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Enzymatic Mechanism of Fe-Only Hydrogenase: Density Functional
Study on H-H Making/Breaking at the Diiron Cluster with Concerted
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The mechanism of the enzymatic hydrogen bond forming/breaking (2H* + 2e = H,) and the plausible charge and
spin states of the catalytic diiron subcluster [FeFe]y of the H cluster in Fe-only hydrogenases are probed
computationally by the density functional theory. It is found that the active center [FeFe] can be rationally simulated
as {[H](CH3S)(CO)(CN~)Fe,(COp)(u-SRS)Feq(CO)(CN™)L}, where the monovalence [H] stands for the [4Fe4S],2*
subcluster bridged to the [FeFe]y moiety, (CHsS) represents a Cys—S, and (COy) represents a bridging CO. L
could be a CO, H,0, H™, H,, or a vacant coordination site on Fey. Model structures of possible redox states are
optimized and compared with the X-ray crystallographic structures and FTIR experimental data. On the basis of
the optimal structures, we study the most favorable path of concerted proton transfer and electron transfer in
H,-forming/breaking reactions at [FeFe]y. Previous mechanisms derived from quantum chemical computations of
Fe-only hydrogenases (Cao, Z.; Hall, M. B. J. Am. Chem. Soc. 2001, 123, 3734; Fan, H.; Hall, M. B. J. Am. Chem.
Soc. 2001, 123, 3828) involved an unidentified bridging residue (x-SRS), which is either a propanedithiolate or
dithiomethylamine. Our proposed mechanism, however, does not require such a ligand but makes use of a shuttle
of oxidation states of the iron atoms and a reaction site between the two iron atoms. Therefore, the hydride Hy™
(bridged to Fe, and Feg) and 72-H, at Fe, or Feg most possibly play key roles in the dihydrogen reversible oxidation
at the [FeFe]y active center. This suggested way of H, formation/splitting is reminiscent of the mechanism of [NiFe]
hydrogenases and therefore would unify the mechanisms of the two related enzymes.

Introduction microorganisms can use,Has a source of electrons and

Because hydrogen @His regarded as a potential future protons or generateHby reducing protons. In the organisms

energy resource, the efficient generation, storage, and oxidaSC far studied, bases as metalloenzymes are mainly grouped

(g . )
tive conversion of kihave been the subject of intense studies, N0 o classes™® [NiFe]H.ases (which may include
Before mankind has been able to design and synthesizelNIF€S€ltase), which most oﬂerllfatalyze the forward
catalysts for fast and economical production efdr efficient reaction in which H is consumed,** and [FeFe]Hases

conversion of H into protons and electrons, nature has
evolved a family of enzymes called hydrogenases (or
hereafter Hases), which are capable of catalyzing the
reversible two-electron oxidation ofts H < 2H' + 2e".
H.ases constitute the core of khetabolism that is essential
to many microorganisms of biotechnological intefesthe
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[4Fe-4S]prox J

Figure 1. Three-dimensional structure of the H cluster in the DdH enzyme
and its proximal protein environment revealed by the X-ray crystallographic
study?’

(iron-only Hy,ases), which catalyze the reduction of protons
as terminal electron acceptors to yield &hd thus mainly
function in H productiont>24 The [NiFe]Hase in the
bacteriumDesulfaibrio gigas (DvH) has been crystallized
in the air-oxidized form and its structure solved by Volbeda
et al”® The crystal structure of [NiFeJidse reveals that the
active center is composed of a [Ni] and a [Fe] bridged by
two cysteinyt-S, as well as an oxygenic specigs), which
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cluster covalently bridged to an unusual [FeFdijron cluster
by a cysteinyl thiolate, S(Cys). The relative location of each
of the metal clusters in the jJdse crystal structures depicts
probable electron-transfer (ET) pathways. Peters &t'al.
and Nicolet et al”=?° have proposed a similar pathway of
the proton transfer (PT) and ET to the H cluster based on
their respective protein structures. The pathway consists of
a few conserved amino acid side chains along with protein-
bound water molecules. A potential channel for the delivery
of H, molecules, which is hydrophobic and connects the
active site to the molecular surface, has also been pro-
posedll,z,l&ZO

