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Abstract: The radical SAM enzyme superfamily has widespread roles in hydrogen atom 
abstraction reactions of crucial biological importance. In these enzymes, reductive cleavage of S-
adenosyl methionine (SAM) bound to a [4Fe-4S]1+

 cluster generates the 5´-deoxyadenosyl radical 
(5´-dAdo•) which ultimately abstracts an H-atom from substrate. However, overwhelming 
experimental evidence has surprisingly revealed an obligatory organometallic intermediate Ω 
exhibiting an Fe-C5´-adenosyl bond, whose properties are the target of this theoretical 
investigation. We report a readily-applied, 2-configuration version of BS-DFT, denoted 2C-DFT, 
designed to allow the accurate description of the hyperfine coupling constants and g-tensors of an 
alkyl group bound to a multi-metallic iron-sulfur cluster.This approach has been validated by the 
excellent agreement of its results both with those of multi-configurational CASSCF computations 
for a series of model complexes, and with the results from ENDOR/EPR spectroscopic studies for 
the crystallographically-characterized complex, M-CH3, a [4Fe-4S] cluster with an Fe-CH3 bond. 
The likewise excellent agreement between spectroscopic results and 2C-DFT computations for Ω 
validate its identity as an organometallic complex with a bond between an Fe of the [4Fe-4S] 
cluster and C5’ of the deoxyadenosyl moiety, as first proposed. 
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Introduction  
 
  Radical S-adenosyl-L-methionine (SAM) enzymes are ubiquitous amongst life, comprising 
one of the largest enzyme superfamilies.1 2 3,4. These enzymes catalyze the reductive cleavage of 
SAM by electron transfer from a [4Fe-4S]1+ cluster to the sulfonium group of the coordinated SAM 
to  form the highly reactive 5´-deoxyadenosyl radical (5´-dAdo•), which then ultimately abstracts 
a hydrogen atom from substrates.5 6 7 However, rapid freeze-quench electron paramagnetic (EPR) 
and electron nuclear double resonance (ENDOR) spectroscopies have shown that prior to H-
abstraction from substrate, 5´-dAdo• forms an organometallic intermediate, denoted Ω, that is 
characterized by a direct bond between the [4Fe-4S]3+ cluster and the 5´C of 5´-dAdo (Figure 1, 
left).8,9 Later, it was shown that photo-reductive cleavage of SAM in a broad subset of radical 
SAM (RS) enzymes releases either 5´-dAdo• or a methyl radical (CH3•);5,10,11 upon annealing, the 
latter forms an alternative organometallic species, denoted ΩΜ, which was shown by ENDOR to 
have a [4Fe-4S]3+ cluster with an Fe-CH3 bond (Figure 1, middle).11 10,12 13 Inspired by these 
discoveries, the M-CH3 analogue of ΩΜ (Figure 1, right) was synthesized and extensively 
characterized by crystallography as well as with Mossbauer and ENDOR spectroscopic 
methods,14,15 with additional  alkylated iron-sulfur clusters being synthesized and characterized.16 
17 18 
 

 
Figure 1. Representative structures of three [4Fe-4S] clusters with an alkylated unique iron. Here 
we show the proposed structure of the SAM intermediate Ω, the proposed methyl bound analogue 
ΩΜ, and the crystallographically determined synthetic M-CH3. 
 
The discovery of these multi-metallic iron-sulfur organometallic complexes creates the necessity 
for accurate computation of their properties. The goal in this work is to devise a method to reliably 
describe a complex with an alkyl bound to a multi-metallic iron-sulfur cluster, to use this as a 
means of describing the properties of the crystallographically characterized M-CH3, and ultimately 
to probe the structures of the enzymatic intermediates Ω and ΩM.  
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  Multireference methods have become the cornerstone for capturing molecular properties, 
especially the complete active space self-consistent field (CASSCF) computational method, which 
has been shown to accurately replicate electronic structure and magnetic parameters derived from 
experiments. Multireference methods, unlike standard DFT, do not have issues with localization 
of metal electrons and incorporate electron-spin as a good quantum number, and thus are able to 
accurately replicate properties observed in experiment on metal complexes. However, currently it 
is impracticable to apply this approach to the [4Fe-4S] clusters, as their large number of localized 
electrons render them too computationally expensive.  
 
