
 

Chapter-5 
Can Carbene Decorated [FeFe]-
Hydrogenase Model Complexes 

Catalytically Produce Dihydrogen? An 
Insight from Theory. 

 

Abstract: In this chapter, we have studied the mechanistic details 

of catalytic production of dihydrogen using bio-inspired [FeFe]–

hydrogenase model complexes which possess rotated conformation 

at one of the iron centers. The catalytic evolution of H2 is found to 

be highly favourable using both the complexes as evident from 

high exergonicity of the overall reaction as well as very shallow 

activation energy barrier for the transition states involved. The 

computed reduction potential values are found to be less negative 

compared to those reported earlier for experimentally known 

system. 
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[5.1] Introduction 

Dihydrogen production has been an active area of research for a long time due to 

its possible use as energy resource. In nature, the enzyme known as hydrogenase is 

known to effectively catalyze the reversible production of dihydrogen. Accordingly, 

extensive research work has been performed toward designing of model complexes 

which can replicate the catalytic activity of this enzyme [1]. The native enzyme is 

classified into three main categories viz. [FeFe]-, [NiFe]- and [Fe]- hydrogenase on the 

basis of the metal ion composition in their active sites [2,3]. Between the bimetallic ones, 

[FeFe]-hydrogenase is reported to be more effective in proton reduction compared to 

[NiFe]-hydrogenase [4]. The active site of [FeFe]-hydrogenase (Scheme 5.1) contains a 

bimetallic subcluster [2Fe]H which is linked to a ferredoxin-like Fe4S4 cubane through a 

cystenyl sulphur atom [5]. Both the iron centers in [2Fe]H (known as proximal (Fep) and 

 

Scheme 5.1: Schematic representation of the active site of [FeFe]-hydrogenase. 

distal (Fed) with respect to the Fe4S4 cubane) are bound to abiological ligands CO and 

CN¯ as well as an azadithiolate bridge which connects both the iron centers [6]. The two 

resting states of the active site of [FeFe]-hydrogenase are termed as Hox and Hred and 

both these states feature a bridging CO group between Fep and Fed [3b-e,5,7]. The Hox 

state (FeIIFeI) is known to operate in the direction of H2 splitting while Hred state (FeIFeI) 

is ready to accept protons and proceed toward reductive direction. In both these states, 

the vacant coordination site at Fed which is in trans position with respect to the μ-CO 

group is the possible coordination site for incoming H2/H
+ [8]. 

Till date a number of studies have been carried out towards understanding the 

mechanistic details of proton reduction as well as dihydrogen splitting using biomimetic 

model complexes [9]. The primary modifications in these model complexes are the use 

of phosphine based ligands as well as the use of an electrode in place of the redox-active 

Fe4S4 cubane cluster. The major problems encountered in these models are the high 

values of over potentials as well as the instability of the rotated conformation at one of 
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the iron center which is an important structural requirement for efficient catalytic 

production of dihydrogen. However, till date only a few model complexes were isolated 

in the reduced FeIFeI state which possess vacant coordination site at one of the iron 

center and low temperature NMR experiments suggested that one of them ([2]0, Scheme 

5.2) results in the formation of a terminal hydride upon protonation thereby indicating 

the basic nature of the rotated iron center [10]. Interestingly, as described in the previous 

chapter, we were able to computationally characterize model complexes having a rotated 

geometry at one of the iron center by suitably modifying the coordination sphere with a 

combination of azadithiolate bridge and chelated CAAC. Further, even though a number 

of studies were carried out toward understanding the mechanistic details of 

electrocatalytic proton reduction using different biomimetic model complexes, there 

were no such reports using a model complex which features a rotated conformation in 

the reduced state. Herein, we report for the first time, the complete mechanism of 

catalytic production of dihydrogen using a carbene stabilized model complex with a 

rotated geometry ([1]0, Scheme 5.2) and its comparison with the experimentally known 

model complex ([2]0). 

 

Scheme 5.2: Schematic representation of the model complexes used as catalyst in the 

present study for production of dihydrogen. 

[5.2] Computational Details 

Density functional theory calculations were performed to optimize all the 

molecules in solvent phase (CH2Cl2) using the M062X functional in conjunction with the 

Def2-TZVP basis set for all the atoms [11,12]. This level of theory is used for all the 

other calculations unless otherwise stated. In order to mimic the experimental conditions, 

solvent effects were incorporated using the polarizable continuum model (PCM) [13]. 

