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Abstract: Stabilization of fully rotated conformation at one of the iron center has been achieved 

for the reduced Fe(I)Fe(I) state in chelated cyclic alkyl amino carbene (CAAC) substituted 

biomimetic hydrogenase model complex. This study indicates that the spatial orientation of the 

chelated NHCs at one of the iron center plays a major role in determining the geometry at the 

other iron center. We also made an attempt at explaining the electronic origin behind the 

favorability of rotated vs unrotated structure in asymmetrically substituted chelated vs 

monodentate NHC complexes. 

 

Introduction: 

The non-renewable and hazardous nature of fossil fuels has prompted the scientists to look for 

alternative sustainable fuels which can fulfill the increasing demand of energy. Dihydrogen (H2) 

is one of the possible solutions for this because it is a promising source of energy and can be 

considered as a “zero-emission” fuel. Therefore, many researchers devoted their studies towards 

effective production of dihydrogen via proton reduction.
[1]

 Nature can do this very efficiently 

using an enzyme called hydrogenase which can be classified into three main categories as 

[NiFe], [FeFe] and [Fe] – hydrogenase based on the metal ion composition of their active 

sites.
[2,3]

 [FeFe] – hydrogenase catalyze the reversible activation of dihydrogen (equation 1) 

involving two key intermediates (Hox and Hred, Scheme 1).
[3c-d,f]

 

 

 
 

The active site of [FeFe] – H2ase contains a bimetallic sub cluster [Fe2S2] and a [Fe4S4] 

cubane (all together known as H – cluster) linked through a cysteinyl sulphur group.
[4]

 The Fe 

atoms are referred to as proximal (Fep) and distal (Fed) with respect to the [Fe4S4] cubane and 
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Scheme 1: Schematic structures for the active site of [FeFe] – hydrogenase, left: oxidized or 

mixed valence state (Hox), right: reduced state (Hred). 

 

each metal atom contains one CN
¯
 and one CO group. In addition, one CO group bridges the two 

Fe atoms in the oxidized state (i.e. Hox)
[4,5]

 which transforms to semi-bridging position on one 

electron reduction (i.e. in Hred state).
[3e-f,6]

 The bimetallic site also contains a cofactor which 

bridges the two metal centers known as dithiolate cofactor (-SCH2XCH2S-). There has been a lot 

of debate regarding the composition of this cofactor particularly about the nature of the 

bridgehead atom.
[7]

 However, recent studies provide strong evidence in support of a nitrogen 

atom i.e., the bridging cofactor is actually an azadithiolate group.
[8]

 

Since the structural characterization of the active site of [FeFe] – H2ase, several 

experimental and theoretical studies were carried out to mimic the active site of this enzyme with 

model complexes.
[1b-d,f,9,10,11]

 While some of them deal with better understanding of the structural 

features,
[1b-c,9]

 others focus on the mechanistic study of the catalytic pathways.
[1f,10]

 One of the 

important structural features of the Hox and Hred state of the native enzyme is the presence of an 

inverted square pyramidal or fully rotated geometry at Fed. The only structural difference 

between the oxidized (Fe
II
-Fe

I
) and reduced (Fe

I
-Fe

I
) state is that the carbonyl group between the 

metal centers is in a semi-bridging position in the Hred state, unlike in a completely bridging 

position in Hox state. The vacant site at Fed is the probable site for coordination of H
+
/H2 during 

reversible dihydrogen production.
[12]

 In 2013, the research groups of Schollhammer
[9c]

 and 
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Rauchfuss
[9d]

 independently reported two model complexes featuring a fully rotated 

conformation at one of the Fe atom in the reduced Fe
I
-Fe

I
 state (A and B, Scheme 2). They 

reported that the simultaneous presence of three structural features, viz, (1) desymmetrization of 

the two Fe centers, (2) presence of bulky substituent at the dithiolate linkage and most 

importantly (3) presence of intramolecular agostic interaction between the rotated Fe atom and 

the dithiolate substituent are necessary to obtain a rotated geometry in the Fe
I
-Fe