  The alternative approach, simple density functional theory (DFT) methods, is inadequate for 
the systems of interest, Fig 1, but the use of broken symmetry density functional theory (BS-DFT) 
has been shown to accurately capture the properties of [4Fe-4S] clusters as well as other iron-
sulfur based clusters.19-22 23 24  25 However, although ‘simple’ BS-DFT takes advantage of the 
ability of unrestricted standard DFT to render localized orbitals at each of the metal sites, it does 
not give wavefunctions of well-defined total spin, which is important in calculating the signature 
hyperfine coupling constant (HFCC) of nuclei of ligands bound to a multi-metallic iron-sulfur 
cluster   
 
 We here present a readily applied, 2-configuration version of BS-DFT, denoted 2-
configuration DFT (2C-DFT), designed to allow the accurate description of an alkyl group bound 
to a multi-metallic iron-sulfur cluster, with a focus on computing the HFCCs for nuclei of the 
complex, which are commonly used in defining the molecular and electronic structure of an 
unknown system. This approach has been validated by the agreement of its results with those of 
high-level CASSCF computations for a series of model complexes, Fig 2, and with the 
spectroscopic results for the crystallographically-characterized complex, M-CH3 (Figs 1, 2). 2C-
DFT computations for Ω are in excellent agreement with the spectroscopic properties of this 
intermediate, confirming its identity as an organometallic complex with a bond between an Fe of 
its [4Fe-4S] cluster and C5´ of the deoxyadenosyl moiety, as first proposed.8 
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Figure 2 Structures considered in this work. I was previously studied by3 Suess et al.14 II, III, and IV are  
systems that mimic the coordination of the unique iron, yet are not too complex for advanced methods. 
Structure V is a simplified illustration of the four-coordinate iron-methyl model synthesized and 
spectroscopically characterized previously (see SI for full model), and VI is the ENDOR derived/proposed 
Ω species structure, with cysteinyl ligands to the three cluster Fe truncated as CH3S-. (See SI for optimized 
coordinates of all model structures).14 
  
Computational Methods 
 All computations were carried out in vacuo with the ORCA 4.2 program.26 Geometry 
optimizations for all models described in Fig. 1 were performed using the BP86 exchange 
correlation functional and the relativistic zeroth order regular approximation (ZORA), where the 
atoms where assigned the ZORA-def2-TZVP basis set.27 We also employ the D3 van der Waals 
correction, and the density fitting functionality SARC/J; samples of our input files can be found in 
the supporting information section. Employed also was the self-consistent field threshold 
“TightSCF” and optimization threshold “TightOpt”. We use the regular convention of optimizing 
the molecular geometry with the iron clusters set in the high spin configuration, which offers a 
convenient balance of accuracy and computational speed.28,29 With the optimized geometries 
obtained, we ran CASSCF and DFT calculations where the carbon ligated to the iron atom (denoted 
C1 in the text and tables) and its 1H atoms of interest are assigned the EPR-III basis set, otherwise 
other C and H atoms (including the following carbon bound to the C1 carbon, denoted C2) are 
described with the EPR-II basis set.30 All Fe atoms are treated with the CP(PPP) set, and the S 
atoms have the def2-TZVP basis set applied to them.31 The multireference CASSCF calculations 
were performed using a (7,6) active space [wherein for (n,m), n is the number of electrons and m 
the number of orbitals] for the monoiron models, and an active space of (13,11) for diiron systems. 
The DFT calculations performed for magnetic properties used the same basis set selection, in 
conjunction with the exchange coupling functionals BP86, or TPSSh.32 33 34 35 These two 
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functionals are commonly employed for magnetic-property calculations.36 Details of the standard 
treatments of the projection factors and isotropic hyperfine couplings are detailed in the text below 
and the SI.  
 
BS-DFT, Eigenstates of Total Spin, and calculation of HFCC for Fe-bound Alkyl complexes 
  
 In [4Fe-4S] clusters the spins localized on the metal ions are strongly coupled and a 
successful approach in describing this phenomenon is the Heisenberg-Dirac-van Vleck model 
(HDVV).20,21 In the HDVV approach, a cluster is treated as a set of metallic spins with exchange 
couplings (and if necessary, double-exchange, and biquadratic couplings). As an example, the 
spin-Hamiltonian for a set of spins with J-coupling can be taken as:  
  

𝑯𝑯 = ∑ 𝐽𝐽𝑖𝑖𝑖𝑖𝑺𝑺𝑖𝑖𝑺𝑺𝑗𝑗𝑖𝑖>𝑗𝑗 + ∑ 𝜇𝜇B𝑩𝑩T𝒈𝒈𝑖𝑖𝑺𝑺𝑖𝑖 + ∑ 𝑰𝑰𝑘𝑘T𝑨𝑨𝑘𝑘,𝑖𝑖𝑺𝑺𝑖𝑖𝑘𝑘,𝑖𝑖𝑖𝑖 ,     (1) 
 
where the electron-spin sites within the molecule are labeled, i, j, and the nuclear spins, k. The g-
tensor of site 𝑖𝑖 is given by the symbol 𝒈𝒈𝑖𝑖, whereas the hyperfine coupling tensor of electronic spin 
𝑖𝑖 to nucleus 𝑘𝑘 is denoted as 𝑨𝑨𝑘𝑘,𝑖𝑖. The hyperfine (𝑘𝑘 = 𝑖𝑖) tensor has isotropic and anisotropic 
components. The isotropic part is given by the well-known Fermi contact term. With careful 
coupling constant selection, this is a model that describes, in many cases very accurately, 
experimentally observable quantities associated with the cluster spin. Specifically, the HDVV 
theory is used to predict the spin configuration of a metallorganic cluster and the contribution of 
each spin site to the total spin of the system,20,21 which is key to understanding the HFCCs.  
 
