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Abstract. The tungsten ion that resides at the active site of a unique class of enzymes only found in 

esoteric hyperthermophilic archaea bacteria are known to possess at least one terminal chalcogenide 

ligand. The identity of this is either an oxo or sulfido (or both) is difficult to ascertain from structural 

studies, therefore small molecule analogues are developed to calibrate and substantiate spectroscopic 

signatures obtained from native proteins. The electronic structures of Tp*WECl2 (E = O, S; Tp* = 

hydrotris(3,5-dimethylpyrazol-1-yl)borate) have been scrutinized using electronic, EPR and X-ray 

absorption spectroscopy to assess the impact the terminal chalcogen on the cis chloride ligands. 

Examination at the Cl K-edge provides a direct probe of the bonding and therein lability of the chloride 

ligands, and in conjunction with density functional theoretical and multireference calculations, reveals 

greater bond covalency in Tp*WOCl2 compared to Tp*WSCl2. The computational model and electronic 

structure assignment is corroborated by reproduction of the spin-Hamiltonian parameters, whose 

magnitude is dominated by the sizeable spin-orbit coupling of tungsten.  
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Introduction 

True tungsten enzymes are defined as proteins that can only function with the third-row transition metal.1,2 

Nearly all of these enzymes have been found in prokaryotic hyperthermophilic archaea, which are some 

of the most ancient lifeforms on Earth.3 They are found in and around deep sea thermal vents in an euxinic 

environment that is sulfur-rich, devoid of oxygen, and representative of the climate several million years 

ago. The existence of tungstoenzymes in these archaea stands in contrast to the widespread use of its 

group 6 congener molybdenum that is found in all other life. Based on age, it is proposed that tungsten 

proteins came first, and the switch to molybdenum was made as the biosphere transitioned from a reducing 

environment to an oxidizing one. This postulation is underscored by the chemical similarity of tungsten 

and molybdenum, and both use the unique tricyclic pyranopterin cofactor which binds to the metal 

through a dithiolene chelate.4,5 As a result much of our knowledge of tungstoenzymes comes from 

examination of their more widespread molybdenum isoenzymes, which are less sensitive and more easily 

isolated and structurally characterized. Both catalyze two-electron transfer reactions that result in the net 

transfer of an oxygen atom, where the metal cycles through the +VI/V/IV oxidation states.6  

Tungstoenzymes are categorized into two groups. The first are aldehyde oxidoreductases (AOR), which 

are the true enzymes harvested from the hyperthermophilic archaea.7 The second group are formate 

dehydrogenases (FDH) which are so profoundly similar to molybdenum enzymes, they are often 

considered part of the DMSO reductase group of enzymes.8 Such is the similarity of FDH and DMSO 

reductases that they continue to function regardless of the metal employed.9 In all tungstoenzymes the 

metal is coordinated by two pyranopterin dithiolenes with the remaining sites occupied by monodentate 

ligands ranging from oxide and sulfide to amino acid residues like cysteine and selenocysteine.4,10 While 

the cofactor is seen in the structural analysis, lighter atoms are not readily identified by X-ray diffraction 
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and absorption techniques, and there remains much speculation about the remaining ligands, which may 

be altered during purification and sampling. 

 

 

Scheme 1. Structures of the Tp*WECl2 (E = O, S) compounds under study, and comparative ligand field 

splitting in oxo- and sulfido-tungsten moieties with C2v symmetry labels. 

 

The chemical similarity of molybdenum and tungsten diverges when considering their bonding to 

chalcogenides. Comparing just the tetrachalcogenide ions, ME4
2– (M = Mo, W; E = O, S), molybdate is 

the most stable and soluble form of molybdenum in the sea, whereas it is tetrathiotungstate that has the 

higher solubility and availability in an euxinic environment. The tungsten-sulfido bond is more robust 

than for molybdenum, and it is highly likely that S2–/SH– completes the coordination sphere in the AOR 

enzymes. It was recently shown that a terminal sulfido ligand is essential in the operation of molybdenum 

and tungsten FDHs.11 Here the electronic effects of a terminal sulfido ligand is contrasted to an oxo in 

