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A Capable Bridging Ligand for Fe-Only
Hydrogenase: Density Functional Calculations of a
Low-Energy Route for Heterolytic Cleavage and
Formation of Dihydrogen

studie$ and theoretical calculatiohsuggest that a catalytic cycle
involving Fe(ll)-Fe(ll) < Fe(l)-Fe(ll) < Fe(l)-Fe(l) species is
more likely than one involving Fe(lll)-Fe(llly¥> Fe(ll)-Fe(ll)
< Fe(ll)-Fe(ll) species, as suggested in earlier studies.

The heterolytic cleavage of dihydrogen is a critical step in the
catalytic cycle® Using density functional methods (DFT) and 1,3-
propanedithiolate (PDT) as the bridging ligand, Cao and®Hall
showed that cleaving the dihydrogen by transferring the proton
to the bridging-S has a barrier of 17.4 kcal/mol and a product
that is 15.3 kcal/mol less stable than the dihydrogen complex.
On the other hand, transferring the proton to the CN ligand has

When di(thiomethyl)amine (DTMA) is used as the bridging a much higher barrier (37.8 kcal/mol),_even though the product
ligand in a diiron model for the active site of the Fe-only IS —0.3 kcal/mol more stable than the_dlhydr_oge_n complex. Thus,
hydrogenase, density functional calculations show that the these two proposed pathways are either kinetically unfavorable
bridgehead N atom is a suitable base and provides a kinetically (CN) or thermodynamically unfavorable (S).
and thermodynamically favorable route for the heterolytic cleay- ~ This dilemma prompted us to seek an alternative pathway,
age or formation of dihydrogen. The reaction with this N base is specifically one involving another base near the active site to
much more favorable than that with other bases such as terminalaccept the proton. From the X-ray crystal structure of CpPase
CN or bridging S. A strong FeH%~+++Ho*—N “dihydrogen bond” and DdHasé&¢ it is not clear whether the covalently bound atoms
is found in the H heterolytic cleavage product. in the bridging ligand are C, N, or O since they would be

As key members of the metalloproteins that catalyze the indistinguishablé2 Two observations, the close contact between
reversible reaction of dihydrogen to protons and electrons, Fe- the bridgehead atom X and the sulfur of C178 in DdH&aad
only hydrogenases have recently piqued the interest of boththe close contact between X and O(CO) after inhibition by CO
experimentalists* and theoretistd These studies established that addition?? suggest a hydrogen-bond linkage and therefore a more
the active site of the enzyme consists of a diiron complex linked €lectronegative element than C at this position. In addition, a new
to a [4Fe-4S] cluster. Infrared spectroscopic studies on Fe-only candidate for the bridging ligand such as DTMA instead of PDT
hydrogenases fronDesulfaibrio wulgaris (DvHasej¢ and has the immediate advantage of an alternative base to accept the
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Desulfaibrio desulfuricangDdHasej® and X-ray crystal struc-
tures of those fronClostridium pasteurianunCpHase}® and
DdHasé° suggest that this diiron complex has the general structure
shown below. EPR~¢3¢and Massbauéf~9 studies suggest that

[4Fe-48]
Fe-Fe=26

Cys
Fe-S(bridge) = 2.3

S

00;) / \O / \Oo/v

an oxidized inactive H-cluster (EPR silent) can be partially
reduced to a catalytically active paramagnetic form, then further
reduced by H to an EPR silent form. Both inorganic model

Fe%-CO(bridge) = 2.6
FeP-S(Cys) = 2.5
FeP-CO(bridge) = 2.9
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proton in the heterolytic cleavagéin this paper we will use
[(H2)(CO)(CN)Fé(u-DTMA)(u-CO)F&(CO)(CN)(SMe)] (DTMA

= SCH,NHCH,S, Me= CHjs, Fe! = distal iron, F& = proximal
iron) as a model complex to study the dihydrogen heterolytic
cleavage and formation pathways.

