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Spin-forbidden CO binding to the iron—sulfur cluster-free hydrogenase (Hmd) is studied by 
the DFT calculation. The result shows that the surface of the triplet causes a PHmd—CO 
minimum and that 3,5MECP is the lowest energy path to PHmd—CO. It is found that this CO 
binding involves a low barrier of 0.931 kcal/mol because of the need to change from a bound 
triplet state to the Hmd quintet ground state. 
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Hydrogenase is an enzyme that catalyzes the reversible oxidation of molecular hydrogen [ 1 ]. Its 

structure and catalytic mechanism are of considerable interest as a model of a highly efficient catalyst 
for hydrogen-fueled processes [ 2 ]. Although much effort has been devoted, the understanding of hy-
drogenase reactions with H2 is still at an early stage. 

One of the important hydrogenases is the [Fe]-hydrogenase, which was formerly called the iron—
sulfur cluster-free hydrogenase (Hmd) [ 3 ]. In Hmd, an iron center is a catalytically active constituent 
of an iron guanylylpyridinol cofactor, which can be extracted from the [Fe]-hydrogenase by denatura-
tion in the presence of mercaptoethanol [ 4 ]. Infrared spectroscopic data have revealed two CO mole-
cules as iron ligands [ 5 ]. The X-ray absorption analysis suggested that two CO molecules, one sulfur, 
and one or two N/O ligands coordinated with iron [ 6 ]. Mössbauer spectroscopic data showed that iron 
was in a low-spin, low-oxidation state [ 7 ]. 

The binding and dissociation reactions of small ligands such as H2, CO, and NO with [Fe]-hydro-
genase proteins play an important part in biological processes. There have been many experimental 
and theoretical studies on high-spin iron—heme systems that accept crossover carbonylation to form 
corresponding low-spin iron—carbonyl complexes [ 8 ]. Harvey et al. [ 9 ] investigated the intrinsic 
barrier to the CO geminate recombination with heme compounds by the DFT calculation. In this 
study, we reported the reaction mechanism of CO binding with PHmd by the DFT calculation (Fig. 1). 
We found that a recombination of PHmd (Fig. 1, B) with CO is a spin-forbidden reaction between sin-
gle CO and quintet PHmd to produce the PHmd—CO triplet, which results in a spin-state change in 
the central iron atom from high-spin FeII (S = 2) to low-spin FeII (S = 1). 

The spin-forbidden reaction barrier to a recombination of PHmd with CO is located by characte-
rizing the spin-state surface crossing behavior, i.e., by finding the minimum energy crossing point 
(MECP) between the surfaces [ 10—12 ] with a recently developed algorithm. UB3LYP density func-
tional calculations using the Gaussian 03 software [ 13 ] are known to be accurate for general transition 
metal compounds and [Fe]-hydrogenated enzymes in particular [ 14, 15 ]. We performed the full geo- 
 

                                                                 
©  Zha G.-J., 2017  



������ �	��
	����� 
����. 2017. 	. 58, � 2  367

 
 

Fig. 1. Models under investigation. 
A: Hmd,  B: PHmd,  C: PHmd-CO 

 
metric optimization for all minimum points by assuming the Cs symmetry. We used 6-31G(d,p) for Fe 
and the Ahlrichs VTZ basis set for all other atoms.  

Experimental. For PHmd coordinated with five ligands, the quintet state was calculated to be 
3.215 kcal/mol and 6.213 kcal/mol more stable than the singlet and triplet states, respectively, which 
indicates that the quintet state is the ground state. The lengths of Fe—CO bonds in PHmd—H2 and 
PHmd—COOH of 1.789 Å and 1.792 Å, respectively, are in good agreement with the experimental 
data [ 16, 17 ]. However, for PHmd—CO coordinated with three CO molecules with a central Fe atom, 
the total energy of the triplet state is –2744.28177432 a.u. lower than that of the singlet  
(–2744.27422082 a.u.) and quintet states (–2774.26033807 a.u.), indicating that the triplet state is the 
ground state. It is obvious that the coordination of third CO to Fe leads to a change in the spin state 
from quintet to triplet. The lengths of the three Fe—CO bonds in PHmd—CO are 1.854 Å, 1.835 Å, 
and 1.826 Å longer than those in PHmd—H2 and PHmd—COOH. This result suggests that the interac-
tion of Fe and CO in Hmd—CO is weaker than that in PHmd—H2 and PHmd—COOH. Moreover, in 
PHmd and PHmd—CO complexes, the long distances between the Fe and O atoms of H2O (3.344 Å 
and 3.354 Å) may be due to the Jahn—Teller distortion. This phenomenon was also found in a recent 
DFT geometry optimization experiment on Fe(P) without symmetry constraints [ 18 ].  

Results and discussion. Fig. 1 shows that the PHmd—CO potential energy surfaces are used as a 
function of the reaction coordinate (roughly equivalent to the Fe—C distance, see discussion below). 
The triplet surface resulted in that the PHmd—CO was lowest, while the singlet and quintet spin states 
were exclusive. Computational results explore the reaction pathways for locating fixed points and op-
timal MECPs among the singlet state 1,5MECP, the triplet state 1,3MECP, and the quintet state 
3,5MECP. PHmd—CO is simulated by the FeC11N1O8H11S1 model, as shown in Fig. 1, C. 

