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ABSTRACT: The design of bioinspired synthetic inorganic molecular complexes is challenging,
due to a lack of understanding of enzyme action and the degree to which that action can be
translated into mimics. Exemplary of this challenge is the reversible conversion of formate into
CO, by formate dehydrogenase (FDH) enzymes with Mo/W centers in large molybdopterin
cofactors. Despite numerous efforts to synthesize Mo/W-containing molecular complexes, none
have been demonstrated to reproduce the full reactivity of FDH. Here, we carry out a large-scale,
high-throughput screening study on all mononuclear Mo/W complexes currently deposited in
Cambridge Structural Database (CSD). Using density functional theory, we systematically
investigate the individual effects of metal identity, ligand identity, oxidation state, and
coordination number on structural, electronic and catalytic properties. We compare our results on
molecular complexes with quantum mechanics/molecular mechanics simulations on a
representative FDH enzyme to further elucidate the influence of the enzyme environment. These
comparisons reveal that the enzyme environment primarily influences the metal-local geometry,
and these metal-local structural variations can improve catalysis. Through a series of
computational mutations on molecular complexes, we extend beyond the CSD structures to
further identify the limits of varied chalcogen and metal identity. This broad set and comparison
reveal relatively little variation of electronic properties of the metal center due to the presence of
the enzyme environment or changes in metal-distant ligand chemistry. Instead, these properties
are found to be much more sensitive to the identity of the metal and the nature of the bound
terminal chalcogen.



1. Introduction

Sustained experimental effort towards the understanding of both biological enzymes and
bioinspired synthetic inorganic molecular transition metal catalysts has led to the increased
availability of properties and structures of both enzymes and molecular complexes.'®
Computational first-principles, quantum mechanical (QM, e.g., with density functional theory or
DFT) and multi-scale (i.e., mixed quantum mechanics/molecular mechanics, QM/MM) modeling
plays an essential role in revealing properties of short-lived catalytic intermediates and
elucidating structure-property relationships. Nevertheless, challenges associated with comparing
enzyme properties to their molecular mimics has limited the ability to understand similarities and
differences of bioinspired molecular catalysts to enzymes. Due to the dynamic enzyme
environment during catalysis, the mechanistically relevant structures in the enzyme cofactor are
ill-defined and challenging to identify both by experiment and computation.

The metal-cofactor-dependent enzyme formate dehydrogenase (FDH) catalyzes the
reversible conversion of formate into CO; on a single Mo/W site coordinated by two bidentate
molybdopterin ligands, a terminal oxo or sulfide ligand, and the amino acid side chains of serine
(Ser), cysteine (Cys), or selenocysteine (Sec).”!” Despite the well-defined coordination
environment of this metallocofactor, decades of work has been unable to uncover synthetic
inorganic Mo/W molecular complexes with comparable function to FDH enzymes.” 823 In
particular, the mechanism of formate oxidation and CO; reduction on FDH enzymes remains
elusive, and metal coordinating species and proximal residues in the cofactor remain under
debate. Most mechanistic arguments invoke substrate binding to the metal or terminal
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chalcogen. In the most widely accepted mechanism for formate oxidation, the terminal

sulfido ligand (M=S) in the FDH enzyme abstracts the hydride in HCO>", to form a terminal



metal-thiol. During this process, the ligands in the primary coordination sphere of the metal
remain coordinated?® 3!, although there has been support for dissociation of the coordinating Sec
or Cys®. Over this catalytic cycle, the oxidation state of the metal is believed to cycle between
M(VI), M(V) and M(IV).3

Inspired by structural knowledge of the cofactors of FDH enzymes, many synthetic
molecular complexes have a mononuclear Mo/W coordinated by two bisdithiolene ligands, a
terminal oxo/sulfido/selenido, and a coordinating serinate-, cysteinate-, or selenocysteinate-like
ligand.” 36-4° Due to the limitations from both synthesis and characterization for each structure by
experiment, the exploration on different ligand and metal identities is narrow. For example, some
selenolate complexes are difficult to synthesize, and some Mo(VI) complexes with
dimethyldithiolene ligands are unstable and are easily reduced to Mo(V), making them
challenging to isolate.” *! Within enzymes, Mo- and W-containing subunits are isostructural with
same local ligands and residues, but W-containing enzymes oxidize formate faster than Mo-
containing counterparts without a fundamental understanding of this observation.'® Similarly, the
selenocysteine-containing enzyme is observed to be faster than cysteine-containing one.'® The
role of the terminal chalcogen also remains unclear, although a terminal metal-sulfido is believed
to be essential for the formate oxidation*> %}, a terminal metal-oxo is sometimes observed?® 4.
The influence of the terminal chalcogen identity (O or S or Se) towards reactivity remains
unclear.*% 43

Establishing molecular structure-property relationships will facilitate bioinspired catalyst
design. Virtual high throughput screening (VHTS) has unlocked the development of structure-

property relationships in inorganic chemistry for catalyst discovery over past few years.*¢4



VHTS and mechanistic computational modeling are promising paths to provide insights which
are otherwise difficult or impossible to obtain from experiments.

