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The effects of redox state and ligand characteristics on structural, electronic, and reactivity properties of complexes
related to the [2Fe]y subcluster of [Fe]-hydrogenases have been investigated by DFT calculations and compared
with experimental and theoretical data obtained investigating both the enzyme and synthetic model complexes.
Our results show that Fe'Fe' species characterized by OH or H,0 groups terminally coordinated to the iron atom
distal to the terminal sulfur ligand (Fe?) are less stable than corresponding u-OH or u-H,O species, suggesting
that the latter are destabilized or kinetically inaccessible in the enzyme. In addition, results obtained investigating
Fe'Fe' and Fe'Fe' complexes show that structure and relative stability of species characterized by a «-CO group
are significantly affected by the electronic properties of the ligands coordinated to the iron atoms. The investigation
of reaction pathways for H, activation confirms and extends a previous hypothesis indicating that H, can be cleaved
on Fe'Fe" species. In particular, even though [Fe]-hydrogenases are proposed to hind and activate H, at a single
iron center, the comparison of our data with experimental results obtained studying synthetic complexes (Zhao, X.;
Georgakaki, I. P.; Miller, M. L.; Mejia-Rodriguez, R.; Chiang, C.-Y.; Darensbourg, M. Y. Inorg. Chem. 2002, 41,
3917) suggests that activation paths involving both metal ions are also possible. Moreover, u-H Fe''Fe! complexes
are predicted to correspond to stable species and might be formed in the enzyme catalytic cycle.

Introduction CN- ligands and bridged by a chelating-%X3—S group*
The S-X3—S ligand was initially described as 1,3-pro-
panedithiol (PDT} but other combinations of C, N, or O
atoms would be consistent with the crystallographic data.

— OHt -1 - -
E'Zd 2H + 2fe ' ItQhecentIy, tg? X_ray structuret O(; [Fe] Indeed, a recent X-ray reinvestigation of the [Fe]-hydroge-
ydrogenases from the anaerobic microorgal ridium nase fromD. desulfuricanshas led to the proposal that the

pasteurigngrﬁ(Cpl) ar_1d the sulfate-reducing microorganism S—Xs—S ligand is bis(thiomethyamine (DTMA). The
De;ulf@bno desulfuricans (DdH) hav_e been reported. The [2Fe}s subcluster is the likely site of Hactivation. Moreover,
active site (the sc_)-called H cluster ) is f°fmed by a regular the X-ray-derived coordination environment ofRgrom
[F%“SI“] (;Iuste:], bru:\%eq by atcysteme resﬂue tto dtge [c2|('3:E] dhereafter Feand Fé refer to proximal and distal iron atoms
subciuster, where two Iron atoms are coordinated by and,yitn respect to the terminal sulfur ligand, respectively), where

a coordination position is vacant in DdH and occupied by a

[Fe]-hydrogenases are metalloproteins that catalyze the
reversible oxidation of dihydrogen according to the reaction
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unimib.it. Fax: +39.02.64483478. water molecule or an hydroxyl group in Cpl, suggests that
" Department of Environmental Sciences. this could be the Kbinding site (see Figure 1a).
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Figure 1. (a) Schematic representation of the [2Fsluibcluster in [Fe]-

hydrogenases as determined by X-ray diffraction. X can be eitheraCH
NH, and L is HO or OH". (b, ¢) Schematic representation of the [2Fe]
computational models investigated in this study. X can be @H\H, and

L is a small group. Peand F€ refer to proximal and distal iron atoms
with respect to the C§8 ligand, respectively.

Three redox states of the [2lredubcluster have been well
characterized by spectroscopic technigtfesThe fully

Bruschi et al.

investigation® 1% were based on the structure of the [2Fe]
subcluster as observed in the X-ray structure of the enzyme
and accordingly started from the assumption thati$
terminally coordinated to PeHowever, experiment&l 14

and DFT studi€s!! of complexes related to the [2Fke]
subcluster revealed some unexpected structural and electronic
characteristics of the bimetallic center. In particular, we have
shown that, when considering 'fFee! species! complexes
characterized by a bridging CO are almost as stable as
corresponding species featuring only terminal CO ligands.
Interestingly, it has been recently proposed, on the basis of
experimental and computational d&t#hat the enzyme might
play a crucial role in stabilizing forms of the [2Fe¢luster
characterized by a-CO group. In addition, kican bind to

Fe’ and its activation, involving both iron atoms and one of
the bridging sulfur ligands, is associated with a very low
activation energy, leading to intermediate species character-
ized by au-H atom. Remarkably, the X-ray structures of
u-HFE'Fée' species related to the [2Fejubcluster have been
recently reported* These observations prompted us to
investigate, by means of DFT calculations, the effect of redox
state and ligand characteristics on structural and electronic

oxidized and reduced forms of the enzyme are EPR silent properties of complexes related to the [2Fsubcluster

and should correspond to 'Hed' and FéFe redox states,
respectively. The partially oxidized form is paramagnetic and
should correspond to FE€. When the enzyme is isolated
in air, the H cluster is in the fully oxidized form and is
catalytically inactivé®® However, Kubas and co-workérs
reported H activation on electrophilic organometallic com-
plexes, suggesting that the heterolytic cleavagedhiFe]-

hydrogenases takes place on a low-spin Fe(ll) center.

