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Simple synthetic di-iron dithiolate complexes provide good models of the composition of the active site of the
iron−iron hydrogenase enzymes. However, the formally FeIFeI complexes synthesized to date fail to reproduce the
precise orientation of the diatomic ligands about the iron centers that is observed in the molecular structure of the
reduced form of the enzyme active site. This structural difference is often used to explain the fact that the synthetic
di-iron complexes are generally poor catalysts when compared to the enzyme. Herein, density functional theory
computations are used for the rational design of synthetic complexes as structural models of the reduced form of
the enzyme active site. These computations suggest several possible synthetic targets. The synthesis of complexes
containing five-atom S-to-S linkers of the form S(CH2)2X(CH2)2S (X ) CH2, NH, or O) or pendant functionalities
attached to the three-carbon framework is one method. Another approach is the synthesis of asymmetrically substituted
complexes, in which one iron center has strongly electron donating ligands and the adjacent iron center has strongly
electron accepting ligands. The combination of a sterically demanding S-to-S linker and asymmetric substitution of
the CO ligands is predicted to be a particularly effective synthetic target.

Introduction

Hydrogenase enzymes are used by many microorganisms
in nature to facilitate the reversible oxidation of dihydrogen
to protons and electrons, H2 T 2H+ + 2e-.1-3 The structur-
ally characterized hydrogenase enzymes can be broadly
divided into [NiFe]4-7 and [FeFe]8,9 hydrogenases on the
basis of the metal content of their active sites. In nature, the
[NiFe] enzymes generally function as hydrogen oxidation
catalysts, while the [FeFe] enzymes generally catalyze the
production of dihydrogen.

These enzymes are of considerable interest because of their
potential uses in biotechnological applications.10 A major
drawback is the fact that the organisms that produce
hydrogenase enzymes are generally anaerobic extremophiles
that require high temperatures, high pressures, and the
exclusion of oxygen to live. The [NiFe] enzymes are
generally considered more thermally and O2 stable than the
[FeFe] enzymes and, therefore, potentially more suitable to
act as large-scale biocatalysts for H2 oxidation and H+

reduction. On the other hand, the synthesis of small molecule
analogues of the [FeFe] enzyme active site has proven to be
more straightforward because of limited direct involvement
of the protein in the enzyme active site and its resemblance
to the previously known organometallic complex (µ-
S(CH2)3S)[Fe(CO)3]2.11

Darensbourg, Pickett, Rauchfuss, and their respective co-
workers have synthesized simple dinuclear iron complexes
that have structural, spectroscopic, and functional properties
similar to the active site of [FeFe]H2ase. Darensbourg and
co-workers have examined the ability of formal FeIFeI

complexes (synthetic analogues of the reduced form, known
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as Hred) to function as solution electrocatalysts for H2

production in the presence of acid.12,13Pickett and co-workers
presented infrared spectral data for the formation of a short-
lived FeIIFeI species derived from the oxidation of the FeI-
FeI complex [Fe2{MeSCH2C(Me)(CH2S)2}(CN)2(CO)4]2-.14

The resulting FeIIFeI complex contains a bridging CO ligand
as evidenced by infrared spectroscopy, and theν(CO) and
ν(CN) values of this complex are very similar to those
observed for the Hox form of the active site of [FeFe]-
H2ase.15-17 Rauchfuss and co-workers have synthesized a
series of FeIIFeII complexes that contain bridging CO ligands
and serve as models of the Hox

air form of the enzyme active
site.18

The FeIFeI complexes synthesized to date require much
harsher conditions than those employed in the enzymatic
catalysis to afford proton reduction. Direct electrochemistry
performed on the [FeFe]H2ase enzyme fromMegasphaera
elsdeniishows that this enzyme catalyzes H2 production at
pH 7 and at a mild overpotential of-0.421( 0.010 V versus
SHE (SHE) standard hydrogen electrode).19 In general,
these complexes require reduction to the FeIFe0 or Fe0Fe0

formal oxidation state to produce H2, while the enzyme
apparently utilizes the FeIFeI formal oxidation state. In
addition, the FeIFeI complexes synthesized to date require
either strong acids (i.e., tolunesulfonic acid) and moderate
overpotentials (≈-1.0 to-1.2 V vs SHE)20-24 or weak acids
(i.e., acetic acid) and even more negative overpotentials (≈-
1.3 to -1.9 V vs SHE) to produce H2.12,13