We carry out a large-scale screen of synthesized Mo/W complexes from Cambridge
Structural Database (CSD).’° We select the complexes that contain many features of the
cofactors in FDH enzymes and generate more configurations by mutating elemental identities
beyond those present in CSD complexes. Over this expanded chemical space, we perform
density functional theory (DFT) calculations to comprehensively understand structure-property
relationships. We draw the first structure-property comparisons between molecular complexes
and biological metallocofactors by comparing our DFT calculations on molecular complexes to
observations from molecular dynamics (MD) and QM/MM simulations on a representative FDH
enzyme structure. We use VHTS to isolate the effects of the metal and ligand identities, metal-
local structure, and electronic properties that are all related to formate oxidation catalysis.
Through this analysis, we demonstrate that the enzyme environment primarily affects geometric
properties, and that the terminal chalcogen moieties primarily influence the local electronic
properties.

2. Methods.
2a. Data Set Curation and Computational Details.

A set of mononuclear Mo/W transition metal complexes was curated from the Cambridge
Structural Database (CSD)*°. This procedure employed both the Conquest graphical interface to
the CSD as well as the Python application programming interface (API),>® in all cases applied to
the CSD v5.41 from the November 2019 data set. Conquest was used to query for individual
molecules with one of either Mo or W bound to 3 atoms of any element in addition to at least one

of either S or Se. The initial search produced 3,257 complexes with associated CSD refcodes.



After several filtering steps to remove duplicates and structures with inconsistent oxidation
states, we obtained a final set of 404 complexes (Supporting Information Text S1).

We performed gas phase geometry optimizations and single-point energy calculations on
the 404 Mo/W complexes using density functional theory (DFT) with a development version of
TeraChem’! v1.9. The B3LYP>>* global hybrid functional was employed throughout with the
basis set consisted of an LANL2DZ>® effective core potential for heavy atoms (i.e., Mo, W, Br, 1)
and the 6-31G* basis for all other atoms. Singlet calculations were carried out in a spin-restricted
formalism, whereas all other spin states were performed as unrestricted calculations. Level
shifting was employed with a value of 0.25 Ha for both occupied and virtual orbitals. Geometry
optimizations were carried out with the translational rotation internal coordinates (TRIC)
optimizer>® using the L-BFGS algorithm in TRIC coordinates. Default convergence thresholds of
4.5x10* hartree/bohr for the maximum gradient and 1x10° hartree for the change in self-
consistent field (SCF) energy between steps were employed. All calculations are analyzed for
consistent connectivity before and after the geometry optimizations using molSimplify>”- %%, We
found that all complexes satisfied connectivity checks>® and display only minor deviations after
optimization. We observed the average of the metal-ligand bond length change after geometry
optimization to be 0.05 A (Supporting Information Figure S1). We only considered the low spin
(LS) singlet or doublet states. We determined whether complexes were singlets or doublets by
counting electrons (e.g. assuming neutral atoms) and then accounting for the net charge assigned
by the user. Thus, systems with an odd number of electrons are assigned as doublets, and those
with an even number of electrons are assigned as singlets. From the oxidation states obtained
from the CSD and user-defined charges, after counting the expected number of electrons, we

identified seven complexes with radical ligands or mislabeled oxidation/charge states and used



their corrected oxidation/charge states in subsequent analysis (Supporting Information Table S1).
For all open-shell calculations, no spin contamination was observed, as judged by prior
procedures®8-60,

The implicit-aqueous-solvent-corrected energies were used to calculate the vertical
ionization potential (IP) and electron affinity (EA). Aqueous solvent effects were modeled using
a conductor-like polarizable continuum model®": 62 (C-PCM), with & = 78.39 and defaults of 1.2x
Bondi’s van der Waals radii®®. Single point energy calculations were performed with C-PCM on
gas phase optimized geometries. For complexes with doublet spin states (i.e., all M(V)
complexes), we considered only the singlet spin state in the oxidized species and both singlet and
triplet spin states in the reduced species (Supporting Information Table S2). Since partial charges
can be sensitive to basis set and population scheme®, we computed partial charges with three
schemes: Mulliken® and natural bond orbital charge®, both based on orbital charge partitioning,
and Hirshfeld charge$’, based on real space charge distribution. We quantified the Mayer bond
valence of the metal as a measure of the degree of covalency®® for metal-ligand bonds.

We used the hydrogen atom bound to the terminal chalcogen as a screening tool to
understand the catalytic activity for formate oxidation to CO> (Supporting Information Text S2).
To quantify the energetics of structural reorganization, we performed constrained geometry
optimizations on hydrogen atom bound structures by fixing the coordinates of all atoms in the
transition metal complex except the terminal chalcogen and the adsorbed hydrogen atom, which
were allowed to relax. The differences in Ep(H) with and without constraints (AEs) quantify the
energetics of structural reorganization.

2b. Protein Preparation and QM Cluster Optimization.



