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Abstract

ABSTRACT — While most molecular catalysts reduce CO: to single-carbon products (CO, HCOOH, CHs0H, etc.), few can
generate C2 products like ethane (C2Hs), a feat typically dominated by heterogeneous systems. Recently, a thiol-functionalized
iron porphyrin catalyst achieved CO--to-ethane conversion with H-O as a proton source, reaching ~40% Faradaic efficiency. This
study explores the mechanistic pathway, focusing on the critical first methyl incorporation onto the pendant thiol (2nd sphere)
and subsequent C—C coupling via second CO: reduction at the metal center. Computational insights reveal how sequential methyl

transfers enable ethane formation, bridging bioinspired design with sustainable C: synthesis.
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Introduction

Iron porphyrins are well-established electrocatalysts for
CO:2 reduction to CO, exhibiting high selectivity, activity,
and low overpotentials (1-3). Recent advances have
extended their reactivity to CH4 production via an 8¢ /8H*
process (4), while structural modifications (e.g., secondary
coordination sphere tuning) can redirect selectivity toward
HCOOH (5,6). Typically, CO dominates due to rapid
dissociation from the Fe(l)-CO intermediate. However,
stabilizing CO binding—e.g., via secondary sphere
engineering—enables further reduction. For instance, Dey
et al. demonstrated that an iron porphyrin with tailored 2nd
sphere groups could reduce CO to CHa in both aqueous and
nonaqueous media (7).

Building on this strategy, the same group recently
reported a thiol-modified iron porphyrin that achieves CO--
to-ethane (C:Hs) conversion with a remarkable ~40%
Faradaic efficiency (8). Experimental evidence suggests a
mechanistic sequence: (a) initial CO- reduction generates a
—CHj5 group that binds to the pendant thiol, followed by (b)
reduction of a second CO: molecule to form a Fe(I1)-CHs
species, enabling C-C coupling between the two methyl
groups.

In this work, we employ Density Functional Theory
(DFT) to elucidate the detailed mechanism of this ethane-
forming pathway, focusing on the critical roles of the thiol
modifier and sequential methyl transfers.

Experimental
Computational details

Quantum chemical calculations were performed using the
Gaussian 16 software package (9) with the B3LYP-
D3(BJ) functional (10), which incorporates Grimme’s D3
dispersion correction with Becke-Johnson damping (11).
Geometry optimizations and frequency calculations were
conducted in acetonitrile solvent using the SMD implicit
solvation model to account for solvent effects. The def2-
SVP (12) basis set was employed to confirm the nature of
the structures as minima (no imaginary frequencies),
intermediates, or transition states (one imaginary
frequency). Intrinsic reaction coordinate (IRC) (13,14)
calculations were performed to verify the connectivity
between minima and transition states.

For higher accuracy in electronic energies, single-point
calculations were carried out in acetonitrile using the
larger def2-TZVPP (15) basis set. Redox potentials were
calculated by referencing the experimental absolute
potential of the standard hydrogen electrode (SHE) in
acetonitrile (4.52 V) (16). The B3LYP functional was
chosen due to its well-established reliability in modeling
iron porphyrin systems (17,18). For clarity, all of the redox
potentials reported in this work are relative to SHE in
acetonitrile.

Although water is the proton source in Patra et al.’s
experimental work, theoretical studies suggest that proton
transfer  from water is both  kinetically and
thermodynamically unfavorable. Instead, H.CO; (carbonic
acid) was considered as the proton donor, as it can form
from CO: in the presence of residual water. This study
focuses on the thermodynamics and kinetics of CO:
reduction with H.CO:s as the proton source (19).

The experimental solubility of CO: in acetonitrile under
saturated conditions is ~270 mM (20). To account for
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standard state corrections, an energy adjustment of —4.0
kcal-mol™' was applied for carbonic acid (from 1 M to
saturated CO: conditions). For all other species, a correction
of +1.9 kcal-mol™! was applied.

The Interaction Region Indicator (IRI) analysis (21) was
employed to characterize the interactions between the sulfur
atom (thiol group) and the carbon atom (methylidene
intermediate), providing insights into the electronic
structure of the transition state for the S-methyl transfer step.
Grid data for the IRI analysis were generated using
Multiwfn (version 3.8) (22), and the resulting isosurfaces
were visualized with VMD (version 1.9.4) (23).

Results and Discussion

Proposed catalytic cycle and catalyst activation study

Based on experimental results, the catalytic cycle (Fig. 1)
begins with the formation of the active Fe(0)-porphyrin
species, generated through a multi-electron reduction of the
initial FeTPPC,SHCI catalyst, followed by dissociation of
the chloride ligand.

2eH*

C-C coupling

Electr ical ethane pr
2C0, + 14H* + 146" ——= C,Hg + 4H,0

S-methyl transfer

2H,0

Figure 1. Proposed Mechanism for Reduction of CO2 to C2Hs by
Iron Tetraphenylporphyrin complex with thiol pendant based on
experimental results in the work of Patra et al.

Asillustrated in Fig. 2, the initial catalyst, FeTPPC,SHCI
(0), undergoes aone-electron (le”) reductionto form
the [FeTPPC,SHCI]- (1) intermediate. A second one-
electron reduction then generates
the [FeTPPC,SHCI]*" species, which
undergoes dissociation of the chloride ligandto yield
the active catalyst, [FeTPPC2SH] .
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Figure 2. Two one-electron reduction steps and chloride
dissociation from the initial catalyst to generate the active species.
The number in the left superscript indicates the spin state, followed
by the relative energy of each specie in low, intermediate and high-
spin multiplicity.