The geometries of the species in this study have been optimized
by DFT methods in Gaussian 98yith the Becke hybrid exchange
functionaf and the Lee-Yang—Parr correlation functidhB3LYP).

The basis set is the same as that used in the previous Study;
with effective core potentials (ECP)an improved 4p functio
and an f polarization functidhon the Fe atoms; polarized E€P®
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Table 1. DFT Energies (kcal/mol) for the Dihydrogen Cleavage
Reaction in Fe-Only Hydrogenase Models

ligand (base) state AE AEzpe AG
DTMA TS 6.53 5.07 4.91
(N) product 2.62 4.13 3.46
DTMA TS 32.3 29.83 29.83
(CN) product —6.10 —5.40 —5.66
PDT® TS 37.8
(CN) product -0.3
PDT® TS 17.4
(S) product 15.3

a Reference 5.

on S; 6-311G(dg¥2 on active H's; and D95V*? on CO, CN,
and the N in DTMA.

A new pathway is possible by using DTMA'’s bridgehead N
as the base. The calculated energies for the dihydrogen heterolytic
cleavage reaction with this N atom as the base are summarized
in Table 1: relative energies without and with zero-point-energy
(AEF, AE°, and AE¥zpg, AE°zpg), and free energies corrected to
room temperature AG¥, AG®). For comparison purposes, the
pathway involving terminal CN as a base with DTMA as the
bridging ligand and pathways involving terminal CN and bridging
S atoms as bases with PDT as the bridging ligamd also listed
in Table 1. These results show that the energy barrier for the
dihydrogen heterolytic cleavage reaction has a much lower barrier
when using N(DTMA) as a base than when using any of the other
bases. Furthermore, the product with N(DTMA) as the base is
suitably stable, as it is only 2.6 kcal/mol above the reactant energy.
Although this product is 8.7 kcal/mol less stable than the product
with terminal CN as a base (DTMA), our results for proton

tr_an_lsfer tohCN W'th DTMA ashth% %”C_lg'n? “%%nd’ which are complexes involving the fheterolytic cleavage reaction. The dihydrogen
similar to _t ose with PDT as the bridging liga hOW avery complexl is a stable minimum on the energy surface, the transition state
large barrier. Because of this 32 to 38 kcal/mol barrier, using the 5 p4s one imaginary frequency, and the cleavage prodistagain a

terminal CN as a base is not feasible with either PDT or DTMA. gtaple minimum on the energy surface.
Although we have not repeated the calculations for transfer of

the proton to the bridging S, previous results with PDT as a of the complex allows or supports a close contact between the
bridging ligand suggested that this reaction would be thermody- proton and hydride, and two, the increasing trans influence of
namically much less favorable than transfer of the proton to the the bridging CO weakens the Faydride bond. Both of these

N Of DTMA. These diﬁerences in the energy barl’ieI‘S and the factors may favor a Strong +~HH interaction in our mode|
relative stabilities of the products are preserved on the free energycomplex. As a result, the corresponding-N bond length is 0.04
surface. When using the N atom as the base, the cleavage reactiof jonger than the other NH bond on this N atom, and the ¥eH

hasAG* = 4.9 kcal/mol andAG® = 3.5 kcal/mol, and the H bond length is 0.05 A longer than the?FeH bond in the closely
formation reaction haaG* = 1.6 kcal/mol andAG® = —3.5 related species with the PDT ligand.

Figure 1. The DFT optimized geometries (A, deg) of the model

kcal/mol. _ _ _ In conclusion, the presence of a bridgehead N in the DTMA
~ The optimized geometries for this new reaction pathway ligand not only explains the close contact with C178 as observed
involving Fe(ll)-Fe(ll) species are shown in Figure 1. Fatris in the X-ray structure of DdHas@put also provides a low-energy

a dihydrogen complex with Hbound to the Fésite. This barrier and a suitably stable product for the dihydrogen heterolytic
geometry is similar to the corresponding species with PDT as cleavage, or formation, reaction.
the bridging ligand.In the transition state2, the H-H bond has
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