An X-ray crystal structure of an oxidized form of the formate dehydrogenase (FDH)
enzyme was obtained from the protein data bank (PDB ID: 1FDO*?). The active site of 1IFDO
contains selenocysteine, Mo, two molybdopterin guanine dinucleotide (MGD) cofactors, in
addition to a FesS4 cluster. To prepare the protein, the FesS4 cluster was removed from the crystal
structure and a sulfido ligand was added manually as the sixth coordinating ligand. The
coordinating selenocysteine was converted to a cysteine. The protonation states of the
apoenzyme residues were assigned using the H++ webserver®-’? assuming a pH of 7.0 with all
other defaults applied. Force-field parameters for the core active site were obtained from a
combination of the MCPB.py’? utility in AMBER187* and the parameters available in literature’.
Standard protein residues were simulated with AMBER {f14SB76. The protein was solvated with
10 A of TIP3P”” water buffer in a periodic rectangular prism box and neutralized with Na*
counterions. Finally, the initial AMBER topology and coordinate files were generated for the
77,778-atom system, which are provided in the Supporting Information. These coordinates were
used as a starting point to carry out 100 ns of MD simulation (Supporting Information Text S3).

To do further analysis on the active site of enzyme, a 376-atom QM region was selected
systematically using charge shift analysis method’® 7 (Supporting Information Figure S2). The
QM cluster optimizations were carried out using a range-separated exchange-correlation
functional ®wPBEh® (w =0.2 bohr!') along with the composite LACVP* basis set (i.e.,
LANL2DZ effective core potential®! on Mo and W heavy atoms along with 6-31G*3? for the
remaining atoms) in using the C-PCM®!- 62 model (with ¢ = 4), while all backbone atoms (i.e., Cq,
N, C, O in protein residues) were constrained. The level of theory was chosen based on prior
studies that show degraded performance of global hybrids (e.g., B3LYP) with increasing QM

region size”® 3,



2c¢. Overview of the CSD data set and workflow for virtual high-throughput screening.
Analysis of the synthetic Mo/W complex data set, including preferred coordination
numbers, oxidation states, and ligand denticity, provides insight into the chemistry of
experimentally-studied Mo/W-containing compounds. Out of 242 Mo and 162 W complexes, the
majority (Mo: 76%, W: 74%) are 5- or 6-coordinated. In addition, complexes in the set contain
primarily high valent (e.g., IV, V, and VI) oxidation states (Mo: 92%, W: 87%). Most complexes
(74%, 300 out of 404) have a maximum ligand denticity of two (Figure 1 and Supporting
Information Tables S3—S4). These observations suggest the studied inorganic compounds should

share similarities with the cofactors in Mo/W-containing enzymes'?.
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Figure 1. (top, left) Stacked histogram of the total atoms per complex for Mo (blue) and W (red).
Statistics of Mo and W based on the Mo/W coordination number (top, right), CSD-labeled
oxidation state (bottom, left), and maximum ligand denticity (bottom, right). The percentage was
calculated for Mo (242 complexes) and W (162 complexes) separately. The inset structures are
CSD refcode: DARGEI (left) and CSD refcode: YAWKEM (right). Structures are shown as
sticks with carbon in gray, nitrogen in blue, hydrogen in white, oxygen in red, sulfur in yellow,
silicon in light orange, and molybdenum in cyan.



Dithiolene ligands are the most common class of bidentate sulfur ligands that occur in
FDH and other Mo/W containing enzymes®. We find that only 26% of the 404 Mo/W
compounds lack bidentate sulfur ligands (Supporting Information Table S5). We expect this
prevalence is due to the good stability of Mo/W molecular complexes formed with bidentate
sulfur ligands since analysis of the source papers suggests that only a small number are directly
intending to mimic the catalysis of FDH or related enzymes. In FDH enzymes, the mononuclear
metal center is coordinated by two dithiolene ligands and at least one monodentate terminal
chalcogen (i.e., oxo, sulfido, or selenido) ligand. Several recent studies®’- 2% 84 have demonstrated
this monodentate terminal chalcogen (tc) ligand to be the binding site for a hydrogen atom
during hydrogen atom transfer in putative FDH catalytic mechanisms?’.

After isolating complexes that contain two dithiolene ligands and at least one terminal
chalcogen as the most representative mimics of FDHs, 88 complexes remain. Next, we mutated
any terminal chalcogen sites in this set with O, S and Se. Prior to this step, only 7 complexes
contained sulfido and only 4 selenido ligands, with the majority of compounds containing
terminal oxo moieties. After performing the mutations, we obtained a dataset of 348 complexes
that has increased balance between different terminal chalcogens in comparison to the original
CSD-derived set (Supporting Information Table S6). On this set, we use the molSimplify-
computed molecular graph determinant®® to perform a connectivity uniqueness check after the
chalcogen mutation to avoid repeat simulations. We remove 93 duplicates through this check,
producing 255 complexes with unique connectivity, which increases to 276 if also considering
CSD-assigned metal oxidation states (Supporting Information Tables S7—S8). The new dataset
with 276 complexes derived from 88 bisdithiolene Mo/W complexes are used for geometric and

electronic properties analysis (see Sec. 3).