I
 state. Previous 

studies by Hsieh et al. also suggest that steric hindrance from the bridgehead substituents impose 

significant distortions in biomimetic models for the reduced Fe
I
-Fe

I
 state (C and D, Scheme 

2).
[13]

 In addition, very recently Weigand et al. isolated a sterically stabilized [FeFe]-

hydrogenase model complex which exhibits a semi-rotated conformation in Fe
I
-Fe

I
 state (E, 

Scheme 2).
[14]

 

 

 

Scheme 2: Crystallographically characterized structures of the model complexes with inverted 

square pyramidal geometry at one of the Fe centers in the Fe
I
-Fe

I
 state. 
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There were reports of N-heterocyclic carbenes (NHC) being used as cyanide mimic in the 

active site models of [FeFe] – H2ase and few model complexes containing NHCs both in the 

reduced and oxidized states have been reported.
[1b-d,9b,15]

 Interestingly, Darensbourg et al. 

discussed the rotated structure of the model complex {(µ-pdt)[Fe(CO)2PMe3][Fe(CO)2IMes]}
+
 in 

the mixed valence state which resembles the Hox state of the native enzyme.
[15]

 However, to the 

best of our knowledge, till date there is no model complex for the [FeFe] – H2ase active site 

bearing NHCs as ligand with a rotated structure at one of the Fe center in the reduced Fe
I
-Fe

I
 

state. It may be noted that in all these studies, only Arduengo type carbenes were considered 

while a range of NHCs are known with varying degree of electronic properties.
[16]

 Accordingly, 

we have investigated the structural features of model complexes with a variety of structurally and 

electronically different heterocyclic carbenes. In this report, we summarize the results obtained 

from an exploratory study about the possibility of obtaining a rotated structure in the Fe
I
-Fe

I
 

state. The model complexes studied were unsymmetrically substituted by both monodentate and 

chelated NHCs and the bridging cofactor between the two Fe centers is an azadithiolate linkage. 

 

Computational Details: All the structures were fully optimized in the gas phase without any 

geometric constraint using BP86 functional
[17]

 incorporated within the Gaussian 03 suit of 

program.
[18a]

 Even though various studies have reported the validity of this functional in 

reproducing the structural features of hydrogenase model complexes,
[9c-d,10e,h,19]

 we carried out 

calculations on some representative molecules using hybrid PBE0
[20]

 as well as meta-GGA 

M06
[21]

 exchange-correlation functional. Interestingly, the key geometrical parameters (e.g., Fep-

Fed bond lengths) computed at BP86 level are in better agreement with the experimental values 

for similar carbene substituted model complexes compared to those computed using PBE0 and 
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M06 functional (Table S1, Supporting Information). We have used Def2-TZVP basis set for Fe 

and Def2-SVP for all other atoms.
[22]

 Calculations using Def2-TZVP basis set for all the atoms 

with more than 1600 basis functions are much beyond the scope of our available computational 

resources. However, we indeed performed calculations on few representative molecules using 

Def2-TZVP basis set for all the atoms and found only marginal differences on the key 

geometrical parameters as well as on the energy differences between the possible isomers 

(Tables S1 and S2, Supporting Information). Also, solvent (acetonitrile) and dispersion effects 

were evaluated for these molecules using polarizable continuum model (PCM)
[23]

 and D3 version 

of Grimme’s dispersion correction coupled with D3 damping function using the keyword 

“Empirical Dispersion = GD3” as implemented in Gaussian 09 suit of programs.
[18b]

 The nature 

of the optimized geometries are characterized by calculating their vibrational frequencies at the 

same level of theory and all of them were found to be minima with real frequencies. It should be 

noted that we have also considered the high spin triplet state for some representative molecules 

which were found to be in higher energy by 18-28 kcal mol
-1

 (Table S3, Supporting 

Information). Further, broken symmetry calculations were performed on few representative 

molecules employing the wave functions generated from fragments of the compounds under 

consideration. Interestingly, it has been found that the broken symmetry singlet states lie at 

higher energy compared to the respective closed shell singlet states (Table S4, Supporting 