isostructural Tp*WECl2 complexes, where Tp* is the hydrotris(3,5-dimethylpyrazol-1-yl)borate 

ligand,12,13 in a combined spectroscopic and computational study (Scheme 1). X-ray absorption 

spectroscopy (XAS) at the chlorine K-edge reveals the impact of the different terminal chalcogenide on 
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the two chloride ligands that are in an identical cis arrangement as the monodentate ligands that complete 

the coordination sphere in enzymes.14 The motivation for this study stems from the observation that these 

halides are more easily substituted for alkoxide/thiolate/selenolate ligands when adjacent a terminal 

sulfido.12,15-17 In contrast, ligand substitution at the equivalent oxotungsten center requires several days at 

refluxing temperature.13,18 The results show the more robust oxotungsten(V) center provides for a more 

covalent interaction with the two chloride ligands that is absent in the sulfidotungsten(V) analogue. 

Theoretical calculations are used to validate and quantify the subtle electronic structure factors that 

distinguish each terminal chalcogenide through accurate reproduction of the experimental observables in 

the EPR, electronic and X-ray absorption spectra. 

 

Experimental Section 

 

Synthesis of Complexes. The complexes Tp*WOCl2 and Tp*WSCl2 were synthesized according to 

literature procedures.12,13 

 

Chlorine K-edge X-ray Absorption Spectroscopy. All data were measured at the Stanford Synchrotron 

Radiation Lightsource (SSRL) under ring conditions of 3.0 GeV and 400 mA. Cl K-edge data were 

measured using the 54-pole wiggler beam line 4-3 in a high-magnetic field mode of 10 kG with a Ni-

coated harmonic rejection mirror and a fully tuned Si(111) double-crystal monochromators. Details of the 

optimization of this setup for low-energy have been previously described.19 All samples were measured 

at room temperature as fluorescence spectra using a Lytle detector. Samples were ground finely and 

dispersed as thinly as possible on Mylar tape to minimize the possibility of fluorescence saturation effects. 

Data represent 3–4 scan averages measured for each sample over the 2740 – 2900 eV energy range. All 
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samples were monitored for photoreduction throughout the course of data collection. The incident X-ray 

energy was calibrated with reference to the spectrum of a solid anhydrous sodium thiosulfate (Na2S2O3) 

standard using the literature value of 2469.2 eV as the energy of the lowest energy K-edge absorption 

peak.20 A step size of 0.08 eV was used over the edge region. Data were averaged, and a smooth 

background was removed from all spectra by fitting a polynomial to the pre-edge region and subtracting 

this polynomial from the entire spectrum. Normalization of the data was accomplished by fitting a 

flattened polynomial or straight line to the post-edge region and normalizing the post-edge to 1.0. Fits to 

the pre-edges, modelled by pseudo-Voigt lines, were carried out using the program EDG_FIT with a fixed 

1:1 ratio of Lorentzian to Gaussian contributions.21 

 

Other Physical Methods. Electronic absorption spectra were obtained on a Perkin-Elmer Lambda 2 

spectrophotometer (range 250 – 1100 nm). Continuous wave X-band EPR spectra was recorded on a 

Bruker ELEXSYS E500 spectrometer. The spectra were simulated with the Bruker XSOPHE suite.22 

Frozen solution spectra were simulated following the spin Hamiltonian Ĥ = μB·g·B·S + Σ S·A·I, where g 

and A are the 3 × 3 electron Zeeman and magnetic hyperfine interaction matrices, respectively. A 

Gaussian lineshape and distribution of g- and A-values (strain) were employed to account for the linewidth 

variation. 