The successive crystal structure determination of the above
three Hases and the discovery that the DvH (and later, the
Cpl and DdH as well) contains cyanide in its prosthetic
group, as well as the technological significance ofdd a
potential resource of clean fuel, have greatly piqued the
interest of chemical, biochemical, and biophysical scientists.
The prosthetic groups of these,d$es have been studied
intensively with a wide variety of spectroscopic techniques
such as EPR, ENDOR, Mgbauer, resonance Raman, and
FTIR spectroscop¥2° In particular, the FTIR spectra of
the three redox states for DdH were investigated, and the
results provided insights into the correlation between the
geometrical structures and redox states in the H cluster. It is

is assumed to be removed during the reductive activation of "ow generally believed that the [4F4S}, always appears

the enzyme?>

For [FeFe]Hases, recently two X-ray crystallographic
structures of the enzymes from the bacte@stridium
pasterianun(Cpl)'® andDesulfaibrio desulfuricang DdH)*"
have been resolved. Compared with the [NiFgl$¢, the
[FeFe]Hases are highly evolved catalysts. Under optimal
conditions, each molecule of DdH can produce 900G H
at 30°C; for Cpl, the figure is 6000 .26 DdH contains
three evenly spaced [4FdS] clusters, which connect the
active site with the molecular surface. The [6f&S] cluster,
termed H cluster (Figure 1), consists of a [4HESH cuboidal
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in the EPR-silent 2 state, or [4Fe-4SK?", and the [FeFg]
of DdH or Cpl in both oxidized and reduced states are EPR-
silent and may be better symbolized as'[F&'],,, (Hox in
short) and [Fé-€]u,, (or Hed, respectively. In contrast, the
semireduced diiron cluster, symbolized asin DdH or Cpl
is EPR-active $ = 1/;) and can be expressed as'[Fée]..
These three states exhibit distinctive yet different IR bands
for the CO ligands respectively (i.e., for CO in11847,
1983, and 2007 cni; in Hyeq, 1894, 1916, 1940, and 1965
cm % and in H, 1802, 1940, and 1965 cr}).1%° Pickett et
al. pointed out that the fully reduced 'Fe species favors
the terminal CO conformation and the 'Féd' transient
bridging CO intermediate can be generated by the one-
electron oxidation of an Mee precursor bearing the thioether
group. The observed IR spectra for CN and CO are consistent
with the CO-inhibited paramagnetic center of [FeFg]H
ases’t

Both of the cationic iron atoms in [Fekglassumed to be
the active center, adopt an octahedral coordination mode and
are bridged to each other by three nonprotein atoms, namely,
two u-S and one putative GOWhile [4Fe-4S} and [FeF&]
are similarly associated by a cysteim@ in DdH, the two
[Fe]'s of the [FeFe] cluster are bridged by twe-S, which
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are linked together and initially modeled @gpropanedithi-
olate (PDT) and by an unspecifiedO.” Recently, on the

should be noted that known structures show the-fFe
internuclear distance of around 2.53836:37well within the

basis of crystallographic and FTIR spectroscopic evidence bonding range and in accordance with the 18-electron®fule.

from DdH, Nicolet et al. claimed that the previously observed
CO, ligand in Cpl (probably in the oxidized state) is
terminally bound (CQ in the reduced DdH® and the
transition of the C@ to CQ affects mostly the C atom,

Particularly, the synthetic dinuclear iron models reported
independently by Gloaguen et &:4* Zhao et al.,*> and
Nehring et al*® present significant Hmolecule formation
via reduction/protonation andHD, exchange activity.

whereas the O atom essentially keeps the same position with Despite numerous discussions on the possible mechanisms

respect to the two iron iond.Furthermore, it has also been

for Hyasel291520262754fyrther quantitative analyses are

proposed that, from stereochemical and mechanistic consid-pivotal for the future engineering of Jses with higher

erations, the original assignment of theSRS to PDT (i.e.,
R = (CHp)3) might be incorrect. A dithiomethylamine
(DTMA; i.e., R = CH,NHCH,) assignment, although still

activity as well as the design of biomimetic materials to
simulate the functions of fdses. In particular, computational
studies on the structures and electronic states of the H cluster,

speculative, seems to make more sense because the lattéransition state, and energy barrier, as well as vibrational

would contribute a more basic, NH bridgehead that might
be more effective for the heterolytic splitting of-HH. In
addition, the distance between the NH of DTMA and a
Cys178° residue can better rationalize the observed inter-
nuclear distance of 3.2 A than that between the central CH
of u-PDT and Cys178.