Information) which validates the use of spin-restricted calculations for the present work. 
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Scheme 3: Schematic representation of the molecules considered in the present study (X= 

H/Cyclohexyl) 

 

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

of the model complexes investigated in this study. The models for the bimetallic active site can 

be represented by the general formulae (µ-(SCH2)2NX)[Fe(CO)3][Fe(CO)L2] and (µ-

(SCH2)2NX)[Fe(CO)3][Fe(CO)(Lʹ-CH2-Lʹ)] for the monodentate and chelated complexes 

respectively where X = H/Cyclohexyl and L/Lʹ = NHCs. A schematic representation of all the 

molecules considered in this work is given in Scheme 3. We divided the molecules into two main 

categories – 1 (with monodentate NHCs) and 2 (with chelated NHCs). The isomers obtained by 
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flipping the azadithiolate linkage are indicated as 1ʹand 2ʹ. The subscript H and Cy is used for 

X=H and cyclohexyl respectively (e.g. 1H and 1Cy). 

 

Results and Discussion: 

Unsymmetrical substitution of the diiron center for the Fe(I)Fe(I) state is carried out 

using both monodentate and chelated NHCs. In all of these complexes, we have considered only 

the basal/basal isomer with respect to NHC coordination at Fe as X-ray diffraction study 

confirms that the bis-carbene ligand is in a basal/basal environment in similar experimentally 

known complexes.
[1c]

 Further, the recent synthesis of diiron compounds modeling the Hred state 

has the electron donor phosphorus arms at the basal positions.
[9c,d]

 The carbene substituted Fe 

center is referred as proximal (Fep) whereas the other one as distal (Fed) (Scheme 3). 

 

Model Complexes with Normal Five-membered NHCs (5NHC): As mentioned above, we 

have considered both monodentate and chelated 5NHCs as the substituents for the proximal iron 

center (Fep). However, we did not get rotated structures for monodentate 5NHCs as substituents 

at Fep even though the Fed(CO)3 unit is distorted to some extent (CCO-Fep-Fed-CCO dihedral angle 

is 16.2° and 7.7° for 1H-5NHC and 1′H-5NHC respectively, where CCO stands for carbonyl 

carbon). The distortion is somewhat greater for complexes with bulky substituent (i.e. 

cyclohexyl) in the azadithiolate group. In case of the chelated complexes, initially we have 

installed the 5NHC ligands at Fep in a similar orientation (Scheme 4(a)) as that in the 

experimentally known model complex [(µ-pdt)[Fe(Che-5NHC)(CO)4]
[1c]

 (Che = chelated) 

having an unrotated geometry. As expected, optimization of all the chelated complexes (2X-

5NHC and 2′X-5NHC) lead to unrotated structures. 
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Scheme 4: Schematic representations of the orientation of the chelated 5NHC ligands in (a) [(µ-

pdt)[Fe(Che-5NHC)(CO)4], and rotated starting geometries for (b) 2X-5NHC and (c) 2'X-

5NHC, where X= H/Cy. The carbenic carbon atoms are indicated by Cc. 

 

Further, optimizations starting from rotated geometries in which the chelated NHC rings are 

positioned below the Fep–Fed bond vector (Schemes 4(b) and 4(c)), lead to unrotated structures 

for both the flipped complexes (2'X-5NHC) as well as for the parent complex having hydrogen 

as the azadithiolate substituent (2H-5NHC). Interestingly, for the parent complex having 

cyclohexyl group at the azadithiolate bridgehead (2Cy-5NHC) the rotated structure is preserved 

during optimization. However, it should be noted that the rotated isomer obtained for 2Cy-5NHC 

is found to be unstable compared to the respective un-rotated ones (Table S5, Supporting 