3. Results and Discussion.
3a. Structural Properties of Bisdithiolene Complexes.

Over our curated set of experimental compounds, we observe the dithiolene ligands adopt
a range of orientations that could be expected to influence their reactivity. Since the dithiolene
ligands and the metal center are known to form a range of geometries’, this motivates identifying
a continuous descriptor of the metal-ligand primary coordination sphere. There are a number of
metrics that have been used to described the angles of sulfur ligands with metal centers,
including the largest angle between the metal and two sulfur atoms in different dithiolenes®,
explicitly listing all the angles forms by the metal and coordinated sulfur atoms®® 3% 87 the
perpendicular displacement of the metal atom from the S4 least-squares plane® 3% # and the
dihedral angle of four sulfur atoms in bisdithiolene®®. We selected two general descriptors
closely related to those that have been previously proposed but can describe the variation we
observe over our larger set of complexes. To describe the geometry of the metal and four sulfur
coordinating atoms in bisdithiolene, we define two key angles: the twisting and folding angles
(Figure 2). We define the twisting angle, 0;, as the angle between the sulfur atoms of the two
bisdithiolene ligands, capturing the extent to which the coordinating sulfur atoms lie in the same
plane. We define the folding angle, O¢, as 180°-6, where the 6 is the angle formed by the metal at
the vertex with the non-bonded S-S midpoint for each bidentate ligand. The folding angle
measures the extent to which the metal is puckered out of the plane of the sulfur coordinating
atoms. For conjugated (i.e., planar) ligands, the folding angle also captures the extent to which
ligands are oriented in the same plane. Both the twisting and folding angles are between 0-90° in

our definition. It has been argued that the folding effect is the primary factor that linked with the



functionality of the enzymes, where the folding imposes interaction between the sulfur n orbital

and the empty d orbital of the metal to lower the energy®!> *2.

B Mo O M(S,),(L)

5o'~ mw OMS,),L),
-. 1 M 1 M M 1 L L M 1

1
0 10 20 30 40 50 60
8, ()

Figure 2. The twisting and folding angles of Mo/W complexes with bisdithiolene ligands. Mo
complexes are shown in blue and W complexes are shown in red. Five-coordinated compounds
are shown with circles, and six coordinated compounds are shown with squares. An example Mo
compound demonstrates how the twisting angle (0;) and folding angle (0r) are defined, with
carbon atoms shown in gray, sulfur in yellow, hydrogen in white, oxygen in red, and
molybdenum in cyan.

By using twisting and folding angles to quantify the bisdithiolene ligand orientation, we
intend to determine if any catalytic or electronic properties of the complexes correlate with these
two angles. We measured the angles for 276 complexes and grouped each complex by metal
center (i.e., Mo or W) and metal coordination numbers (i.e., 5 or 6, Figure 2). Overall, the
twisting and folding angles appear related to metal coordination numbers, with smaller angles (6:
0-14°, 0¢: 46-53°) for five-coordinated complexes relative to the six-coordinated (6:: 46-62°, O
65-79°). Oxidation state differences, on the other hand, do not distinguish these angles, i.e., all
M(VI]) and M(V) are five-coordinated complexes, and so their folding and twisting angles are
comparable.

To understand if there is a structural difference between molecular complexes and

geometries adopted by the cofactors in enzymes, we measured the folding and twisting angles of

the crystal structures for the 15 FDH enzymes (i.e., 13 M(VI) and two M(IV)) reported in the



PDB? (Supporting Information Figure S3). Comparing the M(VI) protein cofactors with
equivalent molecular complexes, the protein cofactors have both smaller twisting angles (21-36°
vs 46-62°) and folding angles (56-73° vs 65-79°) than the molecular complexes. For the two
Mo(IV) cofactors, the twisting angles (8-9°) are within the range spanned by five-coordinate
molecular complexes (0-14°), whereas the cofactor folding angles (39° and 57°) reside on either
side of the range (46-53°) spanned by M(IV) complexes.

To investigate how the enzyme environment might influence the structure of the cofactor,
we carried out MD simulations on one FDH enzyme (PDB: 1FDO?*?), which includes a Mo(VI)-
containing cofactor with twisting and folding angles (27° and 57°, respectively) representative of
FDH enzymes. During MD simulations, the twisting and folding angles remain consistent with
the crystal structure (i.e., 29 + 2° and 63 + 2°, respectively). We extracted a structure from the
end of the MD trajectory and carried out QM analysis on the cofactor both in the enzyme and
upon extraction from the enzyme. The QM enzyme environment model includes a large number
of systematically selected residues (Supporting Information Figures S2 and S4). Comparisons
between angles obtained from the QM cluster (0:: 38°,61: 64°) and those from optimization of the

isolated cofactor (0¢: 49°, Or: 68°) reveals that the residues surrounding the cofactor in the
enzyme have the effect of decreasing both angles. When the cofactor is extracted from the
enzyme, it adopts angles much more comparable to that observed in molecular complexes.

The terminal chalcogen is the reactive species during formate oxidation. Thus, in addition
to characterizing the angles of the metal-dithiolene ligand, we also analyzed the bond lengths
between the terminal chalcogen and the metal, d(M-tc). We observed that bond lengths are
independent of the metal coordination number and local dithiolene geometry (Supporting

Information Figure S5). We also observed the average bond length of the metal and the



dithiolene sulfur atoms, d(M-sd), are shorter for five-coordinated complexes than six-coordinated
complexes (i.e., 2.4-2.5 A vs 2.45-2.62 A, Supporting Information Figure S5).