The FeIFeI complexes, synthesized to date, also fail to
mimic the precise orientation of the diatomic ligands about
the Fe2S2 core (Figure 1) that is observed in the reduced
form of the enzyme.16 It may be that this unique orientation
of the diatomic ligands about the distal iron of the active
site of [FeFe]H2ase promotes H+ acceptance. This unique
structure may be due to a combination of the electronic effect
of ligands bonded directly to the iron centers and specific
interactions between the first and the second coordination
spheres (such as hydrogen bonds between the cyanide

nitrogens and the remainder of the protein). The precise
placement and orientation of hydrogen bond donors observed
in the protein is difficult to reproduce with small synthetic
analogues. As an alternative strategy, changes to the primary
coordination sphere of the synthetic compounds may be able
to compensate for the lack of specific interactions provided
by the protein.

Here, we use computational chemistry to design FeIFeI

complexes that more closely resemble the structure of the
active site of [FeFe]H2ase. Specifically, we determine
modifications of S-to-S linker and donor ligands that act to
stabilize a structure similar to that observed in the molecular
structure of the enzyme active site. In this text, we will refer
to structures in which one of the CO ligands resides in the
area “between” the two iron centers, structures which more
closely resemble the enzyme active site, asrotated structures
and structures where the Fe(CO)2L units roughly eclipse one
another with no ligand in the area “between” the two iron
centers, as in all FeIFeI complexes synthesized to date, as
unrotatedstructures. Thus, we are trying to predict designs
for abiotic, FeIFeI complexes with the observed biological
rotated structure. Previous computational work in this area
has focused on the catalytic mechanism for H+ reduction/
H2 oxidation,25-31 the nature of the S-to-S linker in the
enzyme active site,32 the electronic structure and reactivity
of synthetic analogues of the [FeFe]H2ase active site,18,20,33-38

and factors that influence the active site structure.39

Computational Details

All density functional theory (DFT) calculations were performed
using a hybrid functional [the three-parameter exchange functional
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Figure 1. Comparison between the putative FeIFeI form (Hred) of the active
site of [FeFe]H2ase fromDesulfoVibrio desulfuricans(left) and closely
related synthetic FeIFeI complexes (right). The major structural difference
is the placement of a CO ligand on the left-most iron in each complex
(known as the distal iron in the enzyme).
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of Becke (B3)40 and the correlation functional of Lee, Yang, and
Parr (LYP)41] (B3LYP) as implemented in Gaussian 03.42 The iron,
phosphorus, and sulfur atoms use the effective core potential and
associated basis set of Hay and Wadt (LANL2DZ).43,44 For iron,
the two outermost p functions were replaced by re-optimized 4p
functions as suggested by Couty and Hall.45 For sulfur and
phosphorus, the basis set was augmented by the d polarization
function of Höllwarth et al.46 The carbon and hydrogen atoms of
the dithiolate and bis-thiolate ligands and the hydrogen atoms of
the PH3 ligand use Dunning’s double-ú basis (D95).47,48 The CO
and CN- ligands and the BHx (x ) 1,2), NHx (x ) 1,2), and OHx
(x ) 0, 1) components of the dithiolate bridges use Dunning’s
correlation-consistent polarized valence double-ú basis set (cc-
pVDZ).49 Unless otherwise noted, all geometries are fully optimized
and confirmed as minima orn-order saddle points by analytical
frequency calculations at the same level.