 The BS-DFT wavefunction is a single multi-electron determinant that is not an 
eigenfunction of the total spin, and hence is not applicable for use in computing HFCCs. There are 
multiple ways to generate the eigenfunction of total spin from a BS-DFT wavefunction, which is 
required to achieve accurate HFCCs. An earlier approach for ligand site HFCCs, proposed by 
Noodleman et al.,37 38 averages the product of the spin-coupling factors of the metallic sites, and 
uses the result to obtain HFCC to the ligand nuclei (absolute values). An alternative method 
suggested by Rapatskyi et al.39 corresponds to simply summing over all products of spin-coupling 
factors (absolute value) to obtain the ligand HFCC. We propose an alternative theoretical approach 
in this work that leads to a simple, general prescription for treating the BS-DFT calculated 
hyperfine couplings of alkylated FeS clusters and show that it yields accurate ligand site hyperfine 
couplings by comparison to CASSCF computations on a suite of model complexes. 
 
  We define a 2-configuration DFT approach (2C-DFT) to achieving a wavefunction with 
total spin ST = ½ as described visually in Figure 3 and given by eq 2,  
 
 |Ψ⟩ = 𝑃𝑃rad

1/2|QS1⟩ + 𝑃𝑃cluster
1/2 |QS2⟩.      Prad + Pcluster =1;     Prad << Pcluster (2) 
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where Prad and Pcluster are the probabilities of the QS1 and QS2 configurations, respectively. In the 
dominant configuration, |QS2〉, the cluster can be viewed as a [4Fe-4S]3+ cluster with Scluster = ½, 
while the C1 carbon of the organic moiety is anionic, closed-shell, and without spin. As a result, 
this configuration makes no contribution to the HF couplings to the alkyl spins, while the fact 
established below that Prad << Pcluster  allows us to compute 57Fe HFCCs  by considering only the  
|QS2〉 [4Fe-4S]3+ cluster contribution .   
  
 Hyperfine couplings to the alkyl are introduced by the minority configuration, |QS1〉, which 
contains the [4Fe-4S]2+  cluster antiferromagnetically spin-coupled to the SC = ½ neutral alkyl free-
radical spin, which has hyperfine couplings to the alkyl nuclear spins. We formally assign the  
cluster in |QS1> as being [4Fe-4S]2+, with Scluster = 1.This excited-state contribution is induced by 
the interaction between the radical and the unique cluster Fe. It gives the best description of the 
BS-DFT results, as seen below when it is tested by comparison with CASSCF simulations and 
experiment.  
 Proceeding with  |QS1> thus described, in the simplest approach, it is straightforward to 
generate |QS1〉 as an eigenfunction of total spin of the complex, ST = ½ (wavefunctions, |QS1, ST 

= ½, mT〉; mT denoting the secondary spin quantum-number) through treatment of the complex as 
a two-spin entity, Fig 3c: a cluster with spin Scluster = 1 (wavefunctions |1,mcl〉cluster, mcl denoting 
the secondary spin quantum-number of the cluster) antiferromagnetically spin-coupled to the SC = 
½ radical (wavefunctions |½, mC〉alkyl, mC denoting the secondary spin quantum-number of the 
radical). In this case the spin-coupled QS1 component of the 2C-DFT wavefunction is given by, 
 

Figure 3. 2C-DFTmodel for the 
analysis of the HFCC of an alkyl bound 
to a [4Fe-4S] cluster. The wavefunction 
for the system is taken as a 
superposition of two states: a), 
quantum state 1, or QS1, with spin on 
the alkyl SC = ½ and HFCC to the 
ligand nuclei, that is spin-coupled to a 
cluster with spin Scluster = 1, and b), 
quantum state 2, or QS2, where the 
alkyl group has SC = 0, and does not 
exhibit ligand HFCC. c) shows a simple 
coupling scheme between alkyl with SC 
= ½ and ‘monolithic’ cluster with Scluster 
= 1. d) defines a three-site model 
where the radical is coupled to a cluster 
comprised of two rhombs with total 
spins of, 4 and 5, respectively, spin-
couple to give Scluster = 1.  
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|QS1, ½, +½⟩ = �2/3  |1,1⟩cluster|½,−½⟩alkyl   −�1/3|1,0⟩cluster|½, +½⟩alkyl  (3) 
 
with this component weighted in the 2C-DFT wavefunction (eq 2) by 𝑃𝑃rad

1/2.  
 