Information). All these observations indicate that the unrotated geometries will be the most 

favoured ones as far as orientation of the Che-5NHC below the Fep–Fed bond is concerned 

(Figure S1(a), Supporting Information). The instability of the rotated conformers may be 

attributed to the presence of steric hindrance below the Fe-Fe bond which sterically prevent the 

movement of one of the basal CO unit at the distal iron center to a bridging position between the 

iron centers. Therefore, we envisage that it may be possible to get the rotated conformation for 

all these complexes by considering a different orientation of the chelated 5NHCs around Fep. 
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Accordingly, we have optimized all the chelated complexes starting from an unrotated geometry 

where the NHC rings are moved away from the proximal iron center (Scheme 5(a)) thus making 

room for transfer of a CO group at Fed to occupy a bridging position between Fep and Fed 

centres. Interestingly, complete rotation of the Fed(CO)3 unit is observed with this particular  

 

 

Scheme 5: Schematic representations of the orientation of the chelated 5NHC ligands in (a) 

unrotated and (b) rotated starting geometries for 2X-5NHC and 2'X-5NHC, where X= H/Cy. The 

carbenic carbon atoms are indicated by Cc. 

 

orientation of chelated 5NHCs around Fep thereby resulting in an inverted square pyramidal 

geometry at Fed with a semi-bridging carbonyl group between the two iron centers (Figure S2, 

Supporting Information) implying that the orientation of the chelated NHC ligands at Fep plays a 

crucial role in determining the geometry at Fed. Further, optimizations were also performed 

starting from rotated geometries where the chelated 5NHCs orients away from the proximal iron 

center as shown in Scheme 5(b) and Figure S1(b). As expected, all these complexes preserve 
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their rotated form in the optimized states as well. This indicates that irrespective of the nature of 

the starting geometry (i.e., rotated or unrotated) one can get the rotated structure for all these 

model complexes if and only if the Che-NHCs orients away from the proximal iron center. 

Coordination of the chelated NHCs forms a six-membered metallacycle at Fep (Fep-Cc-N-C-N-Cc 

ring, Cc stands for carbene carbon) which adopts a boat like conformation (Figure S3, Supporting 

Information). The calculated values of Addison τ parameter
[24]

 for the rotated structures (Table 

S6, Supporting Information) are also in accordance with a perfectly inverted square-pyramidal, 

i.e., fully-rotated geometry at Fed. In addition, the CCO-Fep-Fed-CCO dihedral angle is also found 

to be significantly large (107.3°). It is found that the chelated complexes with rotated geometries 

have substantially shorter Fep-Fed bond lengths (2.595-2.605Å) compared to those with 

monodentate ones (i.e., 1X-5NHC and 1′X-5NHC, 2.715-2.741Å). The reduced Fep-Fed bond 

lengths for the rotated complexes may be attributed to the presence of semi-bridging carbonyl 

group which binds both the iron centers. An MO analysis for 1H-5NHC and 2H-5NHC (Figure 1) 

shows that in 1H-5NHC, the MO representing the Fep-Fed bonding interaction is HOMO-1 (-4.1 

eV) while in 2H-5NHC, both HOMO-6 (-5.4 eV) and HOMO-8 (-5.6 eV) contribute to the 

 

Figure 1: Molecular orbitals representing the Fep-Fed bonding interaction in (a) 1H-5NHC and 

(b) 2H-5NHC. 
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.aforementioned interaction. It should be noted that HOMO-6 of 2H-5NHC has dominant 

contribution (~55%) from both the iron centers comprising major contributions from dX
2

-Y
2
 

(12.8%) orbital of Fed and dXZ (13.6%) and dX
2
-Y

2
 (13.8%) orbitals of Fep respectively. Similarly, 

HOMO-8 has ~39% contribution from both the iron centers having contributions from dXZ (11%) 

orbital of Fep and dXZ (11%) and dZ
2
 (11.7%) orbitals of Fed respectively. 