Considering the difference in covalent radii among the species studied, we next computed
the relative metal-ligand bond length where the d(M-tc) is normalized by the sum of the relevant
metal (i.e., Mo or W) and chalcogen (i.e., O, S, or Se) covalent radii®>. We also divided the
complexes into groups, as determined by the metal types (i.e., Mo or W) and the number of
terminal chalcogen atoms (i.e., one: 1tc or two: 2tc, Figure 3). We observe period dependence in
the metal-chalcogen bond, with the oxo ligand forming the shortest bond with the metal,
followed by the sulfido- and selenido- ligands, and shorter bonds for W over Mo. The 2tc

complexes generally form longer relative metal-ligand bonds compared to the 1tc complexes.
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Figure 3. Histograms of relative metal-terminal-chalcogen (tc) bond lengths for Mo and W
complexes with one terminal chalcogen (1tc) and two terminal chalcogen (2tc) atoms. The tc
with O, S, and Se are shown as translucent bars in red, blue and green respectively. Vertical
dotted lines indicate the average values of Mo(W)/1tc for O, S and Se.

Overall, in the bisdithiolene Mo/W complexes, the metal-local bisdithiolene ligand
geometries (i.e., angles and bond distances) are closely related to the metal coordination numbers:

five-coordinated complexes tend to be planar and compact with smaller folding and twisting

angles and shorter metal-dithiolene bonds, while six-coordinated complexes tend to be three-



dimensional and elongated with larger folding and twisting angles and longer metal-dithiolene
bonds.
3b. Electronic Properties of Bisdithiolene Complexes.

The differences in chemical bonding between the metal (i.e., Mo or W) and terminal
chalcogen atoms (i.e., oxo, sulfido or selenido) can be expected to lead to differences in
electronic properties of the model complexes in our set. To uncover trends in electronic
properties, we first computed the metal partial charge and bond valence (i.e., degree of covalency
between the metal and coordinating atoms) for 276 complexes. We also computed these
properties for the cofactor in a representative Mo-containing FDH enzyme**. This analysis
allows us to understand the influence of the metal and terminal chalcogen on those electronic
properties. As in the analysis of relative metal-ligand bond lengths, we divided the complexes
based on the number of terminal chalcogen moieties, atom types, and metal identities. Within the
2tc set, the chalcogen atoms can be identical or a combination of two chalcogen elements, and
they are always six-coordinate. Both five- and six-coordinate complexes are present in the Itc
set, where the higher-coordinate species have as the sixth ligand a halogen (e.g., Cl) or a
monodentate ligand (i.e., O/S/Se-R).

Across our 276 complexes, the metal Mulliken® and natural bond orbital (NBO)® partial
charges of these complexes vary widely and are, at times, negatively valued (Supporting
Information Figures S6-S7). Given the high-valent nature of the metal center, large negative
values of both charge schemes are surprising and could be sensitive to the choice of basis set and
population scheme®. We thus also compared to the metal partial charge obtained with real space
partitioning (i.e., Hirshfeld charges®” which instead are always positive and in a much narrower

range (from 0.0 to 0.7 e, Supporting Information Figure S8). Despite differences in quantitative



values, the qualitative trends for all three partial charge schemes follow expectations based on
differences in terminal chalcogen -electronegativities (i.e., O>S>Se), with terminal-oxo
complexes having more positive metal partial charges than terminal-sulfido or terminal-selenido
complexes. When two terminal chalcogen atom types are present, the effect on partial charge is
additive, with values in between the limits of the complexes with two identical chalcogen atoms.
We also observe the expected metal formal oxidation state dependence in Hirshfeld partial
charge analysis, where metals with higher oxidation states have higher positive partial charges
(Supporting Information Figure S8). In addition to these expected trends, the metal identity has a
distinct influence on the partial charge, with a lower partial charge on W in most complexes in
comparison to Mo (Supporting Information Figure S8). Overall, we observe that the partial
charge of the metal center is most strongly determined by the terminal chalcogen atoms that
coordinate it but also by the metal identity and oxidation state.

We also analyzed the metal bond valence as a measure of the degree of covalency
between the metal and its ligands both with varying metal identity and changes in formal
oxidation state. Intuitively, higher formal oxidation states correspond to increased metal bond
valence and correspondingly stronger metal-ligand bonds (Figure 4 and Supporting Information
Figure S9). The terminal oxo ligands have reduced metal bond valence relative to sulfido and
selenido groups (Figure 4). Similar to the Hirshfeld partial charge, we observe the metal bond
valence to be influenced by the metal identity. For the same formal oxidation state, W complexes
exhibit larger metal bond valence than Mo complexes (Figure 4 and Supporting Information
Figure S9). The additional, non-terminal-chalcogen ligands also influence the bond valence,
suggesting the possibility of tuning covalency in transition metal complex design. When this

additional ligand is S/Se-R or Cl, the metal bond valence is higher than when an O-R ligand is



present for M(VI) complexes (Figure 4). Unlike the geometric features, the metal partial charge
and bond valence have less dependence on the ligand architecture over our screened set, but the
ligand and metal types play a more significant role in tuning these electronic properties that can

be expected to be related to catalytic and other experimentally-observable, electronic properties.
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Figure 4. Normalized histograms of the metal bond valence for 87 W-complexes with one
terminal chalcogen atom (Itc). The O, S, and Se terminal chalcogen atoms are shown as
translucent bars in red, blue and green respectively. The W oxidation states are shown in the
inset structures. The total number of complexes with O, S, or Se used to compute each histogram
is indicated in each panel.