 As expressed in eq 1, we are interested in the full hyperfine coupling tensors, A, but we 
continue this analysis by focusing on the isotropic couplings as the clearest indication of bonding 
and the clearest metric to use in developing our new model for calculations; the same approach 
applies to the anisotropic HFCCs. The observed isotropic HFCC to nucleus I (𝑎𝑎𝑖𝑖obs) of a complex 
with an alkyl moiety bonded to an Fe of a multi-metallic iron-sulfur cluster, total complex spin ST, 
is incorporated in the hyperfine contribution to the complex’s spin-Hamiltonian through a term 
involving the operators for the total complex spin (ST) and nuclear spin (Ii),  
 
   Hi = 𝑎𝑎𝑖𝑖obs ST•Ii     (4a) 
 
whereas the intrinsic hyperfine coupling of the isolated (non-interacting) radical spin with the 
nucleus (𝑎𝑎𝑖𝑖alk) is defined in terms of the operator for the local alkyl electron-spin (𝑺𝑺alk) 
 
   𝑯𝑯𝒊𝒊

𝐚𝐚𝐚𝐚𝐚𝐚 = 𝑎𝑎𝑖𝑖alk 𝑺𝑺alk •Ii     (4b) 
 
 
The observed HF coupling parameter, 𝑎𝑎𝑖𝑖obs, is determined in terms of the parameter for the isolated 
radical, 𝑎𝑎𝑖𝑖alk, by the matrix element of the local alkyl electron-spin (𝑆𝑆𝑧𝑧alk) with the spin-coupled 
QS1 wavefunction component (eq 3) as follows: 
 
  𝑎𝑎𝑖𝑖obs  = Prad 〈QS1, ½, +½| 2𝑎𝑎𝑖𝑖alk 𝑆𝑆𝑧𝑧alk|QS1, ½, +½ 〉    (5) 
 = (-1/3) Prad 𝑎𝑎𝑖𝑖alk  
 ≡ KC Prad 𝑎𝑎𝑖𝑖alk  

 Thus, use of the 2C-DFT wavefunction, eqs 2, 3, to compute 𝑎𝑎𝑖𝑖obs gives a simple result, 
the product of three factors: KC = -1/3, the coefficient that results from spin coupling within the 
exchange-coupled, QS1 configuration, and which weights the radical contribution to the total spin 
ST = ½; Prad, the contribution of the QS1 configuration to the total wavefunction;  and 𝑎𝑎𝑖𝑖alk, the 
hyperfine coupling to the nucleus of the isolated alkyl radical. However, the product of the latter 
two factors is accurately given by the straightforwardly computed BS-DFT coupling constant, 𝑎𝑎𝑖𝑖BS, 
as the small net spin density on the bound alkyl site as determined by BS-DFT arises as the large 
local spin density of the pure radical multiplied by a small coefficient Prad,  This leads to the final 
prescription for use in comparing the 2C-DFT results for the alkyl-bound cluster to those from 
CASSCF and from experiment, 
 
 𝑎𝑎𝑖𝑖obs = 𝐾𝐾C𝑃𝑃rad𝑎𝑎𝑖𝑖alk       (6) 
         ≈ 𝐾𝐾C𝑎𝑎𝑖𝑖BS 
The excellent agreement of this equation with the results of CASSCF computations and with 
experiment, as shown below, confirms the inequality, Prad << Pcluster, eq 2. as well as the final 2C-
DFT prescription for comparing experiment and computation, Eq 6. In SI we present a more 
elegant, although perhaps less intuitively illuminating, derivation of eq 6.  
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  Among several alternative views of spin-coupling in the cluster, we may follow 
Noodleman and Case19 in treating the [4Fe-4S]2+ cluster as two spin-coupled rhombs containing 
two Fe each, denoted upper (with the Fe-C bond) and lower, Fig 3d, where the rhombs are of 
intermediate spins, 4 and 5, and spin-coupled to give an overall cluster spin, Scluster = 1; this cluster 
spin is then coupled with SC = ½  to achieve the total system spin of ST = ½, as in the simpler 
approach of Fig 3c. Using the 2-rhomb approach, if we define the configurational quantum states 
as |𝑆𝑆C,𝑆𝑆U, 𝑆𝑆cluster;  𝑆𝑆T⟩, then the two-configuration 2C-DFT wavefunction for the organometallic 
cluster becomes the eigenfunction of total spin ST = ½, eq 3 
 

  �Ψ, 1
2
� = 𝑃𝑃rad

1
2 �1

2
, 4,1; 1

2
� + 𝑃𝑃cluster

1
2 � 0, 9

2
, 1
2

;  1
2
�   (7) 

 
Although the spin coupling within this three-spin |QS1> configuration with total spin ST = ½ is 
more complex than the 2-spin case detailed above, as the spin-coupling between the cluster and 
radical is nonetheless the same, the resulting hyperfine coupling calculated for an alkyl nucleus is 
identical to that given by eq 6. 
 