Additionally, theoretical data suggest that thé Fe&! [2Fel,
subcluster can heterolytically cleave.tP In fact, when H
binds terminally to the Fecenter and the SX3;—S ligand
is assumed to be a PDT moiety, the reaction is kinetically
or thermodynamically hinderédHowever, if DTMA is

characterized by bridging and terminal CO groups and PDT
and DTMA chelating groups. On the ground of these results
we have investigated also structural, electronic, and reactivity
properties of species possibly involved in binding and
activation.

Methods

Computational models of the [2keEluster are characterized
by the general structure{Y)Fe,(CO)(CN)(CHsS)(L)] or [(u-
Y)Fe)(CO)(CN),(CH3SH)(L)] (where Y is PDT or DTMA and L
is a small ligand) (see Figure 1b,c).

DFT calculations were carried out using the hybrid B3LYP
exchange-correlation functioft&land the effective atomic core
potential derived by Hay and Wa€tfor iron and sulfur atoms.

assumed to be the bridging ligand, the central N atom may the adopted basis set is of augmented dodttige: one set of f

act as a base int#ctivation (see Figure 18Very recently,

a detailed theoretical investigation of models of the [2Fe]
subcluster where the-SX;—S ligand is DTMA has been
reported'® confirming previous resultsand suggesting that
the oxidized form of the [2Fg] subcluster is an H&€!
species with a hydroxyl group terminally coordinated té.Fe
In addition, the presence of a CO group bridging the two Fe
atoms was proposed to be crucial to stabilize the low
oxidation states of the [2Rgfubcluster. These computational

(6) (a) Pierik, A. J.; Hagen, W. R.; Redeker, J. S.; Wolbert, R. B. G;
Boersma, M.; Verhagen, M. F. J. M.; Grande, H. J.; Veeger, C.;
Mutsaers, P. H.; Sand, R. H.; Dunham, W.Er. J. Biochem1992
209 63—71. (b) Patil, D. S.; Moura, J. J. G.; He, S. H.; Teixeira, M.;
Prickril, B. C.; Der Vartanian, D. V.; Peck, H. D., Jr.; Legall, J.;
Huyanh, B. HJ. Biol. Chem1988 263 18732. (c) De Lacey, A. L.;
Stadler, C.; Cavazza, C.; Hatchikian, E. C.; Fernandez, VJ.Mm.
Chem. Soc200Q 122, 11232. (d) Chen, Z.; Lemon, B. J.; Huang, S.;
Swartz, D. J.; Peters, J. W.; Bagley, K. Biochemistry2002 41,
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(exponent 0.800) and one set of d (exponent 0.540) polarization
functions were added to Fe and S atoms, respectivelyl. other
atoms are described with the douldld>95V basis set® For the
reactive hydrogen atoms and the oxygen atom gD Hhe D95V
basis set was augmented by a set of standard p and d polarization
functions, respectively.
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Stationary points of the energy hypersurface have been located
by means of energy gradient techniques. In particular, transition

state structures have been searched using the syncronous transit

quasi-Newton methotf,as implemented in the Gaussian 98 set of
programsg? A full vibrational analysis has been carried out to further

characterize each stationary point. Partial atomic charges have been

computed according to the natural atomic orbital sché&me.
The optimized structures of the complexes reported in this study

correspond always to low spin states, as expected considering the

characteristics of the ligands forming the coordination environment
of the metal atoms and in agreement with available experimental
data.

Changes in the oxidation state of the proximal &g cluster
observed in [Fe]-hydrogenases was simply modeled by varying the
protonation state of the G§S ligand, following previous works by
Hall and co-workers.

Results and Discussion

1. Structural and Electronic Properties of Complexes
Related to the [2Fe}, Subcluster. F€'F€' Model Com-
plexes.On the basis of X-ray dat&® and DFT calcula-
tions&1%the [2Fe}, subcluster in the enzyme isolated in air
should correspond to an Hed' complex characterized by a
u-CO group and by a hydroxyl group or a water molecule
terminally bound to Fé To further investigate the charac-
teristics of this species we have initially optimized and
compared two possible isomers gi{PDT)Fe(CO)(CN),-
(CH3S)(OH)F: the first resembling the EE€' form of the
[2Fe}y subcluster 1) and the second corresponding to an
Fe'Fe' complex characterized by aOH group and by a
terminal CO R) (see Figure 2). Following previous propos-
als®'! the CHS group was deprotonated to simulate the
reduced redox state of the proximal |Bg cluster. The
geometry features df well compare with the corresponding
X-ray data collected for the oxidized form of the enzyme,
where a CO group bridges the two Fe idrn.fact, in1 the
CO group is bridged in a symmetric fashion {Fe = 1.982
and 1.988 A) and the FeFe distance is equal to 2.57 A. In
2, the Fe-S bond distances are significantly longer than in
1 (see Figure 2) and the Fé&e distance is as long as 3.02
A. The electronic characteristics afand 2 are also very
different, with electron density shifting from F® Fe' going
from 1to 2 (see Table 1). If energies are considered, isomer
2 is more stable thah by 19.9 kcal mol. The same stability