The [FeFe} is well modeled by easily prepared and
classical organometallic complexeg-$RS)[Fe(CO)L]-
with L = CO, CN", PMe, etc., and R= —(CH,)s—, or
—(CH;NMeCH,)— 3153 Important information about the

frequencies of characteristic ligands, are indispensable to gain
insights into the mechanism of enzymatic—H bond
making/breaking. Among various feasible methodologies, the
hybrid density functional theory (DFT), which takes the
electron correlation into account but retains the computa-
tional efficiency, has shown its reliability and popularity
in modeling metalloenzymé’> Up to now, several
groupg’232530,39.50,5763 haye attempted to model the [NiFe]-
Hoase and [FeFeJfses with the hydrid DFT method. On
the basis of the DFT optimal structures for [Fakehe high

charge, spin, and chemical states as well as the ligandcorrelation between the computed IR frequencies of thg CO

exchange reactivity of [FeRglhas been derived from the
synthesis and characterization @f-$RS)[Fe(CO.L],. It

(33) Erica, J. L.; Georgakaki, I. P.; Reibenspies, J. H.; Darensbourg, M.
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Y. J. Am. Chem. So@003 125 518.

(43) Nehring, J. L.; Heinekey, D. Mnorg. Chem.2003 42, 4288.

(44) Gloaguen, F.; Lawrence, J. D.; Rauchfuss, T. B.; Benard, M.; Rohmer,
M.-M. Inorg. Chem.2002 41, 6573.

(45) Arabi, X. S.; Matheu, R.; Poilblanc, R.J.Organomet. Cheni979
177, 199.

(46) Lawrence, J. D.; Li, H.; Rauchfuss, T. B.; Benard, M.; Rohmer, M.-
M. Angew. Chem., Int. EQR00L 40, 1768.

(47) Li, H.; Rauchfuss, T. BJ. Am. Chem. So@001, 124, 726.

(48) Curtis, C. J.; Miedaner, A.; Ciancanelli, R.; Ellis, W. W.; Noll, B. C.;
DuBois, M. R.; DuBois, D. LInorg. Chem.2003 42, 216.

(49) Gloaguen, F.; Lawrence, J. D.; Schmidt, M.; Wilson, S. R.; Thomas,
B.; Rauchfuss, T. BJ. Am. Chem. So@001, 123 12518.

(50) Georgakaki, I. P.; Thomson, L. M.; Lyon, E. J.; Hall, M. B
Darensbourg, M. YCoord. Chem. Re 2003 238 255.

(51) Lawrence, J. D.; Rauchfuss, T. B.; Wilson, Slikarg. Chem2002
41, 6193.

(52) Lawrence, J. D.; Rauchfuss, T. B.; Wilson, S.litarg. Chem2002
41, 6193.

(53) Darensbourg, M. Y.; Lyon, E. J.; Zhao, X.; Georgakaki, |PPoc.
Natl. Acad. Sci. U.S.A2003 100, 3683.

CO, and CN ligands, and the known IR frequencies of these
ligands in the [FeFeg]of DdH,??*strong theoretical supports
have been garnered for a low-charge and low-spin diiron
active center as previously inferred from EPR, ENDO, and
Mdossbauer spectroscogy?® A mechanism for they>-H,
activation by side-on coordination at a vacant site of tHe Fe
Fe' active center and the heterolytic splitting of the-H
bond assisted by an adjacent PBfhiolate—ux-S was pro-
posed by Cao and Hat. The mechanism was later refined
by replacing the PDT with a DTMA based on further
theoretical analyse8:3° Bruschi et al. pointed out thatH
can bind to Fgand 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
characterized by a-H atom83