 Of key importance, for multi-Fe systems the spin-coupling factor in eqs 5 and 6 for the 
hyperfine coupling to an alkyl-spin is 𝐾𝐾C= -1/3, and for the systems with a [4Fe-4S] cluster this is 
true regardless of whether the complex is taken as the two-spin system of Fig 3c or the three-spin 
system of Fig 3d. In short, the final 2C-DFT formula for the ligand site bound to a multi-Fe cluster, 
eq 6, is merely the product of the BS-DFT computed HFCC of the alkyl site (𝑎𝑎𝑖𝑖𝐵𝐵𝐵𝐵), and the factor 
𝐾𝐾C = -1/3, regardless of the description of the Scluster = 1 cluster. Thus, the 2C-DFT approach 
straightforwardly and universally introduces two extraordinarily significant corrections to the 
‘raw’, single-determinantal, BS-DFT value for a ligand HFCC, 𝑎𝑎𝑖𝑖BS : (i) the magnitude of the 2C-
DFT HFCC is 1/3 that computed by BS-DFT; (ii) the sign of the HFCC in 2C-DFT is inverted 
from that given by BS-DFT.  We validate the 2C-DFT approach through extensive comparisons to 
the results of high-level, multiconfigurational CASSCF computations on the model complexes of 
Figure 2, and then apply the method to the experimentally characterized complexes. 
 
 For completeness, it is important to further recognize that one can simply obtain the 57Fe 
HFCC for the multi-iron systems (Figure 2) through the approach outlined for [4Fe-4S]3+ clusters 
by Noodleman, which involves multiplication of the BS-DFT-computed 𝑎𝑎𝐹𝐹𝐹𝐹BS by the vector-
coupling coefficient, K, for Fe site i within the SC = ½ total-spin cluster state, and the ratio,  
Mstotal/Mssite, eq 7. For the diiron complexes in this study, K = +7/3 for the 57Fe(III) center. For the 
4-iron systems we used K = +55/27, as derived by Noodleman,40 
 
𝑎𝑎Feobs = 𝐾𝐾 𝑀𝑀𝑀𝑀total

𝑀𝑀𝑠𝑠site
𝑎𝑎FeBS        (8) 

 
 Parenthetically, the result for the alkyl ligand to a monoiron complex is even simpler than 
eq 6. For the 𝑆𝑆T = 5/2 monoiron models, the 2C-DFT approach for the observed HFCC of the 
alkyl site simply ‘collapses’ to the raw DFT value (𝑎𝑎𝑖𝑖obs = 𝑎𝑎𝑖𝑖DFT). This is explained as follows: In 
the QS1 of the single iron systems 𝑆𝑆C = 1/2 and 𝑆𝑆Fe = 2, then 𝐾𝐾C = 1/5, but this factor is 
cancelled by the ratio of the total spin and alkyl site spin (𝑀𝑀𝑠𝑠total/𝑀𝑀𝑠𝑠site = 5), so the raw BS-
DFT HFCC of the alkyl site does not require a correction in these cases.    
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 As a last remark about the 2C-DFT method, in principle, an S = 1/2 alkylated cluster 
smoothly ‘dissociates’ the ‘free’ S = 1/2 radical as the Fe-C distance is increased. In such 
dissociation, the “quantum state 1” picture becomes increasingly more dominant, and ultimately 
QS2 can be neglected. As required, the coupling of the radical to the cluster becomes weak at 
relatively long distances, and the contribution of the 𝑆𝑆cluster = 1 configuration, which would yield 
measurable 57Fe HFCC, can be taken into account straightforwardly through quantum perturbation 
theory and 2C-DFT (with proper exchange-correlation functional selection), and the same for the 
HFCC couplings of the alkyl. At quite long distances, the radical and the cluster eventually 
decouple and the configuration with 𝑆𝑆cluster = 0 cluster and  𝑆𝑆 = 1/2 radical would completely 
describe the entire system.  
 
Validation of 2C-DFT through comparison to CASSCF computations on the models and to 
experiment 
 We have carried out both CASSCF and 2C-DFT computations for the model species I – 
IV depicted in Figure 1. We here compare the HFCCs computed by these two methods, and further 
compare them to those from raw BS-DFT and to the observed experimental HFFCs reported for 
Ω, M-CH3, and ΩΜ (Table 1; See SI for model coordinates).  
 