It should be noted that the rotated structure of the flipped isomer 2ʹH-5NHC is found to 

lie in higher energy (by 2.6 kcal mol
-1

) than that of the parent one (2H-5NHC) thereby indicating 

that the non-bonded interaction (between Fed∙∙∙∙∙HN) gives an additional stabilization to the 

rotated geometry which is in accordance with previous studies.
[9c-d,14]

 Inclusion of solvent and 

dispersion in the computational model found to have marginal effect on the energy difference 

(∆E = 2.8 kcal mol
-1

) between the parent and flipped isomer. The ∆E value increases to 3.2 kcal 

mol
-1

 at the PBE0/Def2-TZVP level of theory and further increases to 3.9 kcal mol
-1

 on being 

computed using the meta-GGA M06 functional. Similar is the case for complexes with bulky 

azadithiolate substituent where the un-flipped isomer (2Cy-5NHC) is found to be 4.8 kcal mol
-1

 

more stable than the flipped isomer (2ʹCy-5NHC). Interestingly, the calculated νCO values for 

2Cy-5NHC are very close to the theoretically assigned values for the recently reported 

biomimetic complex having a rotated geometry.
[9d]

 

However, the rotated isomers obtained for 2X-5NHC and 2ʹX-5NHC complexes 

considering the NHC orientations away from the Fep center (Scheme 5) are found to be unstable 

than the unrotated ones (by 5.6 - 11.4 kcal mol
-1

, Table S7, Supporting information) which 

explains why [(µ-pdt)[Fe(Che-5NHC)(CO)4] gets crystalized in an unrotated form despite the 

presence of chelated 5NHCs. It should be noted that the rotated structure is observed (although 

higher in energy) only with chelated 5NHCs and accordingly, we have considered only the 
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chelated versions of the remaining four different types of NHCs (Scheme 3) as substituents at the 

proximal iron center. 

 

Model Complexes with Normal Six-membered NHCs (6NHC), Abnormal NHCs (aNHC) 

and Boron Substituted NHCs (BNHC): Optimizations were carried out using the chelated 

versions of these three types of NHCs (Scheme 3) by considering all the four different starting 

geometries as shown in Schemes 4 and 5 and the results are found to be akin to the case with 

chelated 5NHCs. Even though we obtained rotated structures for 2Cy-aNHC considering Che-

NHC orientations as shown in Scheme 4(b), the same is found to be unstable compared to the 

respective unrotated one (Table S5, Supporting Information). Interestingly, here also, complete 

rotation of the Fed(CO)3 unit is observed when the chelated NHCs orients away from the 

proximal iron center as shown in Scheme 5(a). However, unfortunately all these three types of 

NHCs also fail to stabilize the rotated conformer as compared to the unrotated ones (Table S7, 

Supporting Information). It may be noted that the energy difference between the rotated and 

unrotated isomers of 2Cy-aNHC is comparatively lower (4.2 kcal mol
-1

) as compared to all other 

complexes and the computed average νCO value for 2ʹCy-aNHC (1921 cm
-1

) is very close to the 

average νCO value obtained for the reduced form of the enzyme Desulfovibrio desulfuricans 

(average 1925 cm
-1

).
[5b]

 

 

Model Complexes with Cyclic Alkyl Amino Carbene (CAAC): Recent advances in carbene 

chemistry shows that cyclic(alkyl)(amino)carbene (CAAC) possesses better ligand properties 

than classical NHCs in terms of both electron donation and acceptance ability.
[15a-c,25]

 Therefore, 

we have considered CAAC as one of the possible substituent at the proximal iron site and the 
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chelation of the two CAAC ligands were carried out through the sp
3
 hybridized carbon atoms 

(Scheme 3). Optimizations of all the chelated CAAC substituted complexes starting from a 

geometry where the orientation of the chelated CAAC ligands is similar to that in the 

experimentally isolated one (Scheme 4(a)) lead to unrotated structures with all terminal CO 

groups at Fed. However, we obtained a rotated structure for 2Cy-CAAC starting from a rotated 

starting geometry as shown in Scheme 4(b). Unfortunately, the rotated form lies at higher energy 

compared to the respective unrotated one (Table S5, Supporting Information) with similar Che-