Results and Discussion

Fundamental Properties of (µ-SR)2[Fe(CO)3]2. Knowl-
edge of the different conformational isomers observed for
the (µ-SRS)[Fe(CO)3]2 and (µ-SR)2[Fe(CO)3]2 complexes is
important to the following discussion. For the S-to-S linked
complexes such as (µ-SCH2CH(R)CH2S)[Fe(CO)3]2 there are
two conformations which differ in the orientation of the R
group. These orientations will be labeled as theupanddown
orientations as shown in Figure 2a. For the (µ-SR)2[Fe(CO)3]2

complexes, three conformational isomers are possible, which
differ in the orientation of the carbon atomR to the thiolate
sulfur. These isomeric forms will be labeled as anti, syn,
and syn′ as shown in Figure 2b. For monosubstituted
complexes such as (µ-SRS)[Fe(CO)3][Fe(CO)2(PH3)], there
are two PH3 positional isomers. These PH3 positional isomers
will be labeled asapical and basal isomers as shown in

Figure 2c. In general, all of these isomeric forms have similar
energies and readily interconvert at and below room tem-
perature.

Design of the Dithiolate Linker: Electronic Effects.
Electronic Effect in (µ-SC(R)C(R)S)[Fe(CO)3]2. To de-
termine how the electronic characteristics of the dithiolate
linker might affect the energy difference between the most
stable rotated form and the most stable unrotated form, the
rotated and unrotated forms of a series of complexes, (µ-
SC(R)C(R)S)[Fe(CO)3]2 (R ) CF3, F, H, or CH3), were
geometry-optimized. The computed energy differences
(Scheme 1) show no correlation to the electron donating
ability of the R group as measured by its Hammett constant50

and are very similar for the series (∆G ) 14.3-15.3 kcal
mol-1). The ethylenedithiolate framework was chosen for
the S-to-S linker because it directs the steric bulk of the R
groups away from the Fe(CO)3 rotors, allowing one to
determine the way in which the energy difference between
the most stable rotated form and most stable unrotated form
is affected by the electronic character of the S-to-S linker
by minimizing competing steric effects. The energy differ-
ence between the most stable rotated form and the most stable
unrotated form is shown to be invariant to the electron
donating or accepting nature of the S-to-S linker.

Linked Versus Nonlinked Sulfurs. To determine how
the electronic characteristics of the non S-to-S linked bis-
thiolate affect the energy difference between the most stable
rotated form and the most stable unrotated form, complexes
of the form (µ-SR)2[Fe(CO)3]2 (R ) CH3, H, or F) were
geometry optimized. Although the nature of the R group has
a large effect on the relative energies of the anti, syn, and
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Figure 2. Intramolecular site-exchange processes in di-iron dithiolate and
di-iron bis-thiolate complexes. (a) Dithiolate FeS2C3 ring inversion, (b)
inversion at S, and (c) apical-basal exchange of the PH3 ligand.
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syn′ isomers, the energy difference between the most stable
rotated structure and the most stable unrotated structure is
similar for all of these complexes (Scheme 2). Therefore,
the energy difference between the most stable rotated form
and the most stable unrotated form for non-S-to-S linked
complexes of the type (µ-SR)2[Fe(CO)3]2 are also unrelated
to the electron-donating or -accepting ability of the R group.

It is useful to compare the isomeric forms of nonlinked
(µ-SCH3)2[Fe(CO)3]2 with the closely related S-to-S linked
(µ-S(CH2)2S)[Fe(CO)3]2 complex. The (µ-S(CH2)2S)[Fe-
(CO)3]2 complex has a computed energy difference between
the most stable rotated form and most stable unrotated form
of 14.7 kcal mol-1. The difference between the most stable
rotated form and most stable unrotated form is 13.1 kcal
mol-1 for (µ-SCH3)2[Fe(CO)3]2. Therefore, the nonlinked
complexes lead to a small relative stabilization of the rotated
structures with respect to the unrotated structures.