 

Table 1: Isotropic HFCC for Observed Complexes 
(MHz) 

Molecule/site 13C1 57Fe  1H  
Ω8 9 9 -34 8 

M-CH3
14,15 +5.5 -- -8.5 

ΩΜ11,13 +18 -- -- 

    
 
 Model I: To begin this computational study, we first examined an inorganic mono-iron 
model with a methyl group bound to an Fe(III), [FeCl3CH3]-1 (I) (Fig. 2), the simplest model for 
the Fe-CH3 bond of ΩM and M-CH3. As mentioned above, the electronic structure of I was 
previously examined;14 here we extend the analysis methodologically to compute magnetic 
properties. For all the nuclei the differences between CASSCF and DFT couplings, which latter 
are merely equal to the raw DFT values as discussed subsequent to eq 8, are within the expected 
variation between methods, and are most likely due the inherent uncertainties of the common 
density functional approximations for metal systems. Using CASSCF (7,6) with the above 
described basis and functional, the calculated magnitudes of 13C HFCC for the 13C1, as well as the 
C1-1H proton hyperfine coupling values in I, are in agreement with the 13C HFCC for  ΩM  and the 
more extensive ENDOR data for the biomimetic organometallic complex M-CH3 (Table 1); for I, 
a(13C1 ) ~17 MHz, a(1H) = 11 MHz, and a(57Fe) = 4.7 MHz is of expected magnitude (See Table 
2). Use of either BP86 or TPSSh in calculating the BS-DFT coupling 𝑎𝑎𝑖𝑖BS, yields  𝑎𝑎𝑖𝑖obs for 13C1 
and 57Fe of I of comparable, if slightly higher, values than those given by the CASSCF method, 
and slightly lower values for the methyl proton HFCCs (Table 2). This agreement in the HFCCs 
for I calculated by both the CASSCF and BS-DFT methods validates the ability of DFT to describe 
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the Fe-alkyl bond, a foundational requirement for the 2C-DFT approach to alkyl complexes of 
multi-metallic iron-sulfur clusters, eq 6 and 8. 
 
Table 2. Computed HFCCs (MHz) of the models described in Figure 1. CASSCF calculations with the active space 
(7,6) were carried out for I and II, whereas the active space (13,11) was used for III and IV, which involve two iron 
sites. The CASSCF calculations are run on the BP86-optimized molecular geometries. CASSCF is currently not 
applicable for  V and VI. For all the models we report results from the BP86 DFT functional. Results from the TPSSh 
functional are shown in the SI. For easy interpretation we average the HFCCs of hydrogen sites. 57Fe HFC listed in 
models III-VI refer to the alkyl-bound iron.  

  CASSCF 2C-DFT (BP86) 
Molecule/site  13C1 13C2 57Fe 1Havg 13C1 13C2 57Fe 1Havg 
I 17.0 -- 4.7 11.0 14.4 -- 8.1 4.3 
II 10.3 1.4 18.4 12.5 15.7 2.5 10.5 0.6 
III  2.9 1.0 20.5 5.1 10.9 0.2 19.2 2.7 
IV  6.8 1.3 11.3 6.2 20.9 0.7 16.6 2.1 

V  
     Not 

 
currently 

 
applicable  +9.3 -- -10.1 -11.5 

VI     +10.5 +0.1 -15.6 -1.3 
 
 Model II: Increasing the complexity of an monoiron-alkyl system, we examined a 
monoiron center II whose Fe exhibits the same direct coordination sphere as the alkylated Fe of 
Ω and Ω M, particularly the direct C5´-Fe bond of Ω. Again, CASSCF (7,6) computations (Table 
2) for II yield both a 13C HFCC for the Fe-bound carbon and 1H HFCC for the C5´-1H protons, 
that are close to the experimental values found for the Ω enzyme intermediates, and even roughly 
comparable to that measured for the structurally characterized M-CH3 (Table 1). The BS-DFT 
calculations with the BP86 (Table 2) and TPSSh (SI Table S1) functionals give values for 13C1, 

in agreement with both CASSCF computations and experimental measurements on Ω, and M-CH3, 
again validating the ability of BS-DFT to describe the Fe-alkyl bond. 
 

The BS-DFT computed C5´-1H proton HFCC is slightly underestimated compared to the 
nonetheless small values observed for M-CH3 and  Ω (aiso = ~1 MHz vs ~8 MHz).15 We attribute 
this discrepancy in II, which I did not have, to an effect of the higher coordination41 of the unique 
iron of II reducing the delocalization of spin amongst the coordinated ligands, and thus decreasing 
the ai,site factor of eq 8. 
 