CAAC orientation. Further, incorporation of chelated CAAC groups at Fep similar to that shown 

in Scheme 5(a) leads to rotation of the Fed(CO)3 unit and results in a perfectly inverted square 

pyramidal geometry which is confirmed by the calculated values of Addison τ parameter (Table 

S4, Supporting Information). Similarly, starting from a rotated structure as shown in Scheme 

5(b) also lead to the same rotated geometry as obtained starting from an unrotated one. However, 

as compared to the previous complexes with all the variants of NHCs, the energy difference 

between the rotated and unrotated isomers for the complexes 2H-CAAC and 2Cy-CAAC are 

minimal. In fact, the rotated isomer of 2Cy-CAAC is found to be slightly more stable (by 0.45 

kcal mol
-1

) than the unrotated one which increases to 5.4 kcal mol
-1

 as a result of inclusion of 

dispersion in the computational model. To confirm it further, we have performed additional 

calculations using the dispersion corrected WB97XD and the meta-GGA M06 functional and 

both these functional too indicate the higher stability (by 4.0 kcal mol
-1

) of the rotated isomer of 

2Cy-CAAC. Further, the computed Fed∙∙∙∙∙HCy bond distance in the rotated isomer of 2Cy-CAAC 

(2.781 Å) is in close agreement with experimentally reported model complex for the Hred state 

with a rotated geometry (Fe∙∙∙∙∙HC = 2.750 Å).
[9c]

 All these observations for the rotated isomer of 

2Cy-CAAC is in accordance with previous experimental studies for the fully rotated structure in 
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asymmetrically substituted [FeFe]-hydrogenase model complex with a bulky substituent at the 

dithiolate bridgehead. The preference of CAAC for a rotated conformer may be attributed to both 

electronic and steric factors. First of all, CAAC is a strong donor as compared to conventional 

NHCs which will significantly increase the electron density at the proximal iron center thereby 

favouring rotation of the Fed(CO)3 unit (vide infra). Further, CAAC possesses bulky phenyl 

groups at position α to the carbene center and accordingly, it will favour the rotated conformer 

where the carbenes orients away from Fep thereby minimizing the steric hindrance between the 

substituents of the two iron centers. It is also worthwhile to mention that the energy difference 

between the rotated and the more stable unrotated isomers of 2H-CAAC is only 1.8 kcal mol
-1

 

thereby indicating that depending on the experimental conditions, one isomer may be preferred 

over the other. Interestingly, the average νCO value for 2H-CAAC (1925 cm
-1

) is in excellent 

agreement with that obtained for the reduced form of the enzyme Desulfovibrio desulfuricans.
[5b]

 

Further, 2Cy-CAAC also possesses average νCO values (1918 cm
-1

) which is very close to that 

observed for enzyme active site. 

To Rotate or not to Rotate? The Role of Chelation: It should be noted that we observe 

complete rotation of the Fed(CO)3 unit only for the complexes with chelated NHC ligands (even 

though the rotated structure is higher in energy than the unrotated one for most of the cases) but 

not with the monodentate ones. Accordingly, to unravel the role of chelation toward obtaining 

the rotated geometry, we have performed an in depth molecular orbital analysis for 1H-CAAC 

and 2H-CAAC and the results are discussed below. 