 

Calculations. The program package ORCA was used for density functional theory (DFT) calculations.23 

Geometry optimization employed the BP86 generalized gradient approximation functional;24 single-point 

calculations on optimized and crystallographic coordinates used the one-parameter hybrid variant 

B3LYP.25 The segmented all-electron relativistically contracted SARC-ZORA-def2-TZVPP basis set is 

used for tungsten, and ZORA-def2-TZVPP for all other atoms.26 Auxiliary basis sets used to expand the 
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electron density in the calculations were chosen to match the orbital basis.27 The RIJCOSX algorithm was 

used to speed the calculation of Hartree–Fock exchange.28 Increased integration accuracy was applied to 

tungsten (grid = 10). Calculations included the zeroth-order regular approximation (ZORA) for relativistic 

effects29 as implemented by van Wüllen.30 The self-consistent field calculations were tightly converged 

(1 × 10–8 Eh in energy, 1 × 10–7 Eh in the charge density, and 1 × 10–7 in the maximum element of the 

DIIS31 error vector). The geometry was converged with the following convergence criteria: change in 

energy <10–5 Eh, average force <5 × 10–4 Eh Bohr–1, and the maximum force 10–4 Eh Bohr–1. The geometry 

search for all complexes was carried out in redundant internal coordinates without imposing geometry 

constraints. 

The property calculations at the optimized geometries with enhanced integration accuracy 

(SPECIALGRIDINTACC 16) for the tungsten atom. Calculation of the g-matrix included a larger the 

integration grid (Grid7), fully decontracted basis sets,32 and dichloromethane as solvent.33 Time-

dependent (TD-DFT) calculations of the chlorine K-pre-edges using the BP86 functional were performed 

as previously described.12 Due to the limitations in the accurate treatment of excited states in DFT, 

absolute transition energies cannot be obtained by this method. Nevertheless, the relative transition 

energies and the relative intensities are, in general, reliably modelled. The chlorine 1s orbitals were 

localized using the Pipek−Mezey criteria,34 and the TD-DFT equations35 were solved individually for 

each chlorine atom, excluding all but excitations originating from the 1s orbital. It was established that a 

constant shift of +33.68 eV was required for this regime of basis sets and applied to the transition energies 

to align calculated and experimental data. Plots were obtained using a line broadening of 1.0 eV. 

Correlated post-Hartree-Fock ab initio calculations were performed on TpWOCl2 and TpWSCl2 where 

Tp is hydrotris(pyrazol-1-yl)borato ligand sans methyl substituents. The methyl groups were truncated, 

and the hydrogen atoms optimized using the BP86 functional. The state-averaged complete active space 
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self-consistent field (SA-CASSCF) method36 with a SARC-ZORA-TZVPP basis set for tungsten and 

ZORA-def2-TZVPP basis set for all other atoms. A CASSCF(9,9) – nine electrons in nine active orbitals 

– calculation was performed, and averaged over 20 doublet states. The NEVPT2 calculations were 

performed on each reference space.37 In the case of the CASSCF/NEVPT2 method, the matrix elements 

are obtained with the CASSCF wavefunctions and only the diagonal energies contain the dynamic 

correlation brought in by the NEVPT2 procedure. Molecular orbitals and spin density maps were 

visualized via the program Molekel.38 

 

Results and Discussion 

The reaction of colorless Tp*WO2Cl with BCl3 in refluxing toluene produces sky blue Tp*WOCl2.
13 

Direct conversion to Tp*WSCl2 can be achieved with boron sulfide, though treating a dichloromethane 

solution of Tp*WS2Cl with triphenylphosphine generates the sulfido analogue in higher yield.12 For 

Tp*WOCl2 there is a crystal structure, though the metrics are of limited value on account of the 

crystallographic mirror plane that disorders the position of the oxo ligand with one of the chlorides.39 The 

same disorder befell Tp*WSCl2 and related dichalcogenides Tp*WE2Cl (E = O, S), and only extended X-

ray absorption fine structure (EXAFS) analysis at the W L3-edge could distinguish the facial arrangement 

of these similarly sized ligands.16 

The electronic spectra of Tp*WOCl2 and Tp*WSCl2 overlaid in Figure 1 are characterized by a weakly 

intense ligand field (LF) band. For the sky blue complex, the peak at 15 650 cm–1 (ε = 66 M–1 cm–1) bears 

a shoulder on the low energy side at 14 200 cm–1 (Table 1). This is assigned as the dx2-y2 → dxz,yz excitation, 

where the 1450 cm–1 separation is a measure of the inequivalence of the W=O π* orbitals brought about 

by relatively strong N-donor atoms on one side and weak field chlorides on the other.13 The corresponding 

transition in Tp*WSCl2 is shifted into the near-infrared region at 10 250 cm–1, which is consistent with 