 Model III: This is a Rieske-inspired diiron cluster model whose dominant configuration 
|QS2> features an Ω-like-coordinated Fe(III) antiferromagnetically coupled with a Fe(IV) partner 
site, a non-physical oxidation state that is adopted so that 5´-C is bonded to Fe(III); if the III/II 
valence is adopted, then the 5´-C becomes bonded to the Fe(II). Nonetheless, for this model both 
CASSCF and the 2C-DFT computation according to eq 6 yield identical 57Fe HFCCs for the alkyl-
coordinated Fe. Overall, the 5´13C and 5´C-1H HFCCs computed by the two methods essentially 
reproduce those observed experimentally in the structurally determined M-CH3 complex (IV), and 
the 2C-DFT 13C1 HFCC exactly matches that of Ω. In this case the 1H couplings are equivalent for 
the two methods, while the 13C couplings diverge somewhat (Table 2). Note, that if one simply 
applied the standard BS-DFT protocol for the HF coupling without incorporation of the factor, KC 
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= -1/3 (eq 6), the resultant coupling (aC1
BS = 33 MHz) is far greater (4-fold!) than the value seen 

for omega.  
 
 Model IV: This is an Ω-based Rieske system in which the dominant |QS2> configuration 
of the diiron center is the classical Fe(II)-Fe(III) spin-coupled pair, as is the case in biological 
diiron centers. This configuration is a simplified version of the [4Fe-4S] |QS2> spin-coupling 
configuration described in Fig 3d – with the upper rhomb represented by the spin-coupled 
Fe(II)/Fe(III) diiron pair and no lower rhomb. Both CASSCF and 2C-DFT computations resulted 
in a C1-Fe(III) bond as in the three experimentally studied organometallic complexes (Figure 1), 
and the magnitudes of all nuclear hyperfine couplings again are comparable for the two methods 
(Table 2). As with III, the CASSCF and 2C-DFT 57Fe and 1H HFCCs are in excellent agreement 
with the three experimentally explored [4Fe-4S] systems (Figure 1, Table 1 and 2), and likewise 
the 4´-13C (13C2) and beta-1H proton couplings, but with slight differences in 13C1 HFCCs. To 
perhaps belabor the point, once again the ‘raw’ BS-DFT produces values by themselves are too 
large for such a system: one cannot accurately capture the nature of a multi-iron system without 
incorporation of the factor, KC (eq 6).  
 
 We conclude that the essential equivalence of the results of CASSCF and 2C-DFT 
computations, and the agreement with available experimental data from such systems, indeed 
validates the new, and readily implemented method for alkyl-bound multi-iron systems such as 
those of the biological intermediates. This contrasts with the failure of simple, uncorrected BS-
DFT computations, whose magnitudes are three-fold greater because they lack the factor, KC (eq 
6). The benefit of  2C-DFT in calculating HFCC for the experimentally studied, alkylated 4Fe 
clusters of interest here, is that it provides a convenient and effective method for treating these 
clusters, which are beyond the current reach of CASSCF methods. 
 
2C-DFT of experimentally observed alkylated-4Fe4S clusters. 
 
 We here apply the 2C-DFT method to the crystallographically characterized synthetic 
complex (M-CH3, V) and the key catalytic intermediate (Ω, VI), systems that are too complex for 
current application of the CASSCF multi-configuration calculations.  
 
 Complex V: Model V (Fig 2) is a model for the ΩM enzymatic intermediate and a faithful 
representation of the synthetic, structurally characterized M-CH3, which furthermore has the most 
completely determined hyperfine couplings among the three current experimental systems (Fig 
1).15 To carry out two-rhomb computations for |QS1>  (Fig 3d) one must first choose one of the 
other three Fe to partner with Fe1 as the upper rhomb when carrying out the 2C-DFT computation 
of V, which is equivalent to choosing which Fe spins are ‘flipped’ in constructing the BS-DFT 
wavefunction. However, it should not matter which of the other three is chosen because the three-
fold symmetry around the four-coordinate unique Fe makes all three possible rhomb 
configurations essentially equivalent, and indeed, the three possible rhomb configurations do 
indeed produce essentially equivalent HFCC (Table S2). 
 

As a foundational result, the 2C-DFT calculations of V, the [4Fe-4S]-CH3 representation 
of M-CH3 (Fig 1) gives giso > 2  in agreement with experiment, an initial confirmation that this 
computational method accurately represents the observed electronic structure of M-CH3. The 
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magnitudes of the experimentally observed 13C1 and C1-1H hyperfine coupling constants of M-
CH3 (Table 1) are well-reproduced by the calculated values (Table 2), even considering the slight 
overestimate of the 13C1 value. If one were instead to consider only a “pure” BS-DFT 13C1 HFCC 
results, omitting the required factor, KC (eq 6), use of the optimal BP86 functional gives a coupling 
that is three-fold too large, and the discrepancy becomes even larger (five-fold) if one uses the sub-
optimal TPSSh functional (SI Table S3).  