In view of the recent progresses in experimental and
theoretical studies on the enzymatic mechanism of [FeFe]-
H.ases and the fact that all of the DFT studies o@adés
catalysis so far have been focused on theHHbond
breaking, it is desirable to explore the enzymatic mechanism
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of the H—H bond making in [FeFe]khses with computa-
tional tools. Our major interest lies in the evolution of the
spin/charge state of the diiron [Fegea]luster as well as the
rational pathways of PT and ET in the process of H
production.

tationally explore the states of the H-cluster during the
reaction process with cluster models, with the environmental
effect inexplicitly taken into account. The models were built
up based on the X-ray crystallographically determined
structural coordinates of Cpl and Déft”°and by taking

in the knowledge from the synthetic model complexes. In
the crystal structures, the [Fegeonsists of two octahedrally
liganded Fe atoms that bindSRS and a total of two CN

Computational Details

Throughout the paper, all of the calculations were performed
using the DFT program DMglfrom Ceriug and Materials Studio ~ and three CO ligands, of which one may be L®he
software packag®. DMol® utilizes a basis set of numeric atomic  terminal N of each CN may form a H bond with the
functions, which are in general more complete than a comparable gdjacent amino acid residues, and the CO ligands occupy
set of linearly independent Gaussian functions, as most often hydrophobic pockets. However, the dicyano dianion in the
adopted, gnd have been demonstrated to have negligible baSiS'spéynthetic model complexes is stabilized by quaternary
superposition errors? ammonium cations as counteriofig® Thus, in [FeFe]H

The geometries of various models have been optimized by local ases, a dicyano anionic [FeRehay have charge compensa-
DFT methods, specifically with the PerdewVang (1992) func- . ! y . . y S g P
tion by H bonding to adjacent cationic residues. In other

tional. The local spin-density approximation can be used to ; i )
accurately predict structures, vibrations, and relative energies of WOrds, the chemical model can be envisaged as an anion.

covalent systems. Stationary points on a hypersurface have beerParensbourg et &:“°have pointed out that the CO ligands
located by means of energy-gradient techniques. In Bnibe in [FeFel, can be exchanged and stabilized by CNH*
second derivatives are numerically computed by finite differences (here the dotted line denat@ H bond). Consequently, there
of the first derivatives. A full vibrational analysis has been would be one CN to each [Fe] in [FeFg]'® and the
performed to further characterize each stationary point. The Bmol model {~(NC)(CO)([H]SCHs)Fe,[(COp)(u-SRS)]Fa(CO)-
uses fast convergent three-dimensional numerical integrations tO(CN)—L} can serve as an initial chemical model for the
calculate matrix elements occurring in the Ritz variation method. catalytic center [FeFg]in iron-only Hyases. In the above
As for the basis sets, we adopt the double numerical with d functions model, L can be a ligand such as CQEHH-, Ha, or simply

(DND) for all of the atoms. The size of the DND basis set is B . .
comparable to the standard Gaussian 6-31G* basis set. However,a vacant coordination site on &&he u-SRS in DdH was

the numerical basis sets, which are exact solutions to the Kohn assigned initially as PDT and I_ater as DTMA by Nicolet
Sham equations for the atorf#,are much more accurate than a €t al° It has been found that [Ni(E2CHNMeCH,PE})2]*
Gaussian basis set of the same size. The search for a transitiof?! [NiI(PNP)]?* catalyzes the electrochemical oxidation of
structure (TS) comprises repeated steps of computations with theH2 and reacts with b to form complexes in which the
linear synchronous transit (LS*Fand quadratic synchronous transit hydride ligand is associated with nickel and the proton is
(QSTY® methods. The LST procedure roughly locates a maximum bound by nitrogen. Rapid exchange occurs between these
along a path connecting two structures and provides a guess fortwo sites?® However, although the diiron azadithiolates
the TS connecting them. A subsequent cycle of QST refinements Fe[(SCH,):NR](CO) and dicyanide complex (NB-
involving a Brent line searches along the QST line, followed by [Fex{ (SCH).NMe} (COU(CN),] have been prepare4’

an energy minimization of the maximum structure perpendicular
to the QST line, and finally determines the TS.