S(CH2)xS Linkers (x ) 2, 3, 4, or 5).To determine the
role of the length of the dithiolate linker in the stabilization
or destabilization of the rotated structure, the rotated and
unrotated forms of a series of complexes (µ-S(CH2)xS)[Fe-
(CO)3]2 (x ) 2-5; Scheme 3) were geometry optimized. For
thex ) 3 complex and certain conformations of the dithiolate
linker for thex ) 4 andx ) 5 complexes, the two Fe(CO)3

rotors are inequivalent. The energy differences between the
most stable rotated form and the most stable unrotated form
for the less hindered end of the molecule (the Fe(CO)3 unit
furthest from the central methylene unit(s) of the dithiolate
linker) are very similar to one another for thex ) 3-5
species and thex ) 2 species. The energy difference between
the most stable rotated form and the most stable unrotated
form of the more hindered end of the molecule (the Fe(CO)3

unit nearest to the central methylene unit(s) of the dithiolate
linker) is shown to be directly related to the length of the
S-to-S linker. Increasing the length of the S-to-S linker leads
to an increased steric repulsion between the nearby apical
CO ligand and the central methylene unit(s) of the S-to-S
linker in the unrotated structure. This steric repulsion is
alleviated by rotation of the Fe(CO)3 unit, leading to a lower
relative energy for the rotated structures. In addition, the
longer S-to-S linkers may also allow the formation of a
stabilizing agostic interaction between the hydrogen atoms
of the bridge and the “open site” present on the iron center

in the rotated structures. The longer S-to-S linker alone
lowers the energy difference between the most stable rotated
form and most stable unrotated form from 14.7 kcal mol-1

for the x ) 2 complex down to 7.4 kcal mol-1 for the x )
5 complex.

The replacement of one or more of the hydrogen atoms
of S-to-S linker by larger alkyl groups should further
destabilize the apical ligands of the unrotated forms. Thex
) 3 linker provides the best framework for the addition of
steric bulk. Figure 3 compares the geometry optimized
structures forx ) 3 andx ) 5 complexes. For thex ) 3
complex, either orientation of the central methylene unit of
the S-to-S linker places it near one of the apical CO ligands.
The substitution of the central hydrogen atoms of thex ) 3
by larger groups will result in destabilization of the apical
CO of the unrotated form. The situation for thex ) 5
complex is quite different. While certain conformations of
the x )5 complex direct the central methylene groups of
the bridge toward the apical CO, low energy transition states
convert these structures into other low energy structures
which direct the steric bulk away from the apical CO. For
thex ) 5 linker, the steric interaction with the apical ligands

Scheme 2 Scheme 3

Figure 3. DFT-optimized structures for the (µ-S(CH2)xS)[Fe(CO)3]2 series
for x ) 3, 5. Either orientation of thex ) 3 bridge places the central
methylene unit near one of the apical CO ligands. While some orientations
of thex ) 5 bridge places the central methylene units near one of the apical
CO ligands, other structures, which are computed to have comparable
energies, orient the central methylene groups away from either apical CO
ligand.
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can be easily relieved by reorienting the S-to-S linker.
Therefore, thex ) 4 (not shown in Figure 3) andx ) 5
linkers provide a poor framework for forcing a strong
interaction with the apical CO ligand.

SCH2CH(R)CH2S Linkers. To determine the role of the
steric bulk of the S-to-S linker in the stabilization or
destabilization of the rotated structure, the rotated and
unrotated forms of a series of complexes, (µ-SCH2CH(R)-
CH2S)[Fe(CO)3]2, were geometry-optimized. Two conforma-
tions are possible for the S-to-S linker in complexes of this
form (Scheme 4). The “down” conformation directs the R
group down and toward one of the Fe(CO)3 units, while the
“up” conformation directs the R group up and away from
the Fe(CO)3 units. For the down orientation of the R group,
the energy difference between the most stable rotated form
and the most stable unrotated form decreases as the steric
bulk of the R group increases. Surprisingly, even the
sterically demandingtert-butyl group does not force the
rotated structure to be lower in energy. Instead, the Fe(CO)3

unit tips away from thetert-butyl group to ease this
interaction. The energy difference between the most stable
rotated form and the most stable unrotated form is nearly
invariant to the nature of the R group for the up orientation
of the R group.