 
Of signal importance, the 2C-DFT 13C1 HFCC has a positive sign, as experimentally 

determined for M-CH3, whereas pure BS-DFT HFCC yields a negative coupling, and as such 
qualitatively fails to reproduce experiment. 57Fe ENDOR was not collected on M-CH3, but the 
computed 57Fe HFCC for V are quite similar in magnitude to what was observed in the analogous 
Ω experiments.  These results demonstrate the ability of 2C-DFT to accurately describe the HFCC 
to the nuclei of an alkyl group bound to a crystallographically characterized [4Fe-4S] cluster, and 
the failure of simple BS-DFT to do so. 
 
 Complex VI: With a foundation of the computational validation of 2C-DFT and its success 
in describing the structurally characterized M-CH3, we now consider the representation of the 
catalytically central Ω (VI) intermediate, with its six-coordinate, alkylated-iron site revealed 
through considerations of ENDOR-derived HFCCs.8 Unlike V, with three-fold symmetry at the 
Fe-CH3, for the six-coordinate unique iron of VI the three choices for upper rhomb within the 
cluster are no longer equivalent because the 3-fold symmetry has been lost. The best results (Table 
1) are attained when treating the iron denoted as Fe2 as forming the upper rhomb (S= 4) with Fe1 
(see Figure S1 for iron labeling scheme and Table S2 for results of other rhomb configurations). 
Using this configuration of the [4Fe-4S] cluster and the BP86 functional, the resulting 2C-DFT 
calculation accurately reproduces the experimental g-tensor, with giso > 2, and g|| > g⊥, and 
reproduces with great accuracy the magnitude of the experimental 13C1 HFCC. Moreover, this 
methodology yields a positive 13C1 HFCC, which could not be measured but can be assumed based 
on the sign for the methyl-carbon coupling of M-CH3, as well as the sign obtained in ΩΜ. It does 
equally well in reproducing the magnitude of the 57Fe HFCC of the unique iron (again, the sign of 
the coupling presumed to be negative from ΩΜ and M-CH3) (Table 2). Use of the TPPSh function 
not only yields magnitudes for the couplings that are somewhat too large for the 13C1, but also 
gives the opposite sign compared to the BP86 (SI Table S3). Moreover, we note that the calculated 
C1-proton 1H HFCC are themselves reasonably close to experiment in magnitude, although 
somewhat underestimated (~2 vs ~8 MHz, Table 1 and 2). The other possible rhomb 
configurations overestimate the magnitude of the 13C1 coupling, and therefore are eliminated as 
models to represent the actual Fe configurations of Ω (Table S2).    
 

Summary: The readily-applied 2C-DFT approach enables an accurate description of alkyl-
bound multi-metallic iron-sulfur clusters, as validated by the excellent agreement of its results with 
those of the multi-reference CASSCF computations for the mono- and diiron models of Fig 2, and 
in particular by its strong agreement with the spectroscopic results for the crystallographically-
characterized M-CH3, whose structure and Fe-CH3 bond are well-modeled by V, as well as its 
agreement with the results for Ω itself. The success of the 2C-DFT approach reveals that the 
incorporation of a second determinantal configuration of the BS-DFT wavefunction (eq 2) 
provides a simple and accurate way to explicitly account for spin on the alkyl group, and thereby 
to attain accurate molecular properties, most notably the HFCCs (eqs 6, 8).  
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This report clearly shows it is inappropriate to use single-determinant BS-DFT approaches 

to investigate organometallic iron-sulfur clusters with an Fe-alkyl bond, such as presented recently 
in an errant attempt to treat Ω.42 Among the flaws in that report (which are discussed in detail in 
SI), it employed single-determinant BS-DFT computations that do not include the required 
projection factor, KC = -1/3, which modifies the BS-DFT coupling in 2C-DFT, eq 6. As a result 
the reported HFCCs are both vastly overestimated and have the incorrect sign, which led to 
unfounded conclusions about the structure of Ω. 

 
Having confirmed that the 2C-DFT approach is able to reliably compute the hyperfine 

coupling constants for nuclei of an alkyl bound to a multi-metallic iron-sulfur cluster, the excellent 
agreement between spectroscopic results and the 2C-DFT computations for the Ω model, VI, 
confirm that Ω is indeed the organometallic complex visualized by VI and in Fig 1, with an Fe-
C5’dAdo bond, as initially proposed2,8 and  as is increasingly accepted.43  
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