Further, dispersion effects were evaluated using D3 version of Grimme’s dispersion 

correction coupled with D3 damping function using the keyword “Empirical Dispersion 
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= GD3”. Frequency calculations were carried out to characterize the nature of the 

stationary points on the potential energy surface. All the ground state structures were 

characterized with real vibrational frequencies while the transition states were found to 

have only one imaginary frequency. The transition states were further verified by 

intrinsic reaction coordinate (IRC) analysis. Free energies corresponding to the reduction 

and protonation steps were calculated relative to the processes [Cp*2Cr] → [Cp*2Cr]+ + 

e- and HBF4.Et2O → BF4¯.Et2O + H+ respectively, without any structural simplification 

of the molecules involved ([Cp*2Cr] is decamethyl chromocene). The nature of bonding 

was ascertained by performing Natural Bond Orbital (NBO) [14] analysis as 

implemented in the Gaussian 09 suit of program [15]. 

In order to get an idea about the electronic changes at the iron centres throughout 

the catalytic cycle, we calculated the 57Fe Mössbauer parameters using the ORCA 4.0 

program [16]. For this, initially all the complexes were fully optimized at B3LYP/TZVP 

level of theory [17,18]. These optimized structures were used to calculate the isomer 

shift (δ) value by employing the TZVP basis set for all the main group elements while 

the enlarged CP(PPP) basis set [19] for the iron atoms. We have used the linear equation 

δ = α(ρ − C) + β to calculate the isomer shift values, where ρ is the total electron density 

on iron nuclei and α, β and C are constants whose values were adopted from previous 

studies [20]. 

We have calculated the pKa values using the relationship, pKa = 

∆G°(H+)/(RTln10) where the term ∆G°(H+) is the reaction free energy for deprotonation, 

R is the gas constant and T = 298 K [9i]. However, due to the unavailability of similar 

experimental reference systems as well as to avoid the determination of the free energy 

of the solvated proton, we calculated the difference in pKa values (i.e., ∆pKa) for the 

protonated states. 

Further, the BP86 functional [21] was adopted to calculate the absolute redox 

potential (Eabs), using the Nernst equation ∆G = −nFEabs, where n is the number of 

electrons involved and F is the Faraday constant. The calculated absolute reduction 

potential values were referenced to the standard reduction potential for the 

ferrocene/ferrocinium couple calculated at the same level of theory. The choice of BP86 

functional instead of M062X is based on the good quality of redox potentials computed 

at BP86 level of theory in previous reports [22]. Further, the computed absolute 
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reduction potential for the ferrocene/ferrocinium couple at BP86 level (5.1) is found to 

be closest to that previously reported in literature (5.05) [22]. 

[5.3] Results and Discussion 

Before discussing the results, it is necessary to give a description about the 

nomenclature of the model complexes investigated in this study. The parent carbene 

substituted neutral complex is denoted by [1]0 while the experimentally known one with 

dmpe (1,2-bis(dimethylphosphino)ethane) ligand is named as [2]0 (Scheme 5.2). In this 

notation, the overall charge of the complex is written outside the square bracket as 

superscript. Further, the azadithiolate protonated species is abbreviated as [1-adtH]+ 

while the terminal hydride as [1-tH]+. A similar nomenclature is followed for complexes 

of [2]0. 

[5.3.1] Hydrogen Evolution Catalyzed by [1]0 

The structural flexibility of the active site of the native [FeFe]-hydrogenase plays 

a crucial role during reversible reduction of protons to molecular hydrogen. Interestingly, 

the starting complex [1]0 adopts an inverted square pyramidal geometry at one of the iron 

centers (Scheme 5.2) and results in the evolution of molecular hydrogen upon alternate 

addition of two equivalents of protons and electrons as shown in Scheme 5.3. Even 

though the first protonation may directly lead to the terminal hydride [1-tH]+, one cannot 

rule out the possibility of azadithiolate protonation (i.e., protonation at the bridgehead 

nitrogen atom) as the reaction is found to be exergonic (vide infra). Initial protonation 

leads to an increase in Fep-Fed bond length by 0.02 Å (Table 5.1) as well as decrease in 

the extent of bridging of the carbonyl group as evident from an increase in Fep-CObridg 

bond length which is further corroborated from an increase in carbonyl stretching 

frequency (by 58 cm-1) for this semi- bridging CO group. The second step involves 

intramolecular proton transfer from the azadithiolate bridgehead nitrogen atom to the 

vacant apical site of the distal iron center thereby forming a terminal hydride [1-tH]+ 

which is followed by reduction with first equivalent of Cp*2Cr. A molecular orbital 