The rotation of Fed(CO)3 unit in the chelated complexes is a consequence of significant 

increase in electron density at the proximal iron center. In case of the monodentate complexes, 

there is a minor difference in the interaction of one of the CAAC ligands with the proximal iron 



16 
 

center compared to the other which may be attributed to the difference in spatial orientation of 

both the CAACs. However, replacement of one methyl group on each CAAC by the methylene 

group in the chelated complexes reduces the repulsion between them thereby resulting in 

stronger overlap between the carbene lone pair orbitals and vacant d-orbital of the iron center 

which is further corroborated by the calculated shorter Fep-CC bond lengths for the chelated 

complex (1.970/1.970 Å) compared to those with monodentate ones (1.980/1.990 Å). A closer 

look at Figure 2 shows that in 1H-CAAC, the lone pair orbital of one of the CAAC ligands 

weakly overlap with the vacant metal d-orbital while both the donor sites interact equally in 2H-

CAAC thereby forming two equal Fep-Cc bonds. In addition, the chelate bite angle (CC-Fep-

CC) is also found to be smaller in 2H-CAAC (93.4°) compared to that in 1H-CAAC (96.4°). 

Further, the increase in electron density at the proximal iron center upon chelation of the CAACs 

(i.e., in 2H-CAAC) is also evident from an increase in the values of natural charge (-0.284) and 

natural valence population (8.222) at Fep compared to those in 1H-CAAC (-0.117 and 8.064 

respectively). The electron rich proximal iron center undergoes electronic relaxation by 

transferring some of the excess electron density to the π*-orbital of one of the basal CO group at 

Fed thereby bringing this CO group to a semi-bridging position (Figure 3). The stepwise changes 

in Fep-Fed bonding interaction as well as the formation of new Fep-CObridg bond during inversion 

of the Fed(CO)3 unit for 2H-CAAC is shown in Figure 4. 
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(a)           (b) 

Figure 2: Molecular orbital representing the overlap between the lone pairs of CAAC and metal 

d-orbitals in (a) 1H-CAAC and (b) 2H-CAAC. 

 

 

 

Figure 3: Molecular orbital showing the interaction between the proximal iron center (Fep) and 

bridging carbonyl group in 2H-CAAC. 
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Figure 4: Molecular orbitals showing the stepwise changes in Fep-Fed bonding interaction as 

well as formation of new Fep-CObridg bond during rotation of Fed(CO)3 unit in 2H-CAAC. The 

values represented by the arrows are natural charges at Fep (left) and Fed (right). θrot (CCO-Fep-

Fed-CCO) represents the dihedral angle reflecting rotation at Fed(CO)3 unit (CCO represents carbon 

atom of the carbonyl group). The values of Fep-Fed bond lengths and θrot are given in Å and 

degrees respectively. 
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Conclusions: This theoretical study reveals that chelation of the carbenes at the proximal iron 

center may lead to a fully rotated structure for the [FeFe]-hydrogenase model complexes. The 

rotation is facilitated by increase in electron density at the proximal iron center due to stronger 

overlap of the chelated carbene lone pairs with the vacant metal d-orbital. However, such orbital 

interaction is bit weaker for the complexes with monodentate carbenes. The spatial orientation of 

the chelated carbenes at the proximal iron center plays a major role in determining the geometry 

at the distal iron center. Our study highlights the fact that as far as rotation at one of the iron 

center is concerned, except CAAC, all other carbenes considered in this study failed to achieve 

this feat and hence they may not be ideal candidates for experimental studies. Interestingly, the 

CAAC anchored complexes such as 2H-CAAC and 2Cy-CAAC are found to be suitable 

candidate towards obtaining a rotated structure and invite experimental verification. In addition, 

the higher stability of the rotated isomer of 2Cy-CAAC as compared to the unrotated one is in 

accordance with the previous experimental observation of fully rotated structure in 

asymmetrically substituted complex with a bulky substituent at the dithiolate bridgehead. In view 

of the paucity of biomimetic model complexes with a rotated structure for the Hred state of 

[FeFe]-hydrogenase, we hope that our study will inspire experimental chemists towards 

designing of model systems with a rotated structure. 
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Graphical Abstract 

 

 

Computational analysis reveals the possible stabilization of fully rotated geometry in 

asymmetrically substituted chelated CAAC model complexes for the Hred state of [FeFe]-

hydrogenase. 

 

 