Results and Discussion
Chemical Models of [FeFe}, for Cpl and DdH. The H

cluster in the Hases has been experimentally studied in three

different forms (see Figure 1 in ref 40): (1) the partially
oxidized form, where one of the irons, putatively {Fes
weakly bound by a water molecule; (2) the reduced form,
where the HO is released from Rend replacedya H (or

H,) or a vacant coordination site on §&vhich is generally
considered to be the primary catalytic cerifer? (3) the

deactivated form, where a CO displaces the terminally bound

H,O around Fg In the current paper, we intend to compu-

(64) (a) Delley, BJ. Chem. Physl99Q 92, 508. (b) Delley, B. IrDensity
Functional Theory: A Tool for Chemistrgeminario, J. M., Politzer,
P., Eds.; Elsevier: Amsterdam, The Netherlands, 1995.

(65) Halgren, T. A.; Lipscomb, W. NChem. Phys. Lettl977, 49, 225.

(66) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A.;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Gaussian
98, A.3 ed.; Gaussian, Inc.: Pittsburgh, PA, 1999.
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evidence is elusive for the participation of the nitrogen atom
of (SCH,).NR in the H-forming/breaking reaction. Impor-
tantly, it is experimentally verified that the hydride [Fe
H—Fe€'] can be produced via the protonation of théFek
model complexes such as F8Cs3Hs)(COu(PMey), (here
we denote this complex ad1; thus, the protonation process
is M1 + HT — M1H™), and subsequently Hs produced

by the reactionM1H" + H* + 2e — M1 + H,444
Therefore, in this paper, we start from model [FeFe¥
1[—2,0] (as shown in Figure 2) determined experimentally,
where PDT is recommendéd.To make the description
concise throughout the paper, we use lakpl,x;] to
represent a model, whererefers to a serial number arxg
and x, are the charge and spin states of the model,
respectively.

Mechanism of H, Generation in [FeFe]y. We investigate
the reaction process of ZH+ 2e + [FeFel, , — -
[FeFely,, + H2 starting with the model[—2,0] as shown
in Figure 2. Obviously, as a catalyst, [Fefejhould be
invariant in the cycle of Hgeneration. We want to address
the following issues: (i) What is the most likely structure
of [FeFe],? (i) What are the intermediates and reaction steps
in the catalytic cycle? (iii) What insights can be garnered

—



Enzymatic Mechanism of Fe-Only Hydrogenase

N

(-):
3{0,0]Fe!Fel!

o

9[-1,0)Fe!'Fell 8[-1,1/2]FcFe! 26

-é 3
10[0,0]Fe"'Fe!!

6[0,0]Fe'Fell

Figure 2. Optimal geometries of various probable modéls-{0) in the process of 2H+ 2e= H, at [FeFe},.. The values on the arrowheads are the
energies (kcal/mol) at a temperature of 298 K. Highlighted arrowheads represent the preferable paths.

from the electronic structures of these redox states? First,from the experiment in Tables 1 and®2Table 1 listed the
excellent linear correlation between the computed and themajor structural parameters and stretching frequencies gf CO
observed CO frequencies for mod&ts8 is found and shown  on 1]—2,0]. The agreement between our data and others,
in Figure 32223This linear relationship is thus employed to particularly the experimental findings, legitimat&s-2,0]
predict the CO frequencies from calculated data. In fact, if as a model for [FeFg] . In Figure 2, the bond distances of
we request the linear relationship to cross the origin, it would Fe—CO and Fe-CN~ are about 1.741.77 and 1.861.88
suggest a scaling factor of 0.9639 for the computed frequen-A, respectively. The discrepancy between the ligands CO
cies at the correlation factd®? = 0.9863. The predicted and CN lies in the fact that CO is a better-electron
frequencies are further compared with the observed bandsacceptor than CN3 Thus, the CO bond lengths in the
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Figure 3. Linear fitting of the calculated CO stretching frequencies against

the predicted data. The calculated CO stretching frequencies are taken from R

calculation results in modets—3 and5—8.