SCH2XCH2S Linkers. The identity of the central atom(s)
of three-atom dithiolate linkers of the form SCH2XCH2S (X
) CH2, NHdown, or O) has very little effect on the energy
difference between the most stable rotated form and the most
stable unrotated form (as shown in Scheme 5). (We were
unable to optimize a structure in which the NH hydrogen
was oriented up. Multiple attempts at the geometry optimiza-
tion of an NHup species resulted in optimization of the NHdown

species. This phenomenon has been observed and discussed
previously.33) The three-atom bridge directs the central
atom(s) of the bridge away from the apical ligands in the
unrotated structures and away from the iron center in the
rotated structures. The rigid structure of these bridges limits
the central atom(s) ability to destabilize the unrotated
structures and/or to stabilize the rotated structures. The
energy differences between the rotated and the unrotated
structures of the X) CH2 and X ) NHdown species are
slightly smaller than that of the X) O species, because the

hydrogen atom of the central X) CH2 and X) NH species
destabilizes the apical CO of the unrotated structures.

S(CH2)2X(CH2)2S Linkers. The identity of the central
atom(s) of dithiolate linkers of the form S(CH2)2X(CH2)2S
(X ) BH, CH2, NH, or O) has a dramatic effect on the
energy difference between the most stable rotated form and
the most stable unrotated form (as shown in Scheme 6). The
five-atom bridge allows the central atom(s) of the bridge to
interact strongly with the apical CO in the unrotated
structures and/or the iron center in the rotated structures. The
X ) CH2 and X ) O complexes give similar results. The
lowest energy structures2a-CH2 and2a-O place the central
CH2 or O close to one of the apical CO ligands. Related
structures in which the central CH2 or O (2b-CH2 and2b-
O) is oriented away from the apical CO and theC2 symmetric
structures (2c-CH2 and2c-O) are slightly less stable. The
most stable rotated structures (2d-CH2 and 2d-O) have
short Fe-X distances andµ-CO, but are still 7.4-7.8 kcal
mol-1 less stable than2a. The 2d-CH2 and 2d-O com-
plexes are shown by vibrational analysis (frequency calcula-
tions) to be minima on the B3LYP potential energy surface.

The X ) BH complex has the largest energy difference
between the most stable rotated structure and the most stable
unrotated structure for this series of five-atom S-to-S linked
complexes (10.9 kcal mol-1). As with the other species the
most stable rotated structure is2d-BH, which has a bridging
CO ligand and a short Fe-B distance, but in contrast to the
other species the most stable structural isomer of the
unrotated form is2b-BH.

For X ) NH the most stable structure,2d-NH, corre-
sponds to the one which has a short Fe-N distance (NHup)
and a bridging CO ligand. This structure represents a minima
on the potential energy surface as indicated by vibrational
analysis. This result is markedly different from those found
for the X ) BH, CH2, or O. The2a-NH complex is nearly
isoenergetic with this species. The energies of the other
relevant species are given in Scheme 6.

SCH2CH(X)CH 2S Linkers: Pendant Functionalities.
The nature of the pendant group attached to the central atom
of the three-carbon S-to-S linker has a dramatic effect on

Scheme 4

Scheme 5

Scheme 6
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difference in energy between the rotated and the unrotated
structures (as shown in Scheme 7). For X) BH2 and X )
CH3, the energy differences are 7.2 and 9.4 kcal mol-1.
Pendant NH2 and OH groups give energies of 3.9 and 11.7
kcal mol-1 for the rotated,µ-CO structures relative to the
energies of the respective unrotated structures. Vibrational
analysis shows that the rotated,µ-CO structures for X)
NH2 and X ) OH correspond to minima on the B3LYP
potential energy surface.