(MO) analysis shows that the lowest unoccupied molecular orbital (LUMO) in [1-tH]+ 

has antibonding contribution from both the iron centers (Figure 5.1) and accordingly, 

upon reduction, the Fep-Fed bond length gets significantly elongated in [1-tH]0 compared 

to that in [1-tH]+ (Table 5.1). Further, in [1-tH]0 the carbonyl group between the iron 

centers came to a completely bridging position as evident from similar Fep-CObridg and 
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Scheme 5.3: Schematic representation of the catalytic cycle of H2 production catalyzed 

by [1]0. 

 

Figure 5.1: Lowest Unoccupied Molecular Orbital (LUMO) of [1-tH]+. 
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Table 5.1: M062X/Def2-TZVP calculated values of key geometrical parameters for both 

the complexes [1]0 and [2]0 and the intermediates involved in the catalytic cycle. The 

iron centers are denoted by Fep and Fed whereas the apical and bridging carbonyl groups 

are indicated by COap and CObridg respectively. 

Complex Fep-Fed Fep-COap Fep-CObridg Fed-CObridg Fed-H H-H 

[1]0 2.617 1.874 2.305 1.771 - - 

[1-adtH]+ 2.638 1.887 2.384 1.772 - - 

[1-tH]+ 2.755 1.887 2.455 1.952 1.515 - 

[1-tH]0 2.860 1.936 2.051 2.115 1.589 - 

[1-tH-adtH]+ 2.880 1.951 2.063 2.123 1.611 1.552 

[1-H2]+ 3.117 1.918 1.939 2.900 2.214 

2.182 

0.755 

[2]0 2.605 1.858 2.188 1.779 - - 

[2-adtH(a)]+ 2.608 1.866 2.264 1.767 - - 

[2-adtH(b)]+ 2.612 1.865 2.645 1.758 - - 

[2-tH]+ 2.743 1.900 1.925 2.443 1.491 - 

[2-tH]0 2.811 1.917 2.051 2.078 1.561 - 

[2-tH-adtH(a)]+ 2.840 1.932 2.027 2.091 1.563 - 

[2-tH-adtH(b)]+ 2.843 1.932 2.078 2.083 1.607 1.565 

[2-H2]+ 3.113 1.910 1.928 2.809 2.154 

2.124 

0.756 

Fed-CObridg bond lengths. The next step is the protonation of [1-tH]0 at the bridgehead 

nitrogen atom thereby generating an ammonium hydride ([1-tH-adtH]+) which is 

accompanied by a slight increase in Fep-Fed bond length (~0.02Å). It should be noted 

that the shift in νCO value for the bridging CO group (23 cm-1) as a result of N-

protonation (i.e., [1-tH]0 vs [1-tH-adtH]+) is comparable to that observed experimentally 

(20 cm-1) in similar systems [23]. Further, in this diprotonated species, the computed 

dihydrogen distance (1.552 Å) is comparable to the previously reported value (1.55 Å) 

[9i] and lies within twice the van der Walls radius of hydrogen thereby indicating 

dihydrogen bonding. In the next step, [1-tH-adtH]+ undergoes rearrangement resulting in 

the formation of a non-classically bonded dihydrogen complex ([1-H2]+). The major 

structural change during this rearrangement is the significant elongation of the Fep-Fed 

bond as well as shifting of the bridging CO to a semi-bridging position where it strongly 

binds to Fep rather than Fed. The catalytic cycle is completed with the liberation of H2 
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and regeneration of the catalyst [1]0 upon addition of the second equivalent of reductant 

(Cp*2Cr). 