9 

the weaker field of the sulfido ligand compared to its oxo counterpart (Scheme 1).12 The exact same 

difference is seen for the molybdenum analogues, though both are red-shifted by ~1300 cm–1 for the 

second-row metal.40  

The dark yellow color of Tp*WSCl2 stems from the absorption at 24 150 cm–1, and based on 

computational reproduction of the spectrum, this feature is ascribed as a ligand-to-metal charge transfer 

(LMCT) transition from the W=S π orbitals to the W=S π* acceptor orbitals. 

 

 

Figure 1. Overlay of the experimental electronic spectra of Tp*WOCl2 and Tp*WSCl2 recorded in 

dichloromethane solution (top) and the SA-CASSCF/NEVPT2 calculated spectra (bottom). Vertical lines 

represent experimental and calculated transitions. 

  



10 

Table 1. Experimental and Calculated Electronic and X-ray Absorption Spectroscopic Data 

 Electronica 
 

Cl K-edgeb 

exptl calcdc assignment 
 

exptl calcdd assignment 

Tp*WOCl2 14 225 17395 dx2-y2 → dyz (π*)  2817.1 2817.0 1s → dx2-y2 

15 650 19488 dx2-y2 → dxz (π*)  2818.2 2817.8 1s → dxz,yz (π*) 

    2819.8 2819.8 1s → dxy 

        

Tp*WSCl2 10 235 10376 

12549 

dx2-y2 → dxz (π*) 

dx2-y2 → dyz (π*) 

 2817.1 2817.1 1s → dx2-y2 

1s → dxz,yz (π*) 

24155 23545 

24875 

W=S π → dxz,yz (π*) 

W=S π → dz2 (σ*) 

 2819.6 2819.7 1s → dz2 (σ*) 

1s → dxy 

a Transition energies in cm–1. b Transition energies in eV. c From SA-CASSCF/NEVPT2 calculations. d 

From B3LYP/SARC-ZORA-TZVPP TD-DFT calculations. 

 

EPR spectroscopy. The presence of paramagnetic W(V) d1 ions in Tp*WOCl2 and Tp*WSCl2 has been 

confirmed by EPR (Figure 2). The isotopic g-values of 1.802 and 1.731, respectively, are consistent with 

change in ligand field strengths of the terminal chalcogenide.12,13 Unlike the room temperature 

measurement, the frozen solution spectrum recorded at 130 K in a CH2Cl2/DMF glass resolved hyperfine 

splitting from coupling to the 183W nucleus (I = 1/2, 14.3% abundant) with observable features at the 

perimeter of the spectrum. Both spectra are rhombic, with the principal g-values far removed from that of 

the free electron (ge = 2.0023) commensurate with a W(V) ion with weak equatorial ligands (Table 2).41 
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Figure 2. Comparison of the X-band EPR spectra of Tp*WOCl2 and Tp*WSCl2 in CH2Cl2/DMF solution 

at 130 K (experimental conditions: frequency, 9.459 GHz; power, 0.63 mW; modulation, 0.5 mT). 

Simulations are represented by the gray trace. 

 

Simulation revealed an axial hyperfine interaction where the largest A-value is aligned with the smallest 

g-value. As these complexes are orthorhombic with pseudo-C2v symmetry, it requires that only gy and Ay 

be coincident and perpendicular to the mirror plane that bisects the chloro ligands. Hence Euler angles of 

