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Introduction

Geometric control of Fe(i) intermediates in CO,
photoreduction by tetrahedral tripodal phosphine
complexes

Marcos A. Bento,® Nuno A. G. Bandeira, (2 ® Haralampos N. Miras, (2 €
Sara Realista, 122 Michael Gleeson,® Edwin J. Devid,® Paula Brand&o,
Jodo Rocha (2 f and Paulo N. Martinho (2 *@9

f

The development of homogeneous CO, photoreduction catalysts based on Earth-abundant metals
remains limited due to an insufficient mechanistic understanding of multielectron activation pathways.
Here we show that a pseudotetrahedral Fe(i) complex supported by a tripodal tetradentate phosphine
ligand, ®[Fe'(NP*°)(CL)I(BPhs,), functions as an efficient and selective molecular catalyst for visible-light-
driven CO,-to-CO conversion. Under the optimized conditions in acetonitrile, 5[Fe"(NP™*°)(CL)](BPh.)
achieves turnover numbers exceeding 1300, turnover frequencies of up to 445 h™%, and quantum yields of
up to 0.64%, placing it among the most active Fe-based molecular catalysts for CO, photoreduction.
Electrochemical, spectroelectrochemical, fluorescence quenching, and high-resolution ESI-MS measure-
ments, supported by computational studies, reveal that catalysis proceeds via a one-electron-reduced Fe
(1) acetonitrile adduct formed by ligand substitution of the Fe(i) precursor. This Fe() species promotes CO,
binding and proton-coupled reduction through well-defined Fe(/n) intermediates, culminating in CO
release and regeneration of the active complex. The CO-release step is found to be the rate-determining
step (AG* = 12.9 kcal mol™) with the generation of a Fe() complex displaying a coordination vacancy.
The addition of a new acetonitrile molecule in tandem with one electron reduction regenerates the cata-
lytically active species. These results demonstrate that pseudotetrahedral PsN coordination environments
stabilize reactive Fe() intermediates essential for CO, activation, offering mechanistic design principles
towards next-generation iron catalysts.

ture coupling a photosensitizer, sacrificial electron donor, and
proton source have achieved significant progress, the control

The photochemical reduction of CO, to CO using homo-
geneous molecular catalysts remains a central challenge in
solar-to-fuel chemistry, hence catalysts are required that
operate efficiently, selectively, and at low overpotential."™
Although multicomponent approaches featured in the litera-
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of the selectivity and turnover efficiency of these processes,
particularly for catalysts based on Earth-abundant metals,
remains elusive.>*?

Molecular catalysts based on iron, manganese, and cobalt
complexes have delivered notable activity in CO, photoreduc-
tion, with Fe polypyridyl and quaterpyridine complexes in par-
ticular achieving turnover numbers (TON) of up to ~3800 and
CO selectivity >90% under the optimized conditions.'*™°
Despite these advances, the mechanistic understanding of
iron systems lags behind that of their cobalt and manganese
counterparts. In particular, the electronic structures and
coordination environment of key Fe(i) intermediates, widely
proposed to mediate CO, binding and C-O bond activation,
remain poorly reported.®'7 "%

Work by Peters, Beller, and others has shown that pseudote-
trahedral Fe(un) complexes supported by phosphine-rich tripo-
dal ligands exhibit rich redox chemistry, with readily accessible
Fe(1) oxidation states, and stabilize both n-acidic and =-basic

substrates including CO, and N,.**™*
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Previous investigations of tripodal phosphine-supported
iron complexes (FeP;) have established the structural and
mechanistic principles that show their subsequent develop-
ment in carbon dioxide reduction chemistry. Rigid FeP; com-
plexes stabilise low-coordinate Fe(u) centres preserving labile
sites for substrate binding or insertion. These systems show
that carbon dioxide insertion into Fe-H bonds generates
formate-derived intermediates and they were investigated prin-
cipally for stoichiometric small-molecule activation and
mechanistic insight rather than catalytic CO, reduction. In
related tripodal phosphine-supported first-row transition-
metal complexes, catalytic CO, hydrogenation has been
achieved with turnover numbers in the range of 7500, depend-
ing on the proton source, reducing agent, and ligand
design.”’ ™3

These properties suggest that such complexes may favor
multielectron activation steps relevant to CO, reduction;
however, their photochemical behavior and mechanistic path-
ways under CO, photoreduction conditions have not been
established.*>*4>2756

Motivated by these previous studies, we investigated the
photochemical CO, reduction chemistry of a pseudotetrahe-
dral Fe(u) complex supported by the tetradentate tripodal
phosphine ligand NP*°, °[Fe"(NP*°)(C])](BPh,) (herein the
superscripted prefix denotes the spin multiplicity) previously
synthesised and characterised by MacBeth and co-workers
(Fig. 1).*® The fluxionality of the NP**° ligand scaffold is such
that it allows unstable tetrahedral structures to revert easily to
a trigonal bipyramidal coordination environment and possible
spin state change along the catalytic route. We hypothesized
that the P3N coordination environment would stabilize
reduced Fe(1) intermediates competent for CO, binding and
proton-coupled electron transfer.