Figure 2. DFT-optimized structures of FE€' model complexes are shown
with their charge ) and spin §), [g, §. Only the most relevant bond
distances are explicitly shown. F&e distances fot—3, 3, 4, and4' are
2.568, 3.023, 2.570, 2.579, 2.515, and 3.327 A, respectively.

prefer a bridged position in the isolated'Feé' cluster. This
observation is remarkable because it suggests that steric and/
or electronic properties of the protein play a role in
destabilizing or make kinetically inaccessible th®H form
of the FéF€' [2Fe}4 subcluster within the enzyme.

It has been recently suggested that a DTMA ligand, instead
of PDT, bridges the two Fe atoms in the [2Fslbcluster,
and DFT calculations on [Fe]-hydrogenase models containing
DTMA have been reportett® However, the effects of the
chelating group on the structural and electronic characteristics
of the bimetallic cluster have not yet been thoroughly
investigated. The optimized structures of two isomersof [(
DTMA)Fey(CO)(CN)(CHsS)(H0)], differing for the con-

trend was observed investigating analogous complexes Whe“?iguration of the N atom of DTMA, are shown in Figure 2

a water molecule replaces the hydroxyl growE(= 9.7
kcal mol?),** indicating that hydroxo and water ligands

(19) Peng, C.; Schlegel, H..Bsr. J. Chem1994 33, 449-458.

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. AGaussian 98Gaussian, Inc.: Pittsburgh, PA, 1998.

(21) Reed, A. E.; Weinstock, R. B.; Weinhold, F.JJ.Chem. Physl985
83, 735.

(83 and3) and are very similar to the previously published
corresponding species where PDT substitutes DTiWhe
only notable difference being the hydrogen bond formed by
the NH group of DTMA with the water molecule coordin-
ated to F& As expected3 and3' are very close in energy,

3' being more stable by only 3.7 kcal mél Similar
considerations hold true when comparing-BTMA)Fe,-
(COX(CN)x(CH3S)(OH)F~ isomers and the corresponding
PDT complex (data not shown). On the other hand, the
optimized structures of -DTMA)Fe,(CO)(CN)(CHsS)]~
isomers 4 and4'; see Figure 2), which can be considered
the products of KO loss from3 and 3, respectively, are
extremely different. In particular, in the Hee' speciest’,

the N atom of DTMA is coordinated to FE€N—Fe! = 2.042

Inorganic Chemistry, Vol. 42, No. 15, 2003 4775
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Table 1. Natural Atomic Charges of Diamagnetic'f&' and Fé~¢ Complexe$
1a 2 3 42 5 6 7 1400 16c 17c 1& 200
Fer —0.20 0.15 —0.24 0.11 —0.15 —0.02 —0.29 —-0.24 —0.23 -0.17 —-0.12 —0.19
Fel 0.00 —0.14 0.12 —0.16 —0.24 —0.25 —0.27 0.11 —0.26 —0.34 —0.34 —0.32
S —0.21¢ —0.34 -0.13 —0.21 0.1% —0.37 —0.14 —0.17 —0.27 —0.31 0.18
S —0.02 —0.09 —0.08 —0.05 —-0.12 —-0.13 —0.03 —0.03 0.00 0.25 —0.06 —0.02
S —0.04 —0.10 —0.08 —0.09 —0.15 —-0.19 —0.05 —0.01 0.07 —0.01 —0.03 —0.05
Hp —0.04 —0.05 —0.01

aFd'Fé' complexes? FEéFe complexes® Data from ref 119 CHz-S ligand.® CH;-SH ligand.f Protonated sulfur atond.S, and H, stand for bridging
sulfur and hydrogen atoms, respectively.snds for the sulfur atom terminally coordinated td.Ré¢atural atomic charges f@ and4' are extremely
similar to the values computed f@rand4, respectively, and therefore are not reported.

