-1(d) f H-1(d) þ H2 -18.16
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similar amount of free energy (Table 8). This corresponds to
the experimental observation for di-iron complexes that the
bridging hydride structure is generallymore stable and inert
than the terminal hydride structure.24,68

5. Calculated Reduction Potential. The calculated re-
duction potentials of 1 and 1- are-0.92 and-1.74 V (vs
Fc/Fcþ) (Table 9), whereas the experimental values are
-1.22 and -1.58 V, respectively (vs Fc/Fcþ).43,44 Within
the error of the calculated reduction potential (∼0.3 V),
we can determine the possible intermediates formed at the
first applied potential that initially reduces 1 to 1

- and at
the lower (more negative) applied potential that initially
reduces 1

- to 12-. The spectroelectrochemical experi-
ment44 on 1 in the presence of LutHþ acid showed that
at the first applied potential, where 1 is reduced to 1-, the
concentration of LutHþ decreases very slowly with 1- as
a main species in solution. At the lower applied potential,
where 1- is reduced to 12-, the concentration of LutHþ

decreasesmore rapidly. These observations are consistent
with our calculation in the following ways.
Figure 6 summarizes the thermodynamic relationships

among the key low-energy nH-1x (n=0, 1, 2, and 3;x=2-,
1-, 0, and 1þ) species alongwith thepossible reactionpaths
in the hydrogen production by the tetra-iron hexa-thiolate
complex Fe4[MeC(CH2S)3]2(CO)8 (1). On the basis of the
comparison of the measured and calculated E0 compared

above and in other work, we expect our calculated E0 for
[X]0 reductions to [X]1- to appear too high, while those for
[X]1- reductions to [X]2- to appear too low.

(1) At the first applied reduction potential, which
reduces 1 to 1

-, 1- can be protonated by the acid
LutHþ at the inner-outer Fe-Fe bond to form
H-1(d), the most stable H-1 species with a bridg-
ing hydride and all terminal CO ligands. At this
potential the reduction of H-1(d) can then occur
to form H-1(b)-. Although one might expect
H-1(d)-, as it has a structure with all terminal
COs like H-1(d), H-1(d)- is a transition state, so
it rapidly converts to the most stable structure,
H-1(b)-. The rearrangement of H-1(b)- to the
higher energy isomerH-1(c)-, which can directly
react with LutHþ and liberate H2, needs to pass
over a high barrier for the rotation of the bridging
hydride and the terminal CO. Thus,H-1(b)- adds
another proton terminally to the outer iron to
form 2H-1(d); this species could rearrange to the
more stable equilibrium form, 2H-1(e), with a
bridging hydride on both inner-outer iron pairs
and would pass over a similar high barrer to do
so. Since all 2H-1 species are too acidic to be
protonated to 3H-1

þ species, mostH2 production
must proceed from 2H-1 rearrangement. Although
further reduction of 2H-1 species would open up

Figure 5. Possible structures of 3H-1x (x = 1-, 0, and 1þ) based on different arrangements of hydrides and CO ligands.

Table 8. Solvation (CH2Cl2)-Corrected Relative Free Energies of 3H-1
x (x=1-,

0, and 1þ) with Respect to the Most Stable Structure

1þ 0 1-

3H-1(a) 10.75 13.05 3.47
3H-1(b) 10.66 5.76 n/la

3H-1(c) 1.56 7.16 0.00
3H-1(d) 0.00 0.00 n/la

aTheminimumstructure is not foundbecauseH2 dissociates from the
Fe center.

Table 9. Calculated Reduction Potential (E0 vs Fc/Fcþ) with Solvation (CH2Cl2)
Correction of Selected Structures ofH-1

x, 2H-1
x, and 3H-1

x (x= 1-, 0, and 1þ)

reaction E0 (V)

1 þ e- f 1
- -0.92

1- þ e- f 12- -1.74
H-1(d)þ þ e- f H-1(d) 0.28
H-1(d) þ e- f H-1(b)- -1.15
H-1(b)- þ e- f H-1(c)2- -1.93
H-1(c)- þ e- f H-1(c)2- -1.81
2H-1(e)þ þ e- f 2H-1(e) -0.03
2H-1(d) þ e- f 2H-1(d)- -1.26
3H-1(d)þ þ e- f 3H-1(d) 0.43

(68) Zhao, X.; Chiang, C. Y.; Miller, M. L.; Rampersad, M. V.;
Darensbourg, M. Y. J. Am. Chem. Soc. 2003, 125, 518–524.
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an additional route to H2 production routes, as
shown in Figure 6, we believe that this potential is
somewhat too low. Thus, from 2H-1(e), one of
the bridging hydrides transfers to the inner iron to
a position close to the other bridging hydride
through the higher energy intermediate 2H-1(h);
both this rearrangement and H2 release from this
species would have even higher energy transition
states. Therefore, the rate of LutHþ consumption
at the first applied potential through this ECEC
(electrochemical-chemical-electrochemical-
chemical) process is quite low, as observed from
the spectroelectrochemical experiment.