Ligand Effects: Monosubstituted Complexes.We35 and
others39 have discussed the role of the donor strength of non-
CO ligands in stabilizing structures of small molecule
analogues that resemble those of the enzyme active site. We
found that Fe(CO)3 rotation in (µ-S(CH2)3S)[Fe(CO)3]2

induces the transfer of electron density from the unrotated
Fe(CO)3 unit to the rotated Fe(CO)3 unit. In this context,
the replacement of CO by a better donor ligand, L, facilitates
the rotation of the Fe(CO)3 unit and hinders the rotation of
the Fe(CO)2L unit. The replacement of CO by a poorer donor
ligand than CO, L′, facilitates the rotation of the Fe(CO)2L ′

unit and hinders the rotation of the adjacent Fe(CO)3 unit.
Oxidized and Reduced Species.The frontier molecule

orbitals of the (µ-S(CH2)2S)[Fe(CO)3]2 complex are the
highest occupied molecular orbital, which is primarily Fe-
Fe bonding in nature, and the lowest unoccupied molecular
orbital, which is primarily Fe-Fe antibonding in nature. The
addition or removal of one electron from this complex will
reduce the Fe-Fe bond order from 1 to 1/2 and, therefore,
weaken the Fe-Fe bond.

Because the rotation of the Fe(CO)3 unit of (µ-S(CH2)2S)-
[Fe(CO)3]2 requires breaking the Fe-Fe bond, the energy
difference between the most stable rotated form and the most
stable unrotated form is lowered by the addition or removal
of electrons from (µ-S(CH2)2S)[Fe(CO)3]2. The neutral (µ-
S(CH2)2S)[Fe(CO)3]2 complex has a computed energy dif-
ference between the most stable rotated form and the most
stable unrotated form of 14.7 kcal mol-1. The rotated
structures of the one-electron reduced complex, [(µ-S(CH2)2S)-
[Fe(CO)3]2]1-, and one-electron oxidized complex, [(µ-
S(CH2)2S)[Fe(CO)3]2]1+, are respectively 8.0 and 1.4 kcal
mol-1 less stable than the unrotated structures. For the two-
electron oxidized complex, [(µ-S(CH2)2S)[Fe(CO)3]2]2+, the
rotated structure is 8.8 kcal mol-1 more stable than the
unrotated structure. These results are not unexpected since
Pickett, Rauchfuss, and their respective co-workers have
synthesized FeIIFeII and FeIIFeI complexes, which contain
bridging CO ligands.14,18

Additivity. Ligand Effects: Disubstituted Complexes.
A series of bis-PH3 complexes of the forms (µ-S(CH2)2S)-

[Fe(CO)2(PH3)]2 and (µ-S(CH2)2S)[Fe(CO)3][Fe(CO)(PH3)2]
and their respective Fe(CO)3, Fe(CO)2(PH3), and Fe(CO)-
(PH3)2 rotated structures are given in Scheme 8. For the
symmetrically substituted bis-PH3 complexes of the form (µ-
S(CH2)2S)[Fe(CO)2(PH3)]2, the most stable rotated structure
lies at 14.1 kcal mol-1 relative to the most stable unrotated
structure. This value is larger than the energy difference
between the most stable rotated form and the most stable
unrotated form for mono-PH3 complexes, (µ-S(CH2)2S)[Fe-
(CO)3][Fe(CO)2(PH3)], (12.6 kcal mol-1) and comparable to
the value of 14.7 kcal mol-1 computed for the all-CO
complex (µ-S(CH2)2S)[Fe(CO)3]2, as a result of the sym-
metric substitution pattern of the PH3 ligands. For the
asymmetrically substituted bis-PH3 complexes (µ-S(CH2)2S)-
[Fe(CO)3][Fe(CO)(PH3)2] , the most stable rotated structure
lies at 9.4 kcal mol-1 relative to the most stable unrotated
structure. The difference is these structural isomers lies in
the substitution pattern. In the mono-PH3 complex, the
transfer of electron density from the [Fe(CO)2(PH3)] unit
stabilizes rotation of the adjacent Fe(CO)3 unit. The substitu-
tion of one of the CO ligands of the Fe(CO)2(PH3) unit to
yield the asymmetrically substituted (µ-S(CH2)2S)[Fe(CO)3]-
[Fe(CO)(PH3)2]2 complexes lowers the relative energy of the
Fe(CO)3 rotated structures relative to the unrotated structures
by further facilitating the transfer of electron density from
the Fe(CO)(PH3)2 unit into the adjacent Fe(CO)3 unit.
Symmetrical substitution of the PH3 ligand stifles the transfer
of electron density between the two iron centers.