A) and is trans to a CO group, resulting in a distorted
octahedral Fe&environment. On the other side, # the
configuration of the NH group of DTMA does not allow
the formation of the N-Fe bond. Remarkably' is more
stable than4 by about 22 kcal mof. In addition, the
computed reaction energy f@&— 4 + H,O is as large as
20.0 kcal mot?, similarly to the corresponding reaction
energy computed when PDT replaces DTMA (25.0 kcal
mol~%).1* However, the reaction energy f8t — 4' + H,O

is as low as 1.7 kcal motl, a value that becomes even
favorable if energy contributions deriving from hydrogen
bonds involving the displaced water molecule dhdre kept

into account (data not shown), suggesting that the N atom

of DTMA can compete with a water molecule for e
coordination. Moreover, § cannot easily displace the
intramolecularly coordinated N atom of DTMA i, the
reaction being endothermic by about 4 kcal mqlL. De

Gioia, unpublished data). However, it is relevant to underline

that the NH bond of DTMA may form a hydrogen bond with

Figure 3. DFT-optimized structures of iied model complexes are shown
with their charge ) and spin §), [g, §. Only the most relevant bond
distances are explicitly shown. F&e distances fos—7 are 2.528, 2.655,

a nearby deprotonated Cysteine in the enzyme and thisand 2.555 A, respectively. Superscript a indicates data are from ref 11.

interaction may lessen the interaction of the N atom with
the iron center.

FEFE Model ComplexesAs the second step of this
investigation, we turned our attention to'FFé complexes,
which have been extensively investigated by experimé&ntal

CO decreases significantly going frosn(0.49) to6 (0.39).
These observations suggest that a significant back-donation
from Fé to the semibridging CO is operative @ To further
investigate the effect of Fe ligands on the structure ¢f Fe
Fe species, we have compared the DFT structure @f [(

and theoretic&f-®approaches, showing that the reduced redox PDT)Fe(CO)(CN),]2~ (complex7; see Figure 3), which was

state of the [2Fg] subcluster is compatible with an 'Fe

already shown to well reproduce the corresponding experi-

species. Moreover, it has been suggested that the structurenental structuré! with 5, 6, and [(«-PDT)Fe(CO)], whose

of the FéF€e [2Fe}, subcluster is stabilized by the enzyme

DFT structure was reported by Hall et®allhe comparison

in a conformation more similar to a transition state associatedreveals that the bending toward PFef one CO group
to FeLs unit rotation rather than to the ground-state structure coordinated to Feand consequently the rotation of the!lEe

observed in related Hed synthetic complexe®. With the
aim of investigating how slight changes in the nature of Fe
ligands may affect the structure of'Fe species, we have
investigated [¢-PDT)Fe(CO)(CN)(CHsSH)P~ (5) and [(u-
PDT)Fe(CO)(CN)(CH3S)F~ (6), which differ only for the
protonation state of the G&S ligand. In both structures (see
Figure 3), one of the CO groups coordinated td Bends
toward Fé& and interacts, albeit slightly, with the metal ion,
as deduced by the observed rotation of thélEenit and
by the value of the Fe-C—O angle, which is lower than
18(* (173.0 and 163.5in 5 and6, respectively). The Pe-C
distance is equal to 2.883 and 2.638 A #and 6,
respectively. Analysis of atomic charges shows thatise
more electron rich irb (—0.15) than in6 (—0.02), despite

unit, increase in the orden{{PDT)Fe(CO)), [(u-PDT)Fe-
(COM(CN)]* (7), [(u-PDT)Fe(CO)(CN)(CHsSH)F™ (5),

and [(-PDT)Fe(CO)R(CN),(CHsS)] 2 (6) and are correlated

to the total charge of the complex and to the electron-donor
characteristics of the Fdigands (CO, CN, ChSH, CHS;

see also Table 1); the more electron-donating the ligand
coordinated to Pethe more effective the back-donation from
Fe? to the semibridging CO and, consequently, the more
rotated is the F#; unit. Analogous results were obtained
with DTMA complexes (data not shown). Therefore, struc-
tures characterized by a semibridged CO correspond to stable
energy minima when suitable electron-donor ligands are
coordinated to Pe These observations suggest also that the
tuning of electron density on Fewhich in the enzyme could

the larger total negative charge of the latter. Remarkably, be achieved by oxidatierareduction of the [F£54] cluster,
the atomic charge of the C atom belonging to the semibridgedmay act as a switch stabilizing either or terminal CO

4776 Inorganic Chemistry, Vol. 42, No. 15, 2003
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Table 2. Natural Atomic Charges and Spin Densities (in Parentheses) of Paramagié&te& Eemplexed