[5.3.2] Hydrogen Evolution Catalyzed by [2]0 

We have also considered the experimentally known complex [2]0 and studied the 

complete catalytic cycle of H2 evolution using this complex. The steps involved in case 

of [2]0 (Scheme 5.4) are quite similar to those observed with [1]0. The first step is the N-

protonation at the azadithiolate bridgehead which results in the formation of the 

ammonium complex ([2-adtH(a)]+). However, unlike in [1-adtH]+, the proton occupies 

an equatorial position in [2-adtH(a)]+. Therefore, this catalytic cycle involves an 

additional step where [2-adtH(a)]+ undergoes rearrangement to an intermediate ([2-

adtH(b)]+) in which the proton is suitably placed for transfer to Fed atom favouring the 

 

Scheme 5.4: Schematic representation of the catalytic cycle of H2 production catalyzed 

by [2]0. 
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formation of terminal hydride ([2-tH]+). In [2-tH]+, the Fep-Fed bond length is 

significantly longer than that in [2-adtH(a)]+ and [2-adtH(b)]+. However, unlike in [1-

tH]+, in [2-tH]+ the semi-bridging CO is strongly bonded to Fep rather than Fed. This 

may be attributed to the stronger interaction between Fed and the apical hydrogen atom 

in [2-tH]+ compared to that in [1-tH]+ (Table 5.1). Further, the stronger interaction 

between the semi-bridging carbonyl and Fep in [2-tH]+ is also supported by the increase 

in Fep-COap bond length. Addition of the first equivalent of the reductant (Cp*2Cr) leads 

to the formation of [2-tH]0 which yields the ammonium hydride ([2-tH-adtH(a)]+) upon 

treatment with proton source (HBF4.Et2O). This is followed by rearrangement of the 

azadithiolate bridge thereby bringing the equatorial hydrogen atom to a position in which 

it can effectively interact with the terminal hydride ([2-tH-adtH(b)]+). The H···H bond 

distance in [2-tH-adtH(b)]+ (1.565Å) is comparable to that computed for [1-tH-adtH]+ 

(1.552Å). Both protonation of [2-tH]0 as well as rearrangement of [2-tH-adtH(a)]+ to [2-

tH-adtH(b)]+ are found to shift the νCO value for the bridging CO by almost 18 cm-1 to 

higher energy. Similar to the case with [1]0, here also we could get an intermediate where 

the dihydrogen molecule is non-classically bonded to the distal iron center ([2-H2]+) 

which upon reduction results in the formation of free H2 as well as regeneration of the 

catalyst [2]0. 

[5.3.3] Mechanistic Details for H2 Evolution Using [1]0 and [2]0 

In addition to the intermediates involved in the catalytic liberation of H2 using 

[1]0 (as discussed in the previous sections), we also characterized all the possible 

transition states and the mechanistic steps are depicted in Figure 5.2. Our calculations 

suggest that the catalytic production of H2 using [1]0 is a highly exergonic (∆G = −73.4 

kcal mol-1) process. The first N-protonation step leading to the ammonium complex [1-

adtH]+ is found to be favourable by 8.0 kcal mol-1 which isomerizes to the terminal 

hydride [1-tH]+ via a transition state (TS1[1]
0) with activation energy barrier of 4.8 kcal 

mol-1. Interestingly, this intramolecular proton transfer step is also facile as indicated by 

the calculated negative change in Gibbs free energy by 8.8 kcal mol-1. The next step 

which is the reduction with first equivalent of Cp*2Cr is found to be considerably 

exergonic with ∆G = −16.3 kcal mol-1. Interestingly, the computed Mulliken spin density 

values for [1-tH]0 indicate that ~ 50% of the total spin is equally distributed on both the 

iron centers (0.263 and 0.260 on Fep and Fed respectively) while the remaining 50% is on  
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the bridging carbonyl group (0.503). This equal distribution of spin densities on both the 

iron centers lead to more symmetric coordination of the bridging CO group in the 

reduced species. A closer look at Figure 5.2 indicate that reduction not only increases the 

Fep-Fed bond length in [1-tH]0 but also significantly increases the Fed-H bond length. 