Additivity. Combination of Ligand and Linker Effects.
With the exception of oxidation or reduction, the most
stabilizing modifications for the FeIFeI complexes were the
addition of a borane or amine functionality, the addition of
a tertiary butyl group to the central methylene unit of the
propanedithiolate linker, and the substitution of the CO ligand
by a better donor ligand, L, to yield asymmetric complexes
of the forms (µ-SRS)[Fe(CO)3][Fe(CO)2L] and (µ-SRS)[Fe-
(CO)3][Fe(CO)L2].

The replacement of CO by better donor ligands and the
amine functionalized bridges are incompatible for the
stabilization of the rotated form. The amine-functionalized
bridge lowers the relative energy of the rotated structures
by donating electron density to stabilize the “open site”
created upon the Fe center by Fe(CO)3 rotation. A good

Scheme 7 Scheme 8
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donor ligand, L, also lowers the relative energy of the rotated
structures by making the unrotated Fe(CO)2L unit a better
electron donor to the rotated Fe(CO)3 unit (Figure 4a). When
both the amine functionalized bridge and a good donor ligand
are present in the same complex, they compete for donation
into the rotated Fe(CO)3 unit. For the all-CO complex (µ-
S(CH2)2NH(CH2)2S)[Fe(CO)3]2, the most stable rotated
structure and most stable unrotated structure are isoenergetic.
The most stable rotated structure and most stable unrotated
structure remain isoenergetic for the mono-cyanide complex,
[(µ-S(CH2)2NH(CH2)2S)[Fe(CO)3][Fe(CO)2(CN)]]1-. The re-
placement of one CO ligand of (µ-S(CH2)2NH(CH2)2S)[Fe-
(CO)3]2 by CN-, therefore, imparts no additional stabilization
to the amine-stabilized rotated structures.

The replacement of CO by better donor ligands and the
borane functionalized bridges are compatible for the stabi-
lization of the rotated form. The borane-functionalized bridge
lowers the relative energy of the rotated structures by making
the rotated Fe(CO)3 unit a better electron acceptor (Figure
4b). A good donor ligand, L, lowers the relative energy of
the rotated structures by making the unrotated Fe(CO)2L unit
a better electron donor to the rotated Fe(CO)3 unit. When
both the borane functionalized bridge and a good donor
ligand are present in the same complex, they cooperate to
facilitate the transfer of electron density from the unrotated
Fe(CO)2L unit into the rotated Fe(CO)3 unit. The energy
difference between the most stable rotated form and the most
stable unrotated form is 10.9 kcal mol-1 for the all-CO
complex (µ-S(CH2)2BH(CH2)2S)[Fe(CO)3]2. The energy dif-
ference between the most stable rotated form and the most
stable unrotated form is 2.4 kcal mol-1 for the mono-cyanide
complex, [(µ-S(CH2)2BH(CH2)2S)[Fe(CO)3][Fe(CO)2(CN)]]1-.
The replacement of one CO ligand of (µ-S(CH2)2BH-
(CH2)2S)[Fe(CO)3]2 by CN-, therefore, imparts additional
stabilization to the borane-stabilized rotated structures.