44° for Tp*WOCl2 and 27° for Tp*WSCl2 were introduced to achieve an accurate simulation. These are 

similar in magnitude to the molybdenum analogues, where the larger value is applied to the oxo 

complex.40 The angle defines the rotation of gx and gz away from Ax and Az brought about by the admixture 

of dxz orbital into the ground state dx2–y2 orbital. This leads to titling of the dx2–y2 orbital away from the 

chloro ligands such that it is no longer perfectly orthogonal to the W=E bond, though both gz and Az are 

still mostly aligned with this bond. The magnitude of the rotation angle dictates the dxz content in the 

ground state, and as this orbital is projected towards the chlorides, induces a π interaction that stabilises 

these equatorial ligand bonds.42 
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Table 2. Experimental and Calculated Spin-Hamiltonian Parametersa 

 gx gy gz gb Rhombicityc Ax Ay Az Ad  e 

Tp*WOCl2           

experiment 1.8441 1.7994 1.7679 1.8038 0.59 -61 -64 -116 -80 44° 

DFTf 1.9173 1.8220 1.7779 1.8391 0.68 -79 -81 -113 -91 37° 

NEVPT2g 1.8217 1.8191 1.5123 1.7177 0.01      
           

Tp*WSCl2           

experiment 1.7874 1.7353 1.6862 1.7363 0.51 -78 -73 -128 -93 27° 

DFTf 1.9195 1.7425 1.7051 1.7890 0.83 -81 -82 -113 -92 34° 

NEVPT2g 1.7156 1.7032 1.4825 1.6338 0.05      

Tp*MoOCl2
 h 1.971 1.941 1.934 1.949 0.81 71.4 18.1 38.1 42.5 33° 

Tp*MoSCl2
 h 1.941 1.921 1.919 1.927 0.91 70.7 18.0 41.2 43.3 31° 

a A-values in × 10–4 cm–1; the sign is negative owing to the dominant Fermi-contact contribution. b g = 

(gx + gy + gz)/3. c Rhombicity = (gx – gy)/(gx – gz). 
d A = (Ax + Ay + Az)/3. e Euler angle defined as rotation 

of A-matrix about gy. 
f From B3LYP/SARC-ZORA-TZVPP DFT calculations. g From SA-

CASSCF/NEVPT2 calculations. h Data taken from ref. 40. 

 

The spectral profile of Tp*WECl2 follow the ligand field prediction of a near-axial d1 system where ge > 

g⊥ (= gx,y) > g (= gz).
43 The same pattern was observed for Tp*MoOF2 but crucially not for Tp*MoOCl2 

and Tp*MoOBr2, where the trend is inverted as g > g⊥.42,44 Overall the Tp*MoECl2 analogues are more 

axial than the tungsten counterparts, where the largest hyperfine component corresponds to the largest g-

value (Table 2). This pattern is independent of the terminal chalcogenide ligand. The shift in g is governed 

by in-plane covalency and spin-orbit coupling contributions from the halide ligands, and suggests a less 

covalent chloride bond exists for tungsten, where g-anisotropy is dominated by spin-orbit coupling from 

tungsten. Assessing the input for the terminal chalcogenide, in-plane covalency is lower for Tp*WSCl2 

than Tp*WOCl2 as it has the smaller Euler angle and more rhombic g-values. 
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X-ray absorption spectroscopy. The chlorine K-edge spectra presented in Figure 3 allow for a direct 

comparison of the orbital manifolds of the {WO}3+ and {WS}3+ centers. For Tp*WOCl2, three pre-edge 

peaks at 2817.1, 2818.2 and 2819.8 eV are assigned as dipole-allowed transitions from the Cl 1s orbital 

to vacancies in the dx2–y2, dxz,yz and dxy orbitals as they each possess some Cl 3p character (Table 1). The 

peak for an excitation to the W=O σ* (dz2) orbital resides at an energy beyond the 1s → 4p rising edge 

(>2820.5 eV). By contrast, the spectrum of Tp*WSCl2 has two pre-edge peaks, resulting from overlapping 

excitations to the dx2–y2 and dxz,yz orbitals at 2817.1 eV, and the dz2 and dxy orbitals at 2819.6 eV, 

highlighting the weaker π-donation of the sulfido ligand that stabilizes the π* and σ* orbitals compared 

to the oxo species (Scheme 1). 