8 9 10 11 12 13 15 19 21 22

Fe —0.16(0.08) —0.15(0.09)  0.31(1.73)  0.15(0.73) —0.25 (0.49) —0.08 (~0.10) —0.12 (0.02) —0.03 (0.89) —0.08 (0.00) —0.15 (0.03)
F¢'  0.03(0.97)  0.02(0.99) —0.18 (-0.49) —0.23(0.29)  0.02(0.37)  0.06 (1.14) —0.06 (0.86) —0.36 (0.20) —0.04 (0.89) —0.06 (0.87)
S 019(0.01) —026(0.02) 0.02(0.06) —0.35(0.01) 0.27(0.07) 0.22(0.00) 0.26(0.01) 0.06(0.04) —0.25(0.01) —0.35(—0.01)
S, —0.10(0.02) —0.11(-0.01) —0.13 (-0.03) —0.09 (~0.04) —0.09 (0.03) —0.15 (-0.03) —0.14 (0.02)  0.26(0.02) —0.17 (0.00)  0.13(0.01)
S, —0.09 (-0.01) —0.12 (-0.02) —0.07 (-0.01) —0.06 (0.02) —0.10(0.02) —0.20 (0.10)  -0.08 (0.00) —0.10 (0.00) —0.11 (0.01) —0.08 (~0.02)
Hp —0.03 (-0.09) -0.12 (-0.02)
BB 0.7961 0.7875 1.3248 0.9057 0.8220 0.8420 0.7861 0.7915 0.7786 0.7805

a5, and H, stand for bridging sulfur and hydrogen atoms, respectivelyst&hds for the sulfur atom terminally coordinated td.Pe&CH;—S ligand.
¢ CH;—SH ligand.? Protonated sulfur atont.Expectation value of the squared spin operator before annihilation. The spin projection technique applied to
spin-unrestricted wave function led to mainly pure doublet state (0.75), with the exceptidhwhich is contaminated by high-spin contributions.

forms. In fact, the structures & and6, both characterized
by a semibridging CO group, are extremely similar to the
structure of the [2F@]subcluster observed within the enzyme

poised to the reduced redox state, supporting the crystal-

lographic and FTIR spectroscopic evidence for changes in

Fe coordination upon reduction of the active Sitén
particular, G-Fe! and C-Fe’ distances in the Fee complex
6 are 1.754 and 2.638 A, respectively, and are very similar
to the experimental values (1.69, 2.4/2.56 Ar 1.8, 2.6
A3

Fe'Fe¢ Model ComplexesModification of the Fe coor-
dination environment observed as a function of metal redox

state and nature of its ligands prompted us to extend the

investigation also to FE€' species. This redox state should
correspond to the partially reduced and EPR-active form of
the [2Fe}; subcluster and could be involved in the catalytic
cycle of the enzyme. In particular, DFT calculatidthave
shown that, in P&€ species, a CO group can bridge the
two iron atoms, resulting in a vacant coordination position
on Fe& where H can bind (see Figure 1b). However, little is
known about structure and stability of 'Hed species
characterized by nonbridging CO groups.

As for FEF€ species, we have carried out calculations on
complexes characterized by €5 ([(«-PDT)Fe(CO)(CN),-
(CHsS)F) and CHSH ([(u-PDT)Fe(CO)X(CN)(CH:SH)I")

Fe ligands. Remarkably, for both complexes we have
obtained two isomers, characterized by bridgiBga(d 9)
and nonbridging 10 and 11) CO groups, respectively (see
Figure 4). In8, the CO group bridges the two Fe atoms in
a nonsymmetric fashion (FeC = 2.116 A; Fé—C = 1.878

A) and the Fe-Fe distance is 2.582 A. In its isom&6, the

Fe ions are both five-coordinated and the-fe distance is
equal to 2.559 A. The SHFe® bond distance increases by
more than 0.2 A going frorB to 10 (2.336 A in8 and 2.575

A 'in 10). This bond length, and to a lesser extent the-Fe
CO and Fe-CN bond distances, are correlated to the electron
density on the Featom (see Table 2), which is lower $
due to back-donation from Féo the bridging CO group.
Population analysis (see Table 2) shows thaB ithe spin
density is largely localized on EeOn the other sidel0 is

a spin-polarized complex with large spin density on both
Fe’ (1.73) and F&(—0.49). Isomers3 and 10 are almost
isoenergetic§ — 10; AE = —0.93 kcal mot?).

In the dianionic complex®, one CO bridges the two Fe
ions in an almost symmetric fashion (see Figure 2:+&0
=2.017 A, FéE—CO=1.952 A). The shortening of the Fe
CO bond with respect t8 is due to the substitution of GH

Figure 4. DFT-optimized structures of EE€ model complexes are shown
with their charge ) and spin §), [g, §. Only the most relevant bond
distances are explicitly shown. +&e distances fa8—13are 2.582, 2.597,

2.559, 2.587, 2.681, and 2.582 A, respectively.

SH with CH;S, causing an increased back-donation frofh Fe
to the bridging CO. In9, the unpaired electron is almost
completely localized on Pgsee Table 2) and the computed
energy values show that al8@nd11 are almost isoenergetic
(9 — 11; AE = 3.62 kcal mot?), even though in this case
the u-CO form is more stable.

