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1 | INTRODUCTION

CO/CO, conversion is central to a wide range of reaction mechanisms from carbon metabolism in biology to H, production in industrial applications
based on the water-gas shift reaction.”! The conversion mechanism could also provide meaningful insights into the reverse reaction that converts

the greenhouse gas CO, into CO, a key intermediate on the path to liquid fuels.># In Nature, reversible CO/CO, conversion is catalyzed by the

[5-8

natural enzyme carbon monoxide dehydrogenase (CODH) which has a catalytically active Ni(ll) center, 1 We focus on a Ni(ll)-iminothiolate cata-

lyst, proposed and synthesized by Crabtree and coworkers as a functional biomimetic CODH model system (Scheme 1). The Ni(ll)-iminothiolate

complex converts CO to CO, at room temperature in the water/methanol mixed solvent (Scheme 2) in the presence of the oxidizing agent methyl-

viologen (mv2") and acetate (AcO”) as a weak base.l”19

(9197 i, which the decarboxylation of LNi-CO, is

A five-step catalytic cycle has been suggested for the mechanism of CO to CO, conversion,
the turnover limiting step, as supported by the overall reaction rate dependence on Pco, [mv?*], [H,O], [Ni], and solution pH. However, the pro-
posed intermediates have yet to be supported (or, otherwise ruled out) by spectroscopic and theoretical studies.

Herein, we carry out a theoretical analysis of the catalytic mechanism at the density functional theory (DFT) level. The reported findings provide
valuable insights into the reaction intermediates as well as guidelines for computational design of molecular catalysts for CO,/CO conversion in this

class of compounds, using inverse design methodologies demonstrated for other systems.[n]

Yueshen Wu and Benjamin Rudshteyn contributed equally to this study.
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SCHEME 1 Dimer of the Ni(ll)-iminothiolate complex, proposed as a functional model for CO dehydrogenase!”’

2 | COMPUTATIONAL METHODS

FT[12—14] [15]

We employ D with the B3LYP hybrid density functional, which includes Becke'’s three parameter exchange'™ and the Lee, Yang, and Parr

correlation!®! to identify and characterize the lowest-energy intermediates for each step of the catalytic cycle, as implemented in the Gaussian 09
software package.'*”! The B3LYP functional has been used extensively to study reaction mechanisms catalyzed by transition metal complexes!*8-20
including free energy calculations of redox potentials and pK, values.?*~24 For optimizations, normal mode analysis, spin densities, and thermo-
chemistry (T =298.15 K), we used the basis set def2SVP2*! for all nontransition metal atoms except for O, for which we used the 6-31 + G(d,p)

basis,[2627!

which reproduced well the crystallographic structure of the dimer (Supporting Information Figure S1 and Table 51).128! Single point calcu-
lations for more accurate energies were performed with the basis set def2TZVP23! for all nontransition metal atoms except for O, for which we
used 6-311 + G(d,p).?4?7) All calculations were performed in a dielectric continuum model of methanol, using the SMD model®*® as commonly
applied in studies of redox and acid-base reactions in solution.**~34

The pK, of intermediates HA were calculated relative to the pK, of acetic acid, according to the following reactions:
HA(solv)+ AcO™ (solv)=A" (solv) +AcOH(solv)
AcOH(solv)=AcO~ (solv)+H" (solv)
The calculation thus circumvents the need of computing the proton solvation free energy, as follows:

AG(solv)

2303 RT PrAcon

pPKaHa=

where pK; acon is the experimental value of the pK, of acetic acid (AcOH) in water (4.75)4 and AG(solv) is the free energy change of deprotona-
tion of HA in solution, R is the ideal gas constant, and T is the standard temperature 298.15 K. High-spin complexes (triplet or quartet as appropriate)
were considered, which could be important for Ni complexes.[35] We found high-spin states generally higher in energy except for 1-TS, which along

with 4’-TS, turns out to be a transition state for a side reaction, so they were not considered further (Supporting Information Table S2).

3 | RESULTS AND DISCUSSION

Scheme 3 shows the overall catalytic cycle supported by our DFT calculations.

The catalytic mechanism is initiated by conversion of 1 (the active species) into 2, after dissociation of the dimer, which lies off-cycle as shown
in Figure 1.

We considered both the sequential PT/ET pathway (3 to 4 to 5 to 6), and an alternative ET/PT pathway (3 to 4’ to 5’ to 6, see dashed arrow).
The coordination of water to Ni(ll) (-8.8 kcal/mol, Figure 2) is thermodynamically favored when compared to binding of methanol (-7.6 kcal/mol,
Supporting Information Figure S2). The formal oxidation state of Ni in intermediates 5’ and 6 (with dative bonds to the —COQ™ ligand) were deter-
mined by analyzing the spin densities of Ni-centers and the coordination bond lengths of Ni-ligand (Supporting Information Figure S3). Figure 3 sum-
marizes the free energy changes of the transformations along the catalytic cycle.