For the cofactor of the Mo-containing FDH enzyme*?, we also computed the metal
Hirshfeld®’ partial charge and Mayer bond valence®® both in the presence of key enzyme residues
and in isolation (see Computational Details and Supporting Information Figures S2 and S4). To
compare properties of the enzyme with trends from the complexes, we also mutated the terminal
sulfido to both a terminal oxo and terminal selenido in combination with both Mo and W ions.
Similar to what we observed in molecular complexes, the metal partial charge on the enzyme
cofactor is largest with a terminal oxo followed by sulfido and selenido groups and lower (i.e.,

less positive) partial charges are observed for W. This good correspondence between the enzyme

and the molecular complex electronic structure is perhaps expected given that consistent



qualitative trends are observed whether we study the isolated cofactor or in the presence of the
enzyme environment (Supporting Information Table S11 and Figures S2 and S4). Instead
focusing on what is most influenced by the enzyme environment within a fixed metal and
terminal chalcogen, we note that positive metal partial charges are increased in the presence of
the enzyme (Supporting Information Table S11). Thus, while qualitative ordering by metal or
terminal chalcogen is consistent across the molecular complexes and enzymes, the enzyme
environment plays a role in making the metal more electron poor.

For the closely-related metal bond valence property, we unsurprisingly observe similar
qualitative ordering by metal ion or terminal chalcogen for both the enzyme as we did for
molecular complexes (Supporting Information Table S12). As with molecular complexes, the
bond valence is smallest in the case of a metal-oxo, and it is generally larger for W than Mo
enzyme models. Comparing within each type of terminal ligand and metal, we isolate the effect
that the enzyme environment has on metal bond valence. In all cases, the metal center bond
valence increases in the presence of the enzyme environment, typically by around a comparable
0.2 bond order increment (Supporting Information Table S12). Thus, in contrast to structural
differences between the cofactor in the enzyme and in isolation, molecular complexes and the
cofactor bear strikingly similar electronic properties at the metal center.
3c. Effect of Complex Structure on H Atom Binding.

Beyond structural and electronic properties of Mo/W complexes, binding energies of
catalytic intermediates provide the most direct probe of potential activity of these complexes for
formate oxidation to CO.. Specifically, we focus on H atom binding energetics to the terminal
chalcogen atoms as a rapid screening approach and also evaluate resulting structural changes.

This allows us to investigate the coupled influence of the metal, catalyst structure, and terminal



chalcogen identity on H atom binding. Since the chosen reference is atomic hydrogen, the
computed binding strength should be larger in magnitude than a mechanism involving proton
abstraction from formic acid, but we expect trends to be preserved across complexes. First
comparing the different terminal chalcogen atoms over this set, we again observe similarities
between terminal sulfido and selenido moieties and larger differences of these two to the oxo
moiety in terms of favored orientation for the coordinating H atom and, to a lesser extent, the
energetics (Supporting Information Table S13). Structurally, the M-tc-H (tc = O, S, or Se) angles
are largest for O and smaller for S and Se. Despite structural differences, H atom binding
energies, Ex(H), are more comparable among O, S, and Se terminal chalcogens (see Sec. 2 and
Supporting Information Table S13).

While largely insensitive to terminal chalcogen identity, we find that Ex(H) is strongly
influenced by metal and oxidation state. Over our entire set, the Ex(H) spans a large range from
-3.0 to -0.7 eV, where more negative numbers correspond to more favorable binding. The lower
oxidation state complexes bind hydrogen less favorably relative to the higher oxidation state
complexes, reproducing trends for H atom binding on terminal Fe-oxo compounds®* °3.
Moreover, Mo complexes typically binds hydrogen more strongly than W in equivalent
oxidation states (Figure 5 and Supporting Information Table S14). The metal- and oxidation

state-dependence we observe for Ey(H) aligns well with the oxidation-state-dependence that was

observed in a recent experimental study of a Mo-containing formate dehydrogenase?®.
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Figure 5. Normalized histograms of the hydrogen atom binding energies for 330 complexes,
categorized by metal identity and ligand numbers, shown in the upper right corner of each panel.
The metal oxidation states IV, V and VI are shown as translucent bars in red, blue and green,
respectively. The number of Mo or W complexes with oxidation states IV/V/VI are used to
compute each histogram. Vertical dashed lines indicate the average value of the Ey(H) for each

group.