The energy of three MECPs is comparable. Direct and indirect recombination pathways are 
3,5MECP, 1,5MECP, and 1,3MECP. By comparison, we found that the lowest energy PHmd—CO route 
is 3,5MECP, although 1,5MECP maintains the lowest energy. From Table 1, we see that the energy of 
3,5MECP is only 0.931 kcal/mol above 5A�PHmd—CO, which means that the energy barrier of the CO  
 

T a b l e  1  
Properties of  PHmd-CO and MECPs stationary points 

Parameter 5AHa 3AHa 1AHa 13Eb 15E 35E 

Erel c 13.451 0.00 4.470 16.880 13.930 14.382 
r(Fe—C)d   2.264 1.835 1.883   2.329   2.252   2.276 

 
 

 

a 5AH, 3AH, and 1AH present 5A�hmd-CO, 3A�hmd-CO and  
  1A�hmd-CO.  

b 13E, 15E, and 35E present 1,3MECP, 1,5MECP, and 3,5MECP.  
c In kcal/mol.  
d The distance between Fe and C atoms of the third CO molecule. 
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Fig. 2. Qualitative potential energy curves for heme-CO 

 
recombination is very low. The barrier is so low that 
the recombination of CO with PHmd is almost a no-
barrier process. In fact, Fig. 2 shows that CO will 
encounter almost no barriers between the bound con-
figuration and the spin crossing, due to the triplet 
spin state having a strong dependence on the Fe—C 
bond. Harvey et al. [ 19 ] reported that the intrinsic 
barrier height of the CO recombination with heme 
compounds was about 3.0 kcal/mol, and that the  
energy barrier resulted from the iron atom moving 

almost completely into the porphyrin plane. In the PHmd—CO system the energy barrier is very small 
because of immovable Fe. We found that the barrier or the transition state for the recombination of CO 
with PHmd had almost the same r(Fe—C) as the 5A�PHmd—CO complex (about 3,5MECP), thus there 
was no rejection Fe—CO interaction at 3,5MECP. 

We know that the overall ligand field intensity strongly affects the spin state of an active metal 
site. Our DFT calculation indicates that the coordination of the third CO molecule with iron reduces 
the decrease in the total energy from –2744.2563 a.u. to –2744.2816 a.u. The reaction energy is about 
15.9 kcal/mol. Nevertheless, for H2 and COOH, the reaction energy is only 3.4 kcal/mol and 
7.2 kcal/mol, respectively. These results indicate that the interaction of the CO molecule with Fe is 
much stronger than that of H2 and COOH groups with Fe in the Hmd complex. 

In order to understand the spin-forbidden reaction of CO with PHmd, an analysis of the electronic 
structure of PHmd—CO is necessary. The calculated ground state is also found to be a triplet state 
with an electronic figuration 3d (t2g)5eg1. A partial contribution to the HOMO orbital is from the 2

zd  
orbital of the iron atom (22.3 %). The LUMO orbital of Hmd—CO represents the interaction between 
the dxy orbital of the central iron atom and the orbital of the C atom of CO, which is composed of 
26.9 % of the dxy orbital of the Fe atom and 34.2 % of the p orbital of C atoms of the CO molecules. 
Obviously, it is similar to the traditional metal ligand field descriptions and the spin distribution corre-
sponds to (dxy)2(dxz,dyz)3( 2

zd )1. The LUMO-1 orbital is composed of the �* orbital of three CO mole-
cules and the dxy orbitals of the Fe atom. The contribution of dxz is 27.3 %, and the total contribution of 
the �* orbitals of both CO molecules is 35.8 %. The overlap of the �* orbitals of the three CO mole-
cules and the dxz orbitals of the Fe atom is very large, which indicates that there is backbonding from 
the central Fe atom to the CO molecules.  

It is also useful to compare the PHmd—CO UB3LYP electronic and spin ground state distribu-
tions calculated from the natural population analysis. For the Hmd—CO species, the analysis shows a 
d-population of 6.21 and 1.18 in the central spin density of iron ions. Both values agree with the in-
termediate-spin Fe(II) center and match the complex spectroscopic data. The charge in the formal d6 
excess electron configuration of the covalence population from otherwise unpopulated Fe dxy and 2

zd  
orbitals is due to �-donation and backbonding from the ligand. Also, in our 57Fe Mössbauer spectral 
calculation [ 20 ], the calculated �EQ and � values of PHmd—CO are –1.247 and 0.03 mm/s, respec-
tively, which are very close to the experimental values of –1.38 and 0.05 mm/s. The results show the 
importance of the rearrangement of iron and the electronic structure of the small molecule inhibitors 
for direct binding. 

Conclusions. In this paper, we calculated the potential energy surfaces and associated energy bar-
riers using the DFT method, which characterized spin-forbidden CO located in the model of a PHmd 
complex reaction barrier. We found that the CO binding involved a low barrier of 0.931 kcal/mol due 
to the change from the bound triplet state to the Hmd quintet ground state. The reason for this is the 
backbonding between the central Fe and CO molecules. 
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