 

 

Figure 3. Overlay of the experimental (top) and calculated (bottom) Cl K-edge spectra for Tp*WOCl2 

and Tp*WSCl2 obtained from ZORA-B3LYP TD-DFT calculations. Calculated intensity in arbitrary 

units. 

 

Pseudo-Voigt deconvolution confirms the 1s → dx2–y2 transition is at 2817.1 eV for both complexes, 

consistent with their similar reduction potentials (Tp*WOCl2: –1.30 V; Tp*WSCl2: –1.24 V vs Fc+/0).12,13 
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The difference in energy between the first and second peaks is 1.1 eV for the oxo complex and estimated 

at 0.7 eV for the sulfido species. Thus the W=S π* orbitals are stabilized by ~3,000 cm–1, compared to 

5,450 cm–1 from electronic absorption spectroscopy (Figure 1). The next peak in Tp*WOCl2 (2819.8 eV) 

and the second band in Tp*WSCl2 (2819.6 eV) are dominated by the excitation to the W–Cl σ* orbital, 

whose energy is independent of the terminal chalcogenide ligand. The dxy orbital is >20 000 cm–1 above 

the ground state as measured by Cl K-edge, and consistent with the ~25 000 cm–1 lower limit ascertained 

from electronic and sulfur K-edge XAS (Figure S10).12  

 

Theoretical Calculations. Charge-neutral Tp*WOCl2 and Tp*WSCl2 were optimized in the gas phase 

using the BP86 functional. In both structures the W–Cl distances are identical at 2.356 Å, with a short W–

S distance of 2.144 Å and shorter W–O bond at 1.711 Å (Table S3). These distances are an excellent 

match to structurally characterized sulfido- and oxo-tungsten(V) complexes with the Tp* ligand.12,13 One 

W–N distance is ca. 0.2 Å longer than the other two, and is a consequence of the trans influence well 

documented in terminal chalcogenide complexes. This is larger for Tp*WOCl2 where the W ion resides 

0.26 Å out of the N2Cl2 equatorial plane, which increases to 0.31 Å in Tp*WSCl2. 

The ground state electronic structures, computed at the B3LYP level of theory, produced the ligand field 

splitting as shown in Scheme 1. This model is validated by the very accurate reproduction of the Cl K-

pre-edge using time-dependent (TD)-DFT calculations (Figure 3). Applying the constant shift of +33.68 

eV, the first and last pre-edge peaks are calculated to be within 0.1 eV of the experimental values (Table 

1). The largest deviation is for the transition to the dxz,yz (W=E π*) which are underestimated by 0.4 eV 

for Tp*WOCl2 and ~0.5 eV for Tp*WSCl2 where the calculated peak is narrower than the experimental 

one (Figures S8 and S9). The excellent match of relative intensities of the peaks reflects the Cl 3p content 

to the predominantly W 5d acceptor orbitals (Table S4), with the salient observation being the 11.9% 
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contribution to the ground state orbital of Tp*WOCl2 compared to 10.4% in TpWSCl2. The Cl 

contribution arises from an in-plane π interaction with the dx2–y2 orbital, and dictated by the E–W–Cl bond 

angles which modulate the alignment of the in-plane Cl p orbitals.  

A more rigorous correlated post-Hartree-Fock ab initio calculation was performed using a CAS(9,9) 

reference with nine electrons in the nine orbitals as the largest manageable active space. This encompasses 

the five d orbitals and the W=E σ and π, and W–Cl σ bonding counterparts (Figures S4 and S5). Electronic 

properties for both complexes were computed for 20 doublet states. The lowest energy LF band for 

Tp*WOCl2 was estimated 3000 – 4000 cm–1 above the experimental peak though the calculation produced 

the correct energetic splitting of the dxz and dyz orbitals at 2100 cm–1 compared with 1300 cm–1 

experimentally (Figure 1). The accuracy of this estimate is likely due to the differences in the structure of 

the molecule in solution and the influence of solvation on the first coordination sphere, which is not 

included in the geometry optimization. No other transition was calculated in the visible region. The 

analogous transitions for Tp*WSCl2 were calculated at 10 400 and 12 550 cm–1, a closer match with the 

experimental data (Table 1). The energetic splitting of the dxz and dyz orbitals is estimated at 2175 cm–1, 

essentially identical to  Tp*WOCl2. The band at 24 150 cm–1 that gives Tp*WSCl2 its color is assigned 

as a π → π* LMCT transition within the W=S unit. The shift to lower energy is due to the poorer π-donor 

ability of the sulfido ligand. 