(2) At the lower applied potential 1- will be reduced
further to 12-. Since 12- has COs occupying the
bridging sites, protonation occurs at a terminal
site and H-1(c)- is produced, by the first proton
transfer (Figures 2 and 3);H-1(c)- is a stable spe-
cies only 2.73 kcal/mol higher energy thanH-1(b)-,
and the transition state for the rearrangement is
calculated to be high. Thus, H-1(c)- will add a
second proton before it rearranges to H-1(b)-;
this second proton produces an unstable species
that release H2 and regenerates 1 directly (exer-
gonic by-22.00 kcal/mol). Thus, at the lower app-
lied reduction potential, the formation ofH-1(c)-

produces H2 spontaneously without going through
2H-1(d), 2H-1(e), and other higher energy inter-
mediates. This result corresponds to the experi-
mental observation that at this lower applied
reduction potential, the concentration of LutHþ

decreases rapidly with recovery of the neutral
species, 1, in an EECC process. Note that the
faster rate of electron transfer at the lower reduc-
tion potential could also contribute to an increase
in the overall rate at this potential. Further, 2H-1(d),
which can be formed at the first applied potential,
can now be reduced further to 2H-1(d)- (-1.26 V),
which could be protonated to 3H-1(d), which in
turn would release H2 (Figure 6). However, this
hydrogen productionpath is expected to be aminor

route at the potential that can transfer two elec-
trons to 1, as the concentrations ofH-1(d) and2H-
1(d) are expected to be lower than 1

2- andH-1(c)-.
A small amount of unidentified intermediates
observed in the experiment44 may correspond to
these and other related protonated species.

(3) Our calculated reduction potentials suggested
that if an even lower reduction potential is app-
lied, then other intermediates could be accessed
for H2 production, for example, reduction of
H-1(c)- to form H-1(c)2-, which is easily proto-
nated to 2H-1(c)-. With two hydrogens binding
terminally on the same outer iron, 2H-1(c)- can
generatedirectlyH2and1

-, exergonically, by-20.77
kcal/mol. Moreover, although the amount of
3H-1(d) may be expected to be small, the reduc-
tion of 3H-1(d) could lead to the H2 production
spontaneously as the hydrogen-bound state of
3H-1(d)- is not located and H2 dissociates from
the iron center during the geometry optimization.

Conclusions

Direct calculations of reduction potentials and relative
acidities by density functional theory of species derived from
the iron complex Fe4[MeC(CH2S)3]2(CO)8 show the most
probable routes: (1) at the first (less negative) reduction
potential H2 is produced slowly through an ECEC route
and (2) at the second (more negative) potential H2 is
producedmore rapidly through anEECC route. These direct
predictions agree with conclusions based on the experimental
work.44 Although both routes arrive at a doubly reduced,
singly protonated species in the third step of these processes,
these related species are different. After the ECE step in the
slower route, the species has a bridging H, while after the
EEC step on the faster route, the species has a terminal H.
The calculations predict that a high barrier prevents the rapid
interconversion of these two nearly isoenergetic species. In
the slower ECEC route, the second proton likely arrives at a
site remote from the first and the species produced must pass
over a significant energy barrier to produce H2, while in the
faster EECC route, the second proton likely arrives close to
the first and the species produced rapidly releases H2. Gene-
rally, it appears that terminal hydride structures become
more favorable in more highly reduced species and that the
rapid hydrogen production from reduction of 1 to 1

2- is
mainly through the proton reduction at a terminal position
on a single iron rather than at a bridging position that is
blocked by bridging COs in 1

2-. This conclusion lends
further support to the notion that the protein structure in
the [FeFe]-hydrogenase supports andmaintains a bridging or
semibridging CO and an open terminal site for protonation.
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Figure 6. Thermodynamic relationships among nH-1x (n=0, 1, 2, and
3;x=2-, 1-, 0, and 1þ). The electron addition and calculated reduction
potentials in V (vs Fc/Fcþ) are shown on the vertical arrow pointing
down. The proton-transfer free energies in kcal/mol are shown on the
horizontal arrow. The free energies for the H2 releasing are shown in
parentheses in kcal/mol.