Table 1. Comparison of Experimental Data and DFT-Optimized
Results in the C@Part of [FeFe]}

red

model
@ bb 1[—2,0]
CO,—Fe, bond length (A) 2.40 (2.56) 2.921
CO,—Fey bond length (A) 1.69 (1.69) 1.794 1.746
Fe,—Fey bond length (A) 2.55(2.61) 2.655 2.571
C—0 bond length (&) 1.185 1.169
»(COp) (cm™Y) 1894 1878 1889

a Experimental data are obtained from ref #®FT calculation data are
from model26[—3,0] in ref 22.¢ The predicted CO stretching frequency is
calculated according to the linear-fitting formula in Figure 3.

models are a measurement of thelonor ability or the redox
state of the iron ion. For instance, the CO bond is longer in
the FéF€e (1) and FéF€ (7 and8) models than in the Pe

Fe' models 8—6) and is longer in negative charge models
1, 2, 7, and8 than in neutral model8—6. Simultaneously,
the CO bond lengths (in Figure 2) are closely correlated with
the CO frequencies (in Table 2). In modéland8, the bond
lengths of CQ are longer than those of G@&onsequently,
the CQ frequencies are lower than those of CSimilar
conclusions can be drawn by the comparison of modgls
5, and6 with models2 and 8.

Next, we attempt to build a flowchart for the formation
of H, in [FeFe]Hases and investigate the evolution of the
structures ofl[—2,0] combined with protons and electrons
at various stages (Figure 2). Through the reactioff 6f2,0]

+ Ht — 2[—1,0], the incoming proton takes the middle
position between two irons, Fend Fg, and meanwhile,
CGO, is shifted to the Fgside as a terminal Cdigand. This
process can be written as'H- [FEF€](COy,) — [FE'FE'IH,™

Zhou et al.
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Figure 4. Simplified molecular-orbital diagram showing the interaction
among CQ, CQ, Hy~, H, and Fe(3d-ey) (a) for modell[—2,0]; (bl)
model 2[—1,0]; (b2) model9[—1,0]; and (c) modeB[—1,Y5)].

+ CO. Optimization results indicate thaf—1,0] is energeti-
cally the most favorable state for the complex of system
1[—2,0] and H. In 2[—1,0], the bridging species is,Hvhile
the original CQ turns out to be a terminal GCPopulation
analysis demonstrated that thg Hn 2[—1,0] essentially is
Hy® (Mulliken atomic charges = 0.143e), and the bridging
H is more like a hydrogen atom than an anion Rhus, the
electronic configuration of [FeFe] i@ might be seen as a
mixture of the three configurations GOH,y, CO,—Hs, and
CO,—Hes As a consequence, the Csretching frequencies
(1916, 1926, and 1963 crh) in 2 can be seen as a mixture
of 1916 cmt (Hy) and 1940 and 1965 crh (Hs and Heg)
(see Table 2). There is another possible comple} 62,0]

Table 2. Comparison of the Calculated, Predicted, and Observed CO Frequencigg?(cm

species calculated predicted observed
1[—2,0]FéFe 1957.2 1889 189b)
2[0,0]F€'Fé! 1986.7, 1996.7, 2037.2 1916, 1926, 1963 1916(b), 1940(c,b), 1965(c,b)
3[0,0]F€'Fé! 2043.0, 2052.2, 2082.5 1969, 1977, 2005 1965(c,b), 1983(a), 2007(a)
5[0,0]F€'Fe! 2041.9, 2053.2, 2083.9 1968, 1978, 2007 1965(c,b), 1983(a), 2007(a)
6[0,0]F€'Fé! 1931.8 2062.5, 2087.2 1865 1987, 2010 1847a), 1983(a), 2007(a)

7[—1,1/2]Fd Fe
8[—1,1/2]FdFe

2039.4, 2053.6, 2089.1
1858.51988.7, 2018.0

1965, 1979, 2012
1797, 1912, 1945

1965(b,c), 1983(a), 2007(a)
1802c), 1916(b), 1940(b,c)

aThe observed data are taken from ref 19. The symbol in parentheses denotes the redox state of the species: (a) asigbleaér ieduction, Hg,
and (c) after reoxidation, HThe italicized data correspond to the £f@equencies, and the others represent the f@@uencies® The predicted/co data

are calculated according to the linear-fitting formula in Figure 3.
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Figure 5. (@) Catalytic cycle on [FeFgland (b) simplified key steps in the catalytic cycle.