The replacement of CO by better donor ligands and
addition of steric bulk to the propanedithiolate framework
are compatible for the stabilization of the rotated form. The
addition of steric bulk to the propanedithiolate bridge
destabilizes the unrotated forms by forcing a strong steric
repulsion between the bridge and the apical ligands of the
unrotated structures. A good donor ligand, L, stabilizes the
rotated structures by making the unrotated Fe(CO)2L unit a

better electron donor to the rotated Fe(CO)3 unit. These two
factors work together to lower the relative energy of the
rotated structures with respect to the unrotated structures
(Figure 4c). The energy difference between the rotated and
unrotated structures for the down orientation of thetert-butyl
group of the all-CO complex (µ-SCH2C(t-Bu)HCH2S)[Fe-
(CO)3]2 is 7.4 kcal mol-1. The replacement of one CO ligand
by CN- to yield the monocyanide complex, [(µ-SCH2C(t-
Bu)HCH2S)[Fe(CO)3][Fe(CO)2(CN)]]1-, lowers this value to
1.9 kcal mol-1.

Conclusions

For a synthetic complex with the rotated structure to be
isolated experimentally, at least one conformation of the
rotated form must be more stable than the most stable
conformation of the unrotated form. For this reason, all
conformations of a given dithiolate bridge, anti, syn, and
syn′ orientations of bis-thiolates, and all possible orientations
of the ligands must be considered. The (µ-SCH2CH(CH3)-
CH2S)[Fe(CO)3]2 complex,1, provides an illustrative ex-
ample: The down orientation of the methyl group of the
S-to-S linker of complex1 leads to a small energy difference
between the most stable rotated form and the most stable
unrotated form (∆G ) 9.4 kcal mol-1) for the Fe(CO)3 unit
nearest to the methyl group. Complex1, however, can
rearrange to the lower energy structure1′ in which the methyl
group is oriented up and away from the Fe(CO)3 units via a
low energy transition state which exchanges the axial and
equatorial groups of the FeS2C3 ring (viz., the exchange of
axial and equatorial hydrogens in cyclohexane). The up
orientation of the methyl group leads to an energy difference
between the most stable rotated form and most stable
unrotated form of 12.1 kcal mol-1 for rotation of the Fe-
(CO)3 unit nearest to the central methylene hydrogen of
complex1′. The 2,2-dimethyl-propane-1,3-dithiolate bridge
would be more appropriate for generating a stable rotated
structure experimentally, because either conformation of this
bridge leads to steric repulsion with an apical ligand.

The combination of a sterically demanding dithiolate
bridge and asymmetric substitution of strong donor ligands
is the most viable method of making better synthetic di-iron
complexes that will serve as both structural and functional
models of active site of [FeFe]H2ase. The amine and borane
functionalized complexes stabilize the rotated form but
potentially block the site of H+ acceptance on the self-same
iron center.

There are sufficient synthetic precedents for the ready
synthesis of the preceding complexes or derivatives thereof.
Rauchfuss,33,51Sun,23,52and their respective co-workers have
reported the synthesis of a whole range of sterically demand-
ing tertiary amine functionalized dithiolate bridges based on
the (µ-SCH2N(R)CH2S) framework and their conversion into
the corresponding ammonium salts of the form (µ-SCH2N+-

Figure 4. Combination of Effects. In parts a-c, the CN- ligand stabilizes
the rotated structure by making the unrotated Fe(CO)2(CN) unit a better
donor to the rotated Fe(CO)3 unit. In part a, the amine nitrogen atom
competes with the Fe(CO)2(CN) unit to donate into the rotated Fe(CO)3

unit. In part b, the borane makes the Fe(CO)3 unit a better electron density
acceptor. In part c, the unrotated form is destabilized by the interaction
with the tertiary butyl group.
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(R)2CH2S). Darensbourg,13,53Pickett,36,54Rauchfuss,55,56and
their respective co-workers have reported the synthesis of
asymmetrically substituted complexes. Our study suggests
that the combination of these features into one synthetic

complex will generate a better structural and functional model
of the active site of [FeFe]H2ase.
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