In 11, the two Fe atoms are five-coordinated and the Fe
Fe distance is equal to 2.587 A. The comparison With
(see Figure 4) reveals that the only geometry feature
significantly affected by the protonation state of the SH
ligand is the CHS—Fe&” bond distance, as expected. On the
other side, the electronic properties are affected in a more
subtle way (see Table 2). The strong spin polarization
reported forlOis not observed id1, where the spin density
is unevenly distributed between FF.73) and F& (0.29)
(see Table 2). It is also remarkable that in the case of the
u-CO complexe$ and9, Fe!'is more electrophilic than Pe
whereas the reverse is true in the case of the nonbridged
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complexeslO and 11l This observation is relevant to better
understand klbinding to these complexes (see below).

In previous DFT investigations, carried out on"Fé
models characterized by a PDT ligahid was shown that a
H,O molecule cannot bind to Eeleaving a coordination
position vacant to bind § Similar results were obtained
investigating F&Fe computational models characterized by
a DTMA ligand!® However, isomers differing for the
configuration of the NH group of DTMA have not yet been
investigated. Indeed, the orientation of the NH group with
respect to Pécan significantly affect the structural and

electronic properties of these complexes, as shown above

for FE'Fd' species. To further investigate these aspects we
have carried out geometry optimization oft{DTMA)Fe,-
(CO)(CN)(CH3sSH)(H0)]~ isomers differing for the con-
figuration of the NH group X2 and 13, see Figure 4).
Remarkably, in12 the H,O molecule remains coordinated
to Fe! (F&'—O = 2.144 A), due to the formation of a H-bond
between the N atom of DTMA and the water molecule. In
13, where the N-H bond has an axial orientation, the water
molecule moves away from Eeesulting in an adduct where
the CN- group coordinated to Peearranges forming one
H-bond with the NH group and the,B molecule. Consider-
ing relative stabilities, it turns out tha® is less stable than
13 by 6.5 kcal motl. These results prompted us to
investigate also the product of,8 loss from 12 [(u-
DTMA)Fe;(CO)(CN)(CHsSH)]. Remarkably, during DFT
optimization, Walden inversion of the N atom of DTMA
was observed, leading to a structure of the bimetallic cluster
that very closely resembles that observed 8 However,

the observation that the removal of®l from 12 results in

an energy minimum structure resembliri does not
necessarily imply a low-energy transition state along this
reaction path. Moreover, it should be noted that hydrogen
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bonds between the CNgroup and the protein may abolish
the rearrangement of Feoordination environment observed
in 13.

2. H, Activation on [2Fe]y Model Complexes.On the
basis of X-ray dat&® and DFT calculation8,it has been
suggested that dihydrogen activation in [Fe]-hydrogenases
implies binding of H to the F& center and heterolytic
cleavage possibly mediated by the N atom of the chelating
DTMA ligand. However, the data discussed in section 1
indicate that when considering computational models of the
isolated [2Fe]} subcluster, a facile conversion between
species characterized by bridged and terminal CO is possible,
indirectly suggesting the possibility of differentHinding
mode. Moreover, previous theoretical investigations predicted
the existence of Pé&€' species characterizeq la H atom
bridging the two metal centers, suggesting possible alterna-
tive pathways for H activation®'! Indeed, recent experi-
mental investigations have shown that ligands with better
donor ability than CO promote the binuclear oxidative
addition of H" to yield [Fe'(u-H)Fe'] species*

To further explore some of these aspects and evaluate their
relevance to enzymatic and synthetic systems, we have
investigated intermediate species and transition states that
imply H; activation leading ta:-H intermediate species. In
the reaction paths investigated we have always assumed as
starting point the [¢-PDT)Fe(CO)(CN)(CHsS)(H:0)]~
species, which is similar to the oxidized form of the [2fre]
subcluster observed in the enzyme. In addition, a sulfur atom
of PDT has been assumed to be involved in the heterolytic
H, cleavage. The implications of these assumptions are
discussed, in light of computational results, in the final
section of the paper.

H, Activation on Fé¢Fe' SpeciesConsidering as starting
point the F&Fe' species [¢-PDT)Fe(CO)(CN)x(CH;S)-
(H20)]™ (14; see Scheme 1), whose structure and electronic
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Figure 5. DFT-optimized structures of models of the [2kejubcluster
that may have relevance inxtactivation are shown with their charge) (
and spin §), [g, §. Only the most relevant bond distances are explicitly
shown. Fe-Fe distances fot5and18—22 are 2.960, 2.651, 2.811, 2.588,
3.215, and 2.803 A, respectively.