plus H" where CQis unchanged, but the incoming kbkes of 4[0,0] shows that the dihydrogen formation or breakage
a terminal position (mode®[—1,0]). However, the latter  on Fg requires an activation energy of only 6:2.5 kcal/
structure9[—1,0] is unstable by 9.1 kcal/mol compared with  mol. Although the transformation frorg[0,0] to 6[0,0] is
2[—1,0]. The reactior?2[—1,0] — 9[—1,0] occurs via ETs  energetically favorable, it might be dynamically difficult
from g—50(CQ) and g—1s(H,) to g—50(COy,) and g— because of the possible existence of nonclassical bonds Fe
1s(H) and is energetically unfavorable because the energy (>-H,) (model 5[0,0]) and Fg—(»?H,) (model 6[0,0]),
gap between£-1s(H) and g—1s(H,) is smaller than that  which are fairly stable in [Fé-€']. The Fe-(»?-H,) falls in
between g-50(CQ) and g—50(COy) as shown in Figure  the category of two-electrons-three-center<3e) bonds?®
4h. As a matter of fact, these two cases are parallel to theSimilar 2e-3c bonds have been found in €5f%"°methane
structures3[0,0] and10[0,0] where the former is 13.4 kcal/  dehydrogenation in the absence o$,® and the H-H
mol more stable than the latter, as demonstrated in Figureactivation by [NiFe]Haseg1.253957.64/hen an electron enters
2. This implies that K is less stable thanH. Is there any 5[0,0] or 6[0,0], model7[—1,%,] or 8]—1,%,] (active oxidized
possibility that modeP[—1,0] accepts an electron following  state [FeFe]) is generated. The comparison between-Fe
the procesd[—2,0] + Ht — 2[—1,0]? The answer might  (y%-H,) in 5[0,0] and 7[—1,Y,] (or 6[0,0] and 8[—1,'/3])
be no. This is due to the fact that all of the low-lying 3d shows that the HH distance in7 (or 8) becomes shorter
bonding orbitals in Fgand Fe are almost fully occupied in  than that in5 (or 6), while the distance betweey?-H, and
2[—1,0], and the energy level of LUMO is so high that the Fe, (or Fey) lengthens. This suggests that,F€;%-H,) and
probability of the reaction 02[—1,0] with another electron  Fey—(5%-H,) are more active in [Fd=€] than in [FeFe'],
is very small. Therefore2[—1,0] is nucleophilic, and its  and ET is the driving force for the HH bond making/
protonation most possibly results Bj0,0]. Interestingly, breaking at the Re(or Fe) active center. Therefore, the
althoughu-S is tetracoordinated i8{0,0], the (-S)—Fe bond evolution from7[—1,Y;] to 8[—1,Y] is easier than that from
remains strong; the bond lengths are basically unchanged5[0,0] to 6[0,0]. Because the structural data and predicted
Because the negative charge gf His very small in2[—1,0] CO stretching frequencies listed in Figure 2 and Table 2 for
or 3[0,0], Hy’~ has a much smaller ion radius than the anion models2—8 are in good agreement with the experimental
H~. As a consequence, the relatively long distance eflfe
(1.6 A) implies that the Re--Hp~---Fey is a weak bond? (67) Bau, R.; Teller, R. G.; Kirtley, S. W.; Koetzle, T. Rcc. Chem. Res.
) 1979 12, 176.
We further infer that the weakly bound®H could attract (68) Kubas, G. JAcc. Chem. Re€.988 21, 120.
the proton hanging on-S. This results in the formation of ~ (69) Scuseria, G. ENature 1993 366, 512.