The Ni(ll) centers of intermediates 1 (Figure 2), 2, 3, and 4 (Figure 4) are four-coordinate square planar structures. Notably, Crabtree and

[91

coworkers assigned the environment around Ni(ll) in 2 to be five-coordinate,"” partially due to the lack of precedence at the time for a four-

coordinate Ni(ll)-carbonyl species and the suggestion from an extended Huickel study that Ni(ll)-carbonyl complexes could be pentacoordinated since
+ \ TN+ /3 \ —\.
2 —N \ /N— + 2AcO° + CO + H,LO —— 2—N \ /N— + 2AcOH + CO,
myv2* vt

SCHEME 2 Reaction that the Ni(ll)-iminothiolate complex catalyzes
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SCHEME 3 Catalytic mechanism of CO/CO, conversion by the Ni(ll) iminothiolate catalyst supported by DFT. The molecular charges and
formal oxidation state of Ni are shown under each structure. The iminothiolate ligand is abbreviated as L in the chemical formula. The

dashed line indicates an alternative path

Dimer

Dimer-int

FIGURE 1 DFT-optimized structures of (A) the dimer precatalyst and (B) the resulting intermediate on addition of water. Color code:

gray = C, green = Ni, white = H, indigo = N, yellow =S, red = O
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FIGURE 3 Calculated free energy changes along the catalytic cycle of CO oxidation by the Ni(ll)-iminothiolate catalyst. All energies are
reported in kcal/mol. The alternative pathway involving 4', 4-TS, and 5’ are shown in gray

such a configuration could enhance r-back bonding interactions between Ni(ll) and CO.2¢ Nevertheless, the DFT level of theory does not support
any Ni(ll) pentacoordinated structure with the iminothiolate ligand. All structures starting with either carefully chosen trigonal bipyramidal, or square
pyramidal geometries, converge to four-coordinate structures with the additional ligand (either CO or H,O) detached from the Ni center, with or
without Grimme’s D3 dispersion correction.*”! Additionally, there have been several reports since the original work investigating this catalyst that
have found crystal structures of square planar Ni(ll), often serving as structural models of the same CODH enzyme, albeit often distorted.[38-4!
These observations support the suggestion that the iminothiolate ligand is indeed unique in making the Ni center softer than the usual Ni(ll), thus,

facilitating n-backbonding to CO, yielding an interesting target for spectroscopic characterization.

4 5 5-TS

FIGURE 4 DFT-optimized structures of (A) 2, (B) 2-TS, (C) 3, (D) 4, (E) 5, and (F) 5-TS
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FIGURE 5 DFT-optimized structure of 6

4 4'-TS 5

FIGURE 6 DFT-optimized structures of (A) 4’, (B) 4'-TS, and (C) 5’

The experimental kinetic studies show that the reaction is first-order in pco, [H>0] and [mv?*]. Furthermore, the rate vs. pH curve has an inflec-
tion point at pH 7.6, suggesting that an intermediate with pK, around 7.6 is involved in the steps leading to the turnover-limiting step.”! The DFT
free energy profile of the catalytic mechanism (Figure 3) agrees with the experimental data. After dissociation of the dimer leading to intermediate
Dimer-Int shown in Figure 1 goes through ligand substitution by CO via transition state 1-TS (Figure 2) to yield 2 via 2-TS and forming 3 (Figure 4)
on nucleophilic attack of H,O on CO to form the carboxylate group.

Ligand substitution (1 to 2) is slightly exergonic and the carboxylation of carbonyl ligand (2 to 3) is slightly endergonic. 2-TS is the highest con-
firmed transition state in terms of energy shown. Therefore, the turnover-limiting step is carboxylation step, but if the methylviologen oxidant were
swapped or lower in concentration, the decarboxylation of the Ni(l) species, 6 (Figure 5), could become the turnover-limiting step. In any case, this
deduction explains the dependence on the rate on the concentration of methylviologen. Regarding the pathway from 3 to 6, our calculation suggests
that stepwise PT/ET is energetically preferred over the stepwise ET/PT (Figure 6) by about 15 kcal/mol. These results are consistent with EPR
datal'® supporting a Ni(l) signal with no evidence for Ni(lll) intermediates, that is, supporting that the PT/ET pathway is favored over the ET/PT
pathway.

Deprotonation of 3 is a very endergonic step. The free energy change (AG) from 3 to 4 is +11.0 kcal/mol in the presence of acetate as a weak
base and +9.5 kcal/mol without acetate buffer, consistent with the very sluggish kinetics of the catalytic cycle.!” Interestingly, the calculated pK,
for the metal-carboxylic acid 3 is 11.3 (while the pKj, of 5’ is —5.1), in agreement with the aforementioned rate-pH profile, and supporting the step-
wise PT/ET from 3 to 4 to 5 to 6 (Figure 3) and the speculation that the Ni(ll)-carboxylic acid 3 is the key intermediate leading up to the turnover-
limiting step. Following deprotonation of 3, reduction of mv?" to mv" provides the thermodynamic driving force to the oxidation of 4 and the oxida-
tion of intermediate 6, as shown in Figure 3. The original experimental kinetic study suggests that the turnover-limiting step takes place after forma-

tion of 4, we find that after oxidation, the CO, spontaneously comes off suggesting a barrierless process.

4 | CONCLUSIONS

We have analyzed for the first time the catalytic mechanism of CO/CO, conversion by the Ni(ll)-iminothiolate catalyst at the DFT level. Our results
and direct comparisons to experimental data support a mechanism via a key intermediate LNi"(COOH) with a pK, of around 7.7 consistent with the
experimentally observed pH-rate dependence. The Ni(ll)-carbonyl intermediate is predicted to have a novel square planar four-coordinate form,
rather than a pentacoordinated form as previously suggested. The turnover-limiting step is identified as related to the formation of the Ni(ll) carbox-
ylic acid species. The resulting insights on the nature of the elementary steps and identification of turnover-limiting transformations are valuable for
molecular design strategies that seek to increase the catalytic efficiency by ligand design and optimization of the catalyst performance. The reported

[11]

mechanistic study should thus provide a foundation for computer-aided molecular design'**' of better catalysts in this class of compounds for CO/

CO, conversion.
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