This can be attributed to the fact that the LUMO of [1-tH]+ (Figure 5.1) not only has 

antibonding interaction between the two iron centers but also has some contribution from 

the Fed-H bond which is antibonding in nature. The second protonation which leads to 

the formation of the ammonium hydride [1-tH-adtH]+ is accompanied by an energy 

release of 11.7 kcal mol-1. This doubly protonated species also maintains the symmetric 

coordination mode of the bridging CO group which is consistent with nearly equal spin 

densities on both Fep and Fed (0.251 and 0.286 respectively) centers. [1-tH-adtH]+ also 

features the incipient formation of a dihydrogen bond between the azadithiolate proton 

and hydride at Fed which then undergoes an intramolecular proton transfer to form [1-

H2]+ through transition state (TS2[1]
0) involving a barrier of only 0.8 kcal mol-1. It should 

be noted that the energy required to overcome the barrier involved in both the 

intramolecular proton transfer processes are very minimal thereby indicting the high 

efficiency of the catalyst [1]0 toward catalytic production of H2. While previous studies 

suggested higher stability for the mixed valence doubly protonated species compared to 

the weakly bound H2-adduct [9i], our studies indicate higher stability (by 19.8 kcal mol-

1) for the non-classically bound dihydrogen complex ([1-H2]+) over the isomeric 

ammonium hydride ([1-tH-adtH]+). Further, the computed Mulliken spin density values 

shows that the total spin is entirely localized on the distal Fe center thereby suggesting 

the mixed valence Fep(II)Fed(I) oxidation state assignment for [1-H2]+ where the H2 

molecule is weakly bonded to a Fe(I) center. Interestingly, the oxidation states of the two 

iron centers of [1-H2]+ resemble that in the Hox state of the native enzyme. Further, in [1-

H2]+, the bound H2 has a bond length of 0.755Å which is marginally longer than that for 

free H2 molecule (0.740Å, calculated at the same level of theory) suggesting an weakly 

activated H2 molecule. The final liberation of H2 from the loosely bound dihydrogen 

complex [1-H2]+ as a result of addition of second equivalent of reductant is also found to 

be exergonic by −8.8 kcal mol-1. 

For a comparison purpose, we have also studied the mechanistic details of 

catalytic production of H2 using [2]0 and the steps are depicted in Figure 5.3. The initial 

N-protonation as well as subsequent isomerization to [2-adtH(b)]+ are found to be  
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exergonic in nature (by −1.0 and −4.4 kcal mol-1 respectively). It should be noted that 

while the Fed center adopts a complete inverted square pyramidal geometry in both [2]0 

and [2-adtH(b)]+, the same is distorted to some extent in [2-adtH(a)]+. This may be 

attributed to the absence of agostic interaction between the bulky azadithiolate 

substituent and the distal iron center which is responsible for the stabilization of the 

rotated structure in Fe(I)Fe(I) state. The terminal hydride formation is found to be 

favourable by 1.4 kcal mol-1 which involves a transition state (TS1[2]
0) with an activation 

energy barrier of 9.2 kcal mol-1. A comparison with Figure 5.2 shows that the energy 

barrier for this intramolecular proton transfer is higher in [2]0 compared to that in [1]0. 

However, reduction of the terminal hydride ([2-tH]+) is computed to be more exergonic 

(∆G = −21.1 kcal mol-1) as compared to that in [1]0 (∆G = −16.3 kcal mol-1) which may 

be attributed to the electron rich nature of the diiron core in [1]0 rendered by the presence 

of better electron donating chelated CAAC ligands. Further, as evident from the 

calculated Mulliken spin densities, the distribution of the total spin in [2-tH]0 (~ 50% on 

both the iron centers and ~ 50% on the bridging CO) is akin to that in [1-tH]0. Similar to 

the first protonation, the formation of the doubly protonated species ([2-tH-adtH(a)]+) is 

also marginally exergonic (∆G = −1.1 kcal mol-1). However, the isomerisation of [2-tH-

adtH(a)]+ to [2-tH-adtH(b)]+ is significantly exergonic in nature (∆G = −12.6 kcal mol-

1). This is followed by an intramolecular proton transfer process involving TS2[2]
0 which 

leads to the weakly bound dihydrogen complex [2-H2]+. Interestingly, similar to the case 

with [1]0, here also the formation of this non-classical dihydrogen complex [2-H2]+ is 

almost a barrier less process (∆G# = +2.3 kcal mol-1). Further, the H···H bond length in 

[2-H2]+ is 0.756Å which is equal to that obtained in [1-H2]+. Similar to [1-H2]+, [2-H2]+ 

also contains a mixed valence Fe(II)Fe(I) core as indicated by the calculated Mulliken 

spin density values (0.014 on Fep and 1.118 on Fed). 