properties were already report&dthe first step for the
activation of the bimetallic cluster is the freeing of a
coordination position to bind 5 most probably associated
with the dissociation of the water molecule (or hydroxyl
group) coordinated to FeHowever, previous DFT calcula-
tions®! have shown that this step is largely endothermic
when considering P&¢€' species, whereas the monoelectron
reduction of the cluster to an &' species makes the water
dissociation favorablé According to these considerations,
the FéFe species [¢-PDT)Fe(CO)(CN)(CH;SH)]™ (8)
(see Scheme 1) is the first product formed by monoelectron
reduction of14 (@and HO loss). It should be noted that the
CHsS ligand in8 is protonated, to mimic the concomitant
oxidation of the proximal [F£5,] cluster. The structures of
14 and 8 are similar except for the position of theCO
group, which moves toward Fgoing from14 to 8 (F&'—

CO = 2.233 and 1.878 A inl4 and 8, respectively).
Comparison of partial atomic charge values (Tables 1 and
2) reveals a less pronouncedPF&€ polarization in8 with
respect tal4. The coordinatively unsaturated specBesan
rearrange to specidg) (see Scheme 1). As stated abo8e,
and 10 are almost isoenergetic and their interconversion is
expected to be a facile proce®sl0 can bind H to the
electrophilic Fé (see Table 2) formindl5 (see Figure 5;
AE for 10 + H, — 15 = —12.80 kcal mot?!), where
dihydrogen is slightly activated, as deduced by comparison

(22) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrpth ed.;
John Wiley and Sons: New York, 1995.

of the H-H bond lengths irl5(0.840 A) and in the isolated

H, molecule computed using the same method and basis set
(0.734 A). Upon H binding the Fe-Fe distance increases

by almost 0.4 A, whereas the other structural features remain
similar to those observed ib0. However, electron density
and spin distribution are very sensitive to the binding ef H

In fact, the electronic properties &6 are markedly different
from those observed in the precurd@rand resemble those
observed ir8 (see Table 2).

According to a reaction path where; Hactivation is
promoted by an Fé€' species, it must be assumed, in
agreement with Hall and co-worketghat the F&Fe species
15is oxidized to16 (see Scheme 1), whose DFT structure
was previously reportett.Following the assumptions made
initially, the simultaneous reduction of the proximal [Bg
cluster is mimicked by deprotonation of the ¢3ligand
coordinated to Pe The geometry rearrangement observed
in the reactiorl5— 16is negligible, except for the expected
decrease of the Fe CH3S bond distance. In a previous DFT
study** we have shown that Hactivation starting from the
Fe'Fe' speciesl6 is kinetically and thermodynamically
favorable AE = 2.37 kcal mot?; AE* = 5.34 kcal mot?),
leading to a speciesl)) characterized by a-H atom
bridging the two iron centers.17 can release one H(see
Scheme 1) forming the intermediate spedi8swhere au-H
atom is still present (see Figure 5). Thd® loses another
H* forming the F&-€ species6, which closely resembles
the structure of the [2Fg]subcluster as observed in the
reduced form of the enzyme. Finall§,loses one electron
closing the catalytic cycle (see Scheme 1).

H, Activation on an F&-¢€' SpeciesAs discussed above,
H, can be heterolytically cleaved on 'Fe&' species. To
investigate the possibility that the 'Fed complex15 can
heterolytically cleave dihydrogen (see Scheme 2), without
assuming previous monoelectron oxidation of thé Fee
adduct, we have computed the structurel6f(see Figure
5), which is the product of Fcleavage starting from the
FeFée' complex15. In 19, a hydrogen atom bridges asym-
metrically the two metal centers, being closer t6, Féhereas
the other H atom is bonded to one of the PDT sulfur atom.
Interestingly, as in the case of the analogou&Heé species
17,1* the protonation of the S atom does not preclude its
coordination to the two metal centers. Considering electronic
properties, it is interesting to note that,1f, Fe! is electron
richer than F& whereas the spin density is almost completely
localized on F&(see Table 2). Considering relative energies,
it turns out that thel5 — 19 step is endothermic by 9.34
kcal molt. The potential energy surface was sampled to
locate the transition state structure along this crucial reaction
step. However, despite using different initial guess structures,
we were not able to locate any chemically reasonable
structure corresponding to a saddle point on the potential
energy surface. In particular, release of HCN from the
complex was often observed.

To close the catalytic cycle the 'Heg speciesl9 should
release one proton and one electron, forn0dsee Figure
5), which differs from18 only for the protonation state of
the terminal S ligand. The structures I8 and 20 are very
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similar and both feature a symmetric Hd—Fe bridge,
similarly to related synthetic complex&sAlso the electronic
properties ofLl8 and20 are quite similar (see Table 1) and,
interestingly, Feé is electron richer than Pgedespite the
coordination to the latter of a GS(H) ligand instead of a
CO group.20 can loose a H forming 5, which resembles

-2
2 CN
oc, \CN—| Nc\ / - /‘;|
NCZ, SaC0 H, / e\
F F — -
/ e\\s/ e\ co
RS S co 1.05

21

l 2.63
o ]?