EPR spin-Hamiltonian parameters were calculated using both DFT and ab initio methods (Table 2). The 

latter provides a more accurate treatment of relativistic effects and spin-orbit coupling which is the 

dominant contribution to the g-values. The SA-CASSCF/NEVPT2 calculated g-values reproduce the 

experimental g⊥ > g pattern, with a very good match for gx and gy as these shift based on mixing of the 

dxz,yz orbitals into the ground state via spin-orbit coupling. The limited size of the active space is evident 

in the rhombicity of the calculated spectrum. Firstly, the calculated g-values for Tp*WOCl2 and 
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Tp*WSCl2 are highly axial with gx ≈ gy, and gz considerably lower than seen in the experiment. 

Westmoreland and co-workers have meticulously examined the contributions to the g-shifts in analogous 

oxomolybdenum(V) complexes, and revealed the magnitude of gz is governed by equatorial metal-ligand 

covalency, the size of these ligands, and low-energy charge transfer states.42,44 The analysis successfully 

accounted for the observed shift of gz above g⊥ and ge in molybdoenzymes and model complexes.14 The 

low gz value computed here is a result of an absence of several predominantly chlorine-based orbitals 

whose CT contributions would increase gz. That aside, it does show the lack of covalency in the W–Cl 

bonds compared with alkoxide, thiolate, selenolate ligands. Thus halides are a poor representation of the 

pyranopterindithiolene cofactor that remains coordinated and more like the amino acid residues, substrates 

or solvent molecules that can detach from the metal ion during enzymatic operation.2,9 As DFT provides 

a less rigorous treatment of relativistic effects, it underestimates the g-shifts, most notably for gx (Table 

2). This is an inherent drawback of DFT, though Kaupp and co-workers have recently presented improved 

methodology to handling spin-orbit effects in heavy elements.45 On the other hand, DFT gives excellent 

match to the hyperfine coupling constants in terms of the magnitude of the A-values and their axial 

splitting, as well as the Euler angles of 37° and 34° for Tp*WOCl2 and Tp*WSCl2, respectively. The 

larger hyperfine interaction in the latter reflects a greater localization of the unpaired spin on the tungsten 

ion and a less covalent dx2–y2 ground state. 

 

Conclusions 

The combined spectroscopic and computational analysis of a pair of isoelectronic and isostructural 

complexes reveal the subtle electronic impact of the terminal chalcogenide – oxo vs. sulfido – on the 

bonding of two cis chloride ligands. The chlorides are representative of labile ligands such as the substrate 

or solvent that are displaced in the course of catalytic turnover at the metalloenzyme center. Their 
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interaction with the oxo- and sulfido-tungsten(V) is directly probed using Cl K-edge XAS, which in 

combination with a TD-DFT reproduction of the pre-edge spectrum, revealed a more covalent W–Cl 

interaction in Tp*WOCl2 than Tp*WSCl2, as quantified by the Cl 3p contribution to the dx2–y2 ground state 

orbital. The effect is subtle, with ~10% more covalency in the oxotungsten(V) complex that contribute to 

the observed inertness of Tp*WOCl2 toward ligand exchange. In contrast, the chloride ligands in 

Tp*WSCl2 are more labile and suggests that for enzymes where substrates are bound to the tungsten 

center, a terminal sulfido provides a more favorable pathway. This lends credence to the likelihood that 

sulfur atom transfer processes are operative in tungstoenzymes in contrast to the oxygen atom transfer in 

molybdoenzymes.15 The two-step process would see oxidation of the substrate by sulfide followed by 

hydrolysis outside the protein, which might be the thermodynamically preferred route given the unique 

climate in which these enzymes reside. 
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