[5.3.4] Mössbauer Spectroscopy and Mulliken Spin Densities 

In order to get an insight about the change in electron density around the metal 

centers during the catalytic production of H2 using both [1]0 and [2]0, we have calculated 

the Mössbauer isomer shift (δ) values (Table 5.2). In addition, we also evaluated the 

values of Mulliken spin density for the complexes with unpaired electrons (Table 5.2). 

Similar to the Hred state of the native enzyme, both the iron centers in the starting 

complex [1]0 are believed to be in a low spin Fe(I) state. However, the 57Fe isomer shift  
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Table 5.2: Calculated values of Mössbauer isomer shift (δ) and Mulliken spin densities (ρ). 

Complex 
Fep Fed CObridg 

δ Ρ δ ρ ρ 

[1]0 0.201 - 0.013 - - 

[1-adtH]+ 0.227 - 0.053 - - 

[1-tH]+ 0.159 - -0.004 - - 

[1-tH]0 0.241 0.263 0.049 0.260 0.503 

[1-tH-adtH]+ 0.258 0.251 0.131 0.286 0.488 

[1-H2]+ 0.145 0.012 0.352 1.143 -0.001 

[2]0 0.218 - 0.020 - - 

[2-adtH(a)]+ 0.232 - 0.072 - - 

[2-adtH(b)]+ 0.202 - 0.059 - - 

[2-tH]+ 0.215 - -0.001 - - 

[2-tH]0 0.272 0.311 0.031 0.218 0.473 

[2-tH-adtH(a)]+ 0.287 0.326 0.088 0.211 0.455 

[2-tH-adtH(b)]+ 0.280 0.286 0.106 0.244 0.477 

[2-H2]+ 0.163 0.014 0.364 1.118 -0.005 

(δ) value for Fep is found to be significantly positive compared to that for Fed which may 

be attributed to the presence of chelated CAAC ligand at Fep. By virtue of its strong 

electron donation ability, CAAC increases the d-electron density at the proximal iron 

centre which results in more positive δ values due to the increased shielding of the s-

electrons by d-electrons. Similar is the case for all the intermediates (except [1-H2]+) 

involved in the catalytic evolution of H2 using [1]0. A comparison between [1]0 and [1-

tH]+ shows that formation of the terminal hydride lowers the isomer shift values for both 

the iron centers. This is in accordance with decrease of d-electron density at both Fep and 

Fed thereby supporting the Fep(II)Fed(II) assignment for this terminal hydride species. 

The decrease in electron density at the iron centers is also evident from the higher 

average νCO value for [1-tH]+ (2209 cm-1) compared to that for [1]0 (2033 cm-1). Further, 

reduction of [1-tH]+ leads to more positive δ values for both Fep and Fed (i.e., in [1-tH]0) 

indicating reduction of both the metal centers which is further supported by the 

calculated Mulliken spin density values (ρ) as almost 50% of the reducing equivalent is 

delocalized between both the iron centres while the rest 50% is on the bridging CO 

group. This is also the case with [1-tH-adtH]+ where the spin is also delocalized between 
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both the iron centres as well as on the bridging CO group. However, similar to the case 

with first prtonation (i.e., in [1-adtH]+) there is a positive shift of the δ values on going 

from [1-tH]0 to [1-tH-adtH]+ which may be because of the better σ-electron withdrawing 

nature of the ammonium centre. Interestingly, among all the intermediates involved in 

the catalytic cycle, only [1-H2]+ possesses more positive isomer shift value for Fed 

compared to that for Fep. This indicates higher d-electron density at Fed than in Fep 

which is further supported by the localization of the total spin on the distal iron centre as 

evident from the calculated Mulliken spin density values. Therefore both the isomer shift 

values and the Mulliken spin density values support an oxidation state assignment of 

Fep(II)Fed(I) for [1-H2]+. Similar trend of change in δ and Mulliken spin density values 

are obtained for the intermediates involved in the catalytic production of H2 using [2]0 

thereby indicating similar change in electronic environment around the Fe centers 

throughout the catalytic cycle. 