All possible spin-state was calculated for all intermediate
in this catalyst activation process. In all intermediate
obtained after chloride dissociation, the intermediate-spin
species was found to be the ground state. The relative
energies and the spin state are shown in Figure 2.

Reduction of CO; to methylidene intermediate

The catalytic cycle begins with the one-electron reduction
of complex 2 ([FeTPPC2SH]") to form complex 3 (Eo =
—1.92 V vs. SHE), which is slightly endergonic (AG = +2.8
kcal/mol). Among the explored pathways, this reduction
step was identified as the most thermodynamically
favorable, consistent with prior observations in analogous
iron-porphyrin systems for photochemical CO.-to-CHa
conversion (24).

Subsequently, the reduced Fe center attacks CO-, forming
transition state TS3-3coz (imaginary frequency: —368 cm™)
with an activation barrier of +8.6 kcal/mol. The resulting
adduct 3-CO:s: is energetically uphill (AG = +5.2 kcal/mol).
Protonation of 3-CO:to generate the singlet-state
intermediate 4 ([Fe(I)~COOH]") is barrierless, suggesting
a potential spin-crossing event during this step—a
phenomenon warranting further investigation.

Following intermediate 4, protonation of the hydroxyl
group by H2COs (via transition state TS4-5) leads to the
formation of 5, accompanied by the release of an H.O
molecule. Both TS4-5 and intermediate 5 adopt a singlet
ground state, with the calculated energy barrier for this step
being 10.1 kcal/mol. In intermediate 5, the Fe—C and C-
Obond distances are 1.71 A and 1.15 A, respectively.
Subsequent one-electron  reduction of 5 yields the (Fe—
CO") complex 6, with a computed redox potential of —1.67
V. At this stage, two divergent pathways emerge: either CO
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dissociation and catalyst regeneration, reforming the
active species 2, or further conversion of 6 into the Fe-
methylidene intermediate 13, as detailed in the catalytic
cycle depicted in Fig. 3b.

The conversion of (Fe-CO")complex6 to Fe-
methylidene intermediate 13 is a 3e/4H" process that
involves a series of elementary reactions. In Fig.3b, the most
profitable pathway is illustrated in detail.
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Figure 3. (a) Gibbs free energy diagram (kcal/mol) for the
reduction of CO2to CO using the active catalyst, complex 2. (b)
Gibbs free energy diagram (kcal/mol) for the reduction of (Fe-CO
) intermediate 6 to Fe-methylidene intermediate 13.

As shown in Fig.3b, two steps are critical to S-methyl
transfer process in this first CO, reduction cycle. First, is the
protonation of complex 6 to generate the intermediate 7 (Fe-
COH). Second, is the final elementary reaction to generate
the Fe-methylidene intermediate 13, with the release of one
water molecule. In all steps illustrated in Fig.3b, the low-
spin intermediate was found to be the ground state with a
notably difference in the relative energy between the low-
spin state and the other two spin states analyzed.

IRI analysis for the transition state of S-methyl transfer step
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After elucidating the catalytic cycle leading to the Fe-
methylidene intermediate 13, we- investigated in detail
the S-methyl transfer mechanism—a critical step for
generating FeTPPC2SCH3, the active species responsible
for the second CO: reduction and subsequent C—C coupling.
The transition state for this step is shown below.

Notably, while recent work by Rogge et al. demonstrated
that Fe-porphyrins mediate cyclopropanation reactions via
a stepwise triplet-state pathway (involving Fe-methylidene
attack by an olefin) (25), our study reveals a
distinct concerted yet asynchronous C-S insertion for the S-
methyl transfer. In this mechanism, the H atom is partially
transferred to the methylidene prior to sulfur attack,
consistent with observations by Fasanet al. for C—
C insertion in iron-porphyrin systems (26). Strikingly, both
studies identify the singlet state as the energetically
preferred pathway, underscoring the generality of this spin-
state selectivity in Fe-porphyrin-catalyzed insertion
reactions.
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Figure 4. Optimized structure of TS for the S-methyl transfer step.
For clarity, all unimportant hydrogen atoms are not shown.
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Figure 5. (a) IRC plot for the S-methyl transfer transition state and
isosurfaces for key-steps into the IRC coordinate. (b) Standard
coloring method and chemical explanation of sign(A2)p on IRI
isosurfaces.

To elucidate the nature of the C-S interaction during the S-
methyl transfer process, we performed an Interaction
Region Indicator (IRI) analysis (Fig. 5). The results reveal
an early transition state for the C-S insertion, characterized
by the absence of strong bonding interactions between the
carbon and sulfur atoms, as evidenced by the lack of a
critical point in the transition state isosurface.

With the first step of the mechanism now established, the
next challenge is to elucidate the pathway for the second
CO: reduction and subsequent C—C coupling between the
two —CHs groups, where FeTPPC,SCHs serves as the
active catalyst for this subsequent catalytic cycle.

Conclusions

The initial step of CO: reduction catalyzed by a
bioinspired methyltransferase-like iron complex has been
successfully modeled computationally, revealing detailed
mechanistic insights into both the first CO: reduction and
the subsequent intramolecular C-S insertion during the S-
methyl transfer step. The C-S insertion proceeds via
aconcerted yet asynchronous pathway, with the singlet
state identified as energetically favored over the triplet state.

Building on these findings, the next critical challenge is
to elucidate the mechanism of the second CO: reduction and
the subsequent C—C coupling between the two —CHs groups
incorporated into the catalyst framework, which will
complete the catalytic cycle for ethane formation.
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