1-H, at Fg or model5[0,0]. The transformation fror8[0,0] g% yﬁgﬁ 2 Eﬂ”ﬂf"&'O'}”\’;'.f"%gﬁg?ai’?ghilf'Chem. 2000 104
to 5[0,0] needs to pass the transition st@0]. The location 4505.
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leads to CQshifting toward Fgin 1[]—2,0]. The HOMO of
modellis characterized by a large lobe underneath the Fe
CO,—Fe frame representing the electron density of the
metak-metal bond, as shown in part a of Figure 6. If [FeFe]
adopts an Pd-€' valence state without surplus electrons,
the metat-metal bond could not be formed, and thefe
distance ranges between 3.07 and 3.47 A in some binuclear
Fe(ll) complexes® However, we found that the Fd-e
distances in model8 and6 of Fe'Fé' remain short (2.55
2.62 A). As depicted in parts b and ¢ of Figure 5, the HOMOs
of the models2 and 6 involve Fe(3d)-(Hp)—Fe(3d) and
Fe(3d)»-27(C0Oy)—Fe(3d) interactions, respectively. This
finding highlights the fact that the hydride and g @hich
form a 2e-3c bond with two iron ions, are the key to
stabilizing the Fe-Fe distance in [Fé¢€']n. For [FE'F€E]-
CO,—Hs (8[—1,Y,]), the spin density is mainly located on
the two iron ions as shown in Figure 6d (also see Figure

¢ d 4c). This proves that [P&d']CO,—Hox has a low-lying
Figure 6. Frontier molecular orbitals and the spin-density map: (a) HOMO unoccupied FeFe front orbital and can be seen as an
of 1; (b) HOMO of 2; (c¢) HOMO of 6; (d) total spin density 08. electron sink ([F@BF(—:“]COb—HOX +e— [Fe“Fe']COb—HS

findings, we propose th&{—1,0], 7[—1,Y,], and 8[—1,1/5] + e— [FEFe]CO,—Hied. However, Fg—Hy™—Fey is stable
would be the key structures in the catalytic cycle, whereas particularly in [FéFe€']. Remarkable differences exist be-
3[0,0], 5[0,0], and 6[0,0] are possible intermediates of tween the electronic configurations of [Fre']H,~ and [Fé-
comparable stabilities. On the basis of our calculations and F€'JCOp—Hox.
the above discussion, the mechanism of reversibje H
oxidation is summarized in Figure 5. In particular, Figure
5b shows that an electron and a proton would simultaneously In this paper, we have explored the mechanism of the
arrive at [FeFe] to avoid costly charge separation. H—H bond making/breaking in the Fe-only hydrogenase.
Compared with the mechanism proposed by Hall and co- Model systems incorporating the chemical and biological
workers?223 our scheme highlights the importance of the characteristics of the enzyme are designed and investigated
hydride (Fe-H,—Fe) in the reversible fHoxidation similar computationally at the DFT level with a basis set of the
to the case of [NiFe]kase?! It is rational to compare the  numeric atomic orbital. Results suggested that both-Fe
function of the cationic [Ni] in [NiFe]Hases with the [F# Hp~—Fes and Fe—(17°-H>) [also Fg—(n*-H.)] species exist
in [FeFe]Hases. The processes of dihydrogen production in the catalytic cycle and may play important roles for the
and dihydrogen uptake should be microscopically reversible. Hz activation at the [FeFg]active center. The electronic
The existence of the hydride in [FeRehas been specu-  structures of Rg-Hp™—Fe; and Fg—CO,—Fe; are obviously
lated?® Our mechanism also shows that a CO could rapidly different. While Fg—H, —Fey is stable in [F&Fe'], Fe,—
alter from a bridging to an Reerminal position, as pointed ~CO,—Fey can exist in all of the three oxidation states,¢H
out by Nicolet et al81°and Bruschi et &2 Cao and Hall ~ Hs, and Heg). The ET between [R&]4*" and [FeFg] would
suggested that the first step of the-H bond breaking only ~ be the driving force for the HH bond making/breaking.
removes a single proton to the neighboring base cengf? The FéFé state is active for the dihydrogen reversible
However, our computations reveal that the transformation oxidation. Regarding the pathways of PT and ET, they are
from 6[0,0] to 10[0,0] is endothermic by 15.2 kcal/mol and not necessarily the same but must be coupled to lower the
thus does not seems energetically favorable, because th@verall energy barrier. The sequential routes geMolution
activation barrier must be higher than 15.2 kcal/mol. with concerted PT and ET at the diiron active center are
In [FeFe},, both of the iron ions tend to satisfy the 18- eventually presented and discussed.
electron rule. Thus, an Fé~e metal bond is formed if there Acknowledgment. This work is supported by the Na-
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