/ \ ’CO

than in 15 (0.840 A). Moreover, natural bond orbital
analysig! reveals that il5 the occupations fos ando* H
orbitals are 1.68 and 0.08, respectively, wherea2lithe
corresponding values are 1.74 and 0.08. These data suggest
thato-donation from the H-H bond to the metal is the most
important contribution to the Pe-H, bond, whereas back-

-2

the fully reduced structure of the active site and closes the donation from the metal to Hplays a less important role.

catalytic cycle by monoelectron oxidation.

The subtle modulation of the electronic and structural
properties of the cluster due to the different protonation of
the terminal CHS ligand prompted us to investigate also a
reaction path where dihydrogen is still activated on ah Fe
Fe species but the terminal GH ligand remains deproto-

nated through all the catalytic cycle (see Scheme 3).

According to this path, the reductive activation of thé'+e
Fe' speciesl4 leads to9, which can rearrange tbl in a
slightly endothermic step (see abovgl.is still able to bind

H, to Fe forming 21 (see Figure 5). However, the reaction
11 + H; — 21 is slightly endothermic AE = 1.05 kcal
mol™Y) and significantly less favored than the corresponding
10 + H, — 15 step. Remarkably, the Feenter in10 is
significantly more electrophilic than ihl (see Table 2). In
addition, the H-H bond distance i1 is shorter (0.795 A)
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Indeed, H binding and heterolysis is usually favored when
H, is coordinated to relatively electron-rich metal centers
and it is in trans tor-acceptor ligands such as CO, whereas
donor ligands should favor oxidative addition of té form
dihydride specie$’ However, due to the electrophilic nature
of Fe’ in 10 and11, the H, bonding is mainly governed by
o-donation even in the presence of donor ligands coordinated
to the iron center.

The comparison of the EE€ dianionic specie®1 with
the monoanionic specids$ (see Figure 5) reveals also that,
besides the expected longer §#H—Fe bond distance
observed irl5, the Fé—F¢ distance increases by more than
0.25 A going from15to 21. H, activation on21 leads to22
in a reaction step endothermic by only 2.63 kcal mol

(23) Kubas, G. JMetal Dyhydrogen and>-Bond ComplexesKluwer
Academic/Plenum Press: New York, 2001.
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However, also in this case attempts to locate transition statecorresponding«-OH or u-H,O species, suggesting that the
structures characterized by incipient formation effbbonds latter are destabilized or kinetically inaccessible in the
were unsuccessful due to release of HCN from the complex. enzyme. (i) The structure of Hee species is strongly

It is also interesting to note that structures and electronic affected by the electronic properties oPf@d consequently
properties of possible products of Eleavage involving the by the chemical nature of its ligands. Electron donor ligands
S atoms of PDT in Fé=€ species are strongly influenced such as CkS~ (which closely mimic the cysteinate residue
by the protonation state of the terminal S ligand, as judged pridging F& and the [FgS,] cluster in the enzyme) lead to
by the comparison of speci@2 and 19 (see Figure 5). I semibridging CO species very similar to the structure of the
fact, in the dianionic comple2, the protonation of a PDT  [2Fe}, subcluster as observed in the fully reduced state of
sulfur atom results in the cleavage of the SF&' bond, the enzyme. (i) For P&€' species, terminal and-CO
which is maintained in the monoanionic complE Also  isomers are very close in energy, suggesting that both forms
the spin density distribution is very different, the unpaired 4 id pe relevant in the catalytic cycle of the enzyme. (iv)

electron being localized on Feand F€ in 19 and 22, Finally, the replacement of PDT with DTMA may have some
respectively. To close the catalytic cycle (see Scheme 3),ihf,ance on the structural properties of the bimetallic cluster.

22 should loose one electron and one proton formligy . . .
which, by subsequent release of one proton and one electron, W.e have also investigated the h.Ete.met'C cIeavagez-of H
forms 11 mediated by [2Fe] models, confirming and extending

' previous hypothesis indicating that dihydrogen can be
Conclusions activated on PH-€' species. Moreover, even though [Fe]-

The effects of redox state and ligand characteristics on hydrogenases are proposed to bind and activatt b single

structural, electronic, and reactivity properties of model Iron ce3nter, the c_ompa_mson_of f:omputatlonal and experi-
complexes related to the [2Fejubcluster of [Fe]-hydrogen- mental® data ob'tamed |nv.est|galt|ng model complexes sug-
ases have been investigated by DFT calculations andgests_: that reaction pgthg involving both metal ions are also
compared with experimental and computational data, derivedPoSsible. Our results indicate also thati Fe'Fel complexes
investigating both [Fe]-hydrogenases and model c:Ommexes,correspond to low-energy stable species, suggesting that they
resulting in a better understanding of the chemical propertiescould play a role in the catalytic cycle.

of the bimetallic cluster. In particular, the following observa-
tions can be offered: (i) F&€' species characterized by
OH or H,O groups terminally coordinated to%-as observed
in the X-ray structure of the enzyme, are less stable than1C0262132
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