[5.3.5] Redox and Acid-Base Properties 

In order to investigate the redox behaviour of the singly and doubly protonated 

species of both [1]0 and [2]0, we have calculated the reduction potential (Table 5.3) for 

both the reduction event involved in the catalytic cycle. The calculated reduction 

potential for the couple [1-tH]+/[1-tH]0 is found to be significantly negative compared to 

that computed for the second reduction event ([1-H2]+/[1]0). This indicates that the 

reduction of the weakly bound dihydrogen complex is more favourable compared to the 

terminal hydride species. Similar results are also obtained for the redox couples with the 

dmpe substituted complex ([2]0). However, the E° values calculated for the reduction 

events involved in the catalytic cycle of [1]0 are found to be less positive compared to 

those for [2]0. This can be reasoned to the presence of chelated CAAC ligands in [1]0 

Table 5.3: BP86/Def2-TZVP calculated values of reduction potentials of the reduction 

events for both [1]0 and [2]0. 

Redox Event E° (V) 

[1-tH]+/[1-tH]0 −1.41 

[1-H2]+/[1]0 0.10 

[2-tH]+/[2-tH]0 −1.32 

[2-H2]+/[2]0 0.26 
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which renders the diiron core more electron rich compared to that in [2]0. It should be 

noted that our calculated potential values for the reduction of the terminal hydride 

species in both [1]0 and [2]0 are close, indeed more favourable (i.e., less negative) than 

those reported for similar experimentally known system [23]. 

As described in the computational details section, we have calculated the ∆pKa 

values for the protonated species obtained from the three different pathways shown in 

Scheme 5.5 and the values are listed in Table 5.4. The ∆pKa(P2-P1) values for both [1]0  

 

Scheme 5.5: Schematic depiction of different protonation pathways considered in this 

study for complex [1]0. Similar pathways are also considered for [2]0. 

Table 5.4: M062X/Def2-TZVP calculated ∆pKa values for the protonated species 

obtained from different protonation pathways. 

∆pKa [1]0 [2]0 

P2-P1 6.5 4.2 

P3-P2 −4.3 −4.1 

P3-P1 2.2 0.1 

and [2]0 are found to be positive which indicates that the distal iron center is more basic 

than the amine group of the azadithiolate bridge which is in tune with previous 

experimental and theoretical results [9i,23]. The higher basicity of Fed center is further 

supported by the calculated higher natural charge at Fed (−1.421 and −1.264 for [1]0 and 

[2]0 respectively) compared to that in the amino nitrogen atom (−0.721 and −0.565 for 

[1]0 and [2]0 respectively). The same is also reflected in the relatively higher 

exergonicity associated with the formation of terminal hydride than that with the 

ammonium tautomer (∆G = −16.8 and −8.0 kcal mol-1 for the formation of [1-tH]+ and 

[1-adtH]+ respectively, Figure 5.2). The computed negative ∆pKa(P3-P2) values show 

that the ammonium hydride is more acidic compared to the terminal hydride for both [1]0 

and [2]0. Interestingly, the positive difference in the pKa values of the first and second N-
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protonation steps suggest that the amino nitrogen in the reduced terminal hydride ([1-

tH]0) in more basic compared to that in the parent complex ([1]0) which is also reflected 

in the calculated natural charge values. However, in case of [2]0, the ∆pKa(P3-P1) value is 

found to be only slightly positive thereby indicating comparable basicity of the amino 

nitrogen atom in the reduced terminal hydride ([2-tH]0) as well as in the parent complex 

([2]0). 

[5.4] Conclusions 

Quantum chemical calculations were carried out to understand the mechanistic 

details of catalytic production of dihydrogen using bio-inspired [FeFe]-hydrogenase 

model complexes which possess rotated conformation at one of the iron centers. The 

catalytic evolution of H2 is found to be highly favourable using both the complexes as 

evident from high exergonicity of the overall reaction as well as very shallow activation 

energy barrier for the transition states involved. Interestingly, on the basis of computed 

Mössbauer isomer shift and Mulliken spin density values, this study provides evidence 

for an intermediate where dihydrogen is non-classically bonded to an iron center (Fed) 

with the total spin entirely localized on Fed. Most importantly, the computed reduction 

potential values for the model systems are found to be less negative compared to that 

reported earlier for similar experimentally known system. In accordance with previous 

experimental observations, our calculations also demonstrate the higher basicity of the 

distal iron center compared to the amino nitrogen atom. However, one cannot completely 

rule out the possibility of the amino group of the azadithiolate bridge as the initial 

protonation site. 
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