To assess structural changes concomitant with H atom binding, we measure the folding
and twisting angles of the relaxed intermediate obtained upon H atom binding. We find that all H
atom bound intermediates are more planar (i.e., as judged through reduced folding angles), while
twisting angles alternately increase or decrease. Importantly, these structural changes upon H
atom adsorption are dependent on metal oxidation state (Figure 6). Independent of the metal or
chalcogen atom type, we observe that the M(VI)-tc and M(IV)-tc complexes exhibit larger
folding and twisting angle changes than the M(V)-tc complexes upon H atom binding. The
smaller change in folding and twisting angles for M(V)-tc complexes is balanced by a more
significant reduction in the bond lengths of metal-dithiolene bonds for this oxidation state
(Supporting Information Figure S10). We estimate the energetics of this structural reorganization
upon H atom binding by computing the difference in Ex(H), AEs, with respect to a structure in
which the catalyst complex is constrained (see Sec. 2). The typical energy penalty for structural

reorganization is less than 0.85 eV with the average about 0.25 eV, both of which are



significantly smaller than the overall range of energetics of binding (Supporting Information

Figure S11).
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Figure 6. The twisting vs folding angles of 330 complexes before (M-tc) and after hydrogen
atom adsorption on terminal chalcogen atoms (M-tc-H). Metal oxidation states are shown in
translucent dots in red (M(IV)), blue (M(V)), and green (M(VI)), respectively. Two
representative molecules are shown inset (W(IV) CSD refcode: CUMYOY with O mutated by S,
W(VI) CSD refcode: IVOJOS with O mutated by Se).

To explore the effect of enzyme environment on H atom binding, we also modeled H
atom binding to a metal-sulfido moiety in a QM cluster model of the FDH enzyme (Supporting
Information Figure S12). We find that the H-atom-induced decrease in twisting and folding
angles (0¢: 28°,0s 58° compared to original O¢: 38°,0r 64°) is comparable to the molecular
complexes, even though the original angles were distinct. The M-S-H angle of the enzyme model
(100°) is even more comparable to the M-S-H angles in molecular complexes with sulfido
ligands (Supporting Information Table S13). These structural comparisons indicate the
similarities between enzyme cofactors and molecular complexes for H atom binding.

Our calculations show that the H binding strength is primarily influenced by the metal
oxidation states. In Mo/W-containing FDH enzymes, the oxidized species (i.e., M(VI)) is
believed to be the catalytically active intermediate that accepts the H (i.e., whether it be a
hydrogen atom or hydride) from formate'% 2%, This is consistent with our observation that M(VI)

has the strongest H atom binding energy and is thus a good H atom acceptor. Our calculations

indicate that the H atom binding strength weakens in the reduced species (i.e., M(V) or M(1V)),



in which case the catalyst can release H atoms, and the catalytic cycle starts over. Our results
also show that the stronger H atom binding energies on Mo compared to W. It indicates more
favorable H atom or H-containing species binding to Mo complexes, which would make H atom
release less thermodynamically favorable. Experimental observations indicate that W-containing
enzymes are faster for formate oxidation than Mo-containing counterparts'’, indicating that H
atom release is likely to be a limiting step. Moreover, the debate on whether Sec/Cys
dissociation? 3% 33: % ig catalytically relevant can be partially explained based on our results.
When the Sec/Cys is not coordinated to the metal, the metal coordination number becomes five.
In turn, the metal is either in formal oxidation state +4 or +5, based on the statistics in our
dataset. The lower oxidation states weaken H atom binding and assist H atom (or H containing
species) release. Therefore, the Sec/Cys dissociation is catalytically relevant during the process.

Secondly, our observations on the local reorganization of the catalyst upon H atom
binding are more sensitive to metal oxidation state than the ligand chemistry. The M(V) complex
structures are qualitatively unchanged upon H atom binding (i.e., no significant change in the
folding and twisting angles upon H atom adsorption). The reduced structural variation of M(V)
complexes relative to M(IV) and M(VI) complexes indicate the possibility that M(V)-SH
intermediates could be experimentally characterized. In a Mo-dependent FDH enzyme, the
Mo(V)-SH group was experimentally observed®’> °7 *® and in a recent kinetic study®*
Mo(VI)=S(formate) was converted to Mo(V)-SH rapidly. In our study, although we only
considered H atom adsorption and not H-atom containing species such as formate, the geometric
invariance of M(V)-SH structures supports its importance as a potential abundant intermediate in
the catalytic cycle.

3d. Effect of Terminal Chalcogen on Electronic Structure.



Since the terminal chalcogen is the reactive species during formate oxidation, we next
mainly discuss the role of the terminal chalcogen. Thus far, we have demonstrated that the
terminal chalcogen has a more significant effect on the electronic properties of the metal, as
judged by the partial charge and bond valence in comparison to the global structural properties,
as judged by twisting or folding angles. To further isolate the terminal chalcogen effects, we
compare a subset of complexes that are identical except for their terminal chalcogen atoms. To
make this comparison, we revisit the folding and twisting angles and also investigate the
HOMO-LUMO gap and implicit-solvent-corrected vertical ionization potential (IP) and electron
affinity (EA), which are closely related to the catalytically-relevant redox potential’ (see Sec. 2).

As was observed over the general set of complexes, we again find that terminal
chalcogen identity has little effect on twisting angles (Supporting Information Figure S13).
Folding angles, however, show moderate dependence on terminal chalcogen identity, with oxo-
containing complexes demonstrating smaller folding angles relative to sulfido and selenido
counterparts (Figure 7 and Supporting Information Figure S14). Over this set, we find no
differences in folding angles between sulfido and selenido complexes derived from the same
parent structure, strengthening our conclusion that sulfido and selenido complexes behave more
similarly relative to the same structures with oxo groups. The terminal chalcogen dependence we
observe is general for five- and six-coordinate complexes, although the terminal oxo ligand has a
greater influence on the folding angles of the more flexible five-coordinate complexes relative to

six-coordinate complexes (Supporting Information Figure S14).
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Figure 7. The folding angle, vertical EA and HOMO-LUMO gap of 276 complexes with
identical structures apart from the terminal chalcogen atom which is either O or S. Symbols are
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Turning to electronic properties relevant for redox potential, we find that the terminal
chalcogen identity has no effect on vertical [P while the vertical EA has moderate terminal
chalcogen dependence (Supporting Information Figures S15-S16). Complexes with terminal oxo
ligands demonstrate reduced vertical EA and a narrower range relative to the same complexes
with terminal sulfido or selenido ligands, which contain similar vertical EA values (Figure 7 and
Supporting Information Figure S16). Moreover, there are considerable overlaps between Mo and
W in both vertical IP and vertical EA, while more W complexes are in the lower range
comparing to more Mo complexes are in higher range. It indicates some W complexes would
show lower redox potential than Mo complexes which is in line with experimental observations.’
% We observe similar trends for HOMO-LUMO gaps: terminal oxo ligands typically have
increased HOMO-LUMO gaps that sample a wider range. Moreover, we observe that six-

coordinate complexes with two terminal oxo ligands have larger HOMO-LUMO gaps than the



same complexes with two sulfido or two selenido groups (Figure 7 and Supporting Information
Figure S17).

Overall, we observe that the terminal chalcogen identity influences the folding angle,
vertical EA, and HOMO-LUMO gap. For these properties, the terminal sulfido and selenido
ligands behave similarly, but both are distinct from oxo ligands. Previous studies indicate that
terminal sulfido and selenido ligands behave much more similarly than oxo ligands, due to their
greater covalency with the metal and lower electronegativity® 37 45 190 Qur findings based on
hundreds of CSD complexes are in line with these observations but expand upon those prior
studies. Our results can facilitate further explorations for catalyst design or mechanistic studies,
where the terminal chalcogen can govern molecular properties'’.

4. Conclusions.

To understand the structure-property relationships of formate-dehydrogenase-inspired
Mo/W complexes, we carried out a large-scale screen of over 400 Mo/W complexes in the CSD.
From an 88 bisdithiolene complex subset, we generated a 276 complex dataset by mutating
terminal chalcogen sites to contain O, S and Se atoms and performed DFT calculations. Over
this set, we observed that the metal-local environment of bisdithiolene Mo/W complexes (e.g.,
angles accessed by ligands) depends strongly on metal coordination number. In contrast, the
electronic properties of the complexes depend less on the metal-local geometry but more on the
ligand and metal identities as well as metal formal oxidation states. We compared transition
metal complex properties to those observed from MD and QM/MM simulation of a
representative FDH enzyme. The protein environment influences the geometry of the cofactor by
decreasing both folding and twisting angles around the metal decrease. Trends in electronic

properties observed for molecular complexes, however, hold for the cofactor in the enzyme



environment, suggesting that molecular complexes are faithful mimics of the enzyme from an
electronic structure perspective.

To rapidly screen and understand catalytic activities in these systems, we also explored H
atom binding energies. Here, we observed that H atom binding strength is strongly related to the
metal formal oxidation state and is independent of the terminal chalcogen identity. The change in
metal-local structure (e.g., the shift in folding and twisting angles) before and after H atom
binding on the terminal chalcogen are comparable between molecular complexes and the FDH
cofactor in the enzyme environment.

While natural FDH enzymes can have either Mo or W centers with a range of terminal
ligands (i.e., O or S or Se, Sec or Cys), isolating the role that metal or ligand identity plays has
been challenging. The present data set has allowed a means of isolating the individual effects of
metal center identity, terminal chalcogens, and coordinating ligands. Since over this set we
observe that the metal-local structure of the metal-bisdithiolene is primarily contingent upon
metal coordination number, we expect that a labile Sec or Cys ligand could be important in the
catalytic cycle of FDH enzymes. Although different terminal chalcogen atoms have distinct
electronic structure (i.e., metal partial charge and bond valence), the identity of the terminal
chalcogen is not critical for determining the H atom binding strength. Our results suggest that all
terminal chalcogen moieties (e.g., M=0O, M=S, M=Se) can be active if the reaction is governed
by this adsorption/desorption. Overall, the enzyme environment influences structures more than
local electronic properties. This suggests that distinct reactivity between enzymes and molecular
complexes may be due to differences in geometric structure rather than differences in electronic
properties. Overall, a plausible mechanism for the enzyme involving our observations on

structural rearrangements suggests that formate oxidation occurs when formate binds to the



active site M(VI)=tc, and Sec/Cys is displaced to reduce the metal center to M(V), weakening
the bound H atom interaction for its release.

Our analysis based on VHTS of Mo/W bisdithiolene complexes from the CSD enables
the extraction of structure-property relationships that may not be directly accessible from
comparison of available FDH enzyme or molecular omplex structures. This observation that the
enzyme environment mostly affects geometries but the electronic properties of the metal are
primarily related to the terminal chalcogen and metal identities could be used to design mimics

with more constrained geometries or labile ligands that capture the unique features of the enzyme.
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