Here, we report that *[Fe"(NP'*°)(C1)](BPh,) is an efficient
and selective catalyst for the visible-light-driven CO,-to-CO
conversion, achieving TON values in excess of 1300 at micro-
molar catalyst concentrations. Through a combination of
electrochemical, spectroscopic, and computational analyses,
we identify key Fe(1/u) intermediates and propose a mechanis-
tic cycle involving CO, protonation and Fe(1)-mediated C-O
bond cleavage. These findings demonstrate that four-coordi-
nate, distorted (“pseudotetrahedral”) P;N-supported Fe com-
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plexes afford catalytically relevant Fe(i) species via photo-
catalytic electron relay through a sacrificial electron donor and
enable direct observation of reduction, CO,-binding, and CO-
release steps, making them attractive scaffolds for rational
catalyst design.

Results and discussion
Synthesis and characterization of *[Fe”(NP**°)(C1)](BPh,)

Crystals of °[Fe"(NP*°)(Cl)](BPh,) were isolated in high purity
and characterized by X-ray crystallography, elemental analysis,
NMR and FTIR spectroscopy (Fig. S1 to S6). The data confirm
the presence of a high-spin Fe(u) center in a distorted pseudo-
tetrahedral geometry as described by Peters and co-workers.*®
°[Fe"(NP*°)(CI)](BPh,) crystallized in the triclinic space group
P1 and displays an elongated Fe-N distance of 2.695 A and Fe-
P distances of 2.466, 2.491 and 2.486 A. The Fe(u) center lies
slightly above the P; ligand plane and displays P-Fe-Cl angles
of 105.28°, 104.30° and 115.68° (z, = 0.92), consistent with the
expected pseudotetrahedral distortion. Comparison of the
powder X-ray diffraction pattern of the synthesized material
with the simulated pattern derived from single-crystal data
confirms that the crystals obtained are representative of the
bulk sample (Fig. S7 and S8, Table S1).

The UV-vis spectrum of °[Fe"(NP™°)(Cl)](BPh,) in aceto-
nitrile (MeCN) exhibits three n-n* intraligand bands at 195,
266 and 297 nm (Fig. S9). Cyclic voltammetry (CV) under a N,
atmosphere reveals solvent-dependent redox behavior. In 1,2-
dichloroethane (DCE) an irreversible oxidation is observed at
0.36 V vs. Fc/Fc" and a reversible Fe™ redox process at E;j, =
—1.64 V vs. Fe/Fe' (Fig. S10), consistent with the results pre-
viously reported in tetrahydrofuran (THF) by Peters and co-
workers.*® In MeCN, an irreversible oxidation occurs at 0.53 V
vs. Fe/Fc' with a reversible Fe'" redox process at Eyj, = —1.53 V
vs. Fc/F¢" as observed when using THF and DCE as solvents. A
new reversible Fe'/' redox process was observed at E;, = —2.17
V vs. Fc/Fe' which was attributed to the formation of the
complex ‘[Fe'(NP™*°)(MeCN)]", consistent with the DFT calcu-
lations described below. Scan-rate analysis supports an ECE
mechanism for the first reduction wave in both solvents, evi-
denced by ip/v*'* deviation from diffusion-controlled behavior

Fig. 1 Schematic representation of >[Fe"(NP*°)(CL)](BPh,) (panel A) and the X-ray crystal structure of >[Fe'(NP™°)(Cl)I(BPh,) (panel B). Legend: Fe
(dark orange); Cl (green); P (light orange); N (blue); C (grey); B (pink). Hydrogens were omitted for clarity.
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and consistent with ligand dissociation or MeCN coordination
(Fig. S12-514).%7

The CV studies under a CO, atmosphere in a solution of
*[Fe"(NP*°)(C1)](BPh,) in DCE did not show any change from the
results obtained under a N, atmosphere, demonstrating that no
catalytic current enhancement is observed, indicating that CO,
reduction is not triggered in DCE (Fig. S15 and S16). In contrast,
*[Fe"(NP*°)(C1)](BPh,) in MeCN shows a current increase around
—2.17 V vs. Fc/F¢" which increases further with the addition of
H,O used as a proton source, indicating that *[Fe"(NP*°)(Cl)]
(BPh,) can be a promising catalyst for CO, reduction reaction
under these conditions (Fig. 2).*" These results motivated sub-
sequent evaluation of *[Fe"(NP*°)(Cl)](BPh,) for photochemical
CO, reduction in MeCN (vide infra).

Catalytic performance of *[Fe"(NP*°)(Cl)](BPh,) in the CO,
photoreduction reaction

*[Fe(NP*°)(Cl)](BPh,) was evaluated as a catalyst for the CO,
photoreduction reaction under blue LED irradiation (1 =~
480 nm) at room temperature. A CO,-saturated MeCN solution
containing the PS [Ir(dtbbpy)(ppy).](PFs) (0.2 mM), the sacrifi-
cial electron donor (SED), 1,3-dimethyl-2-phenyl-2,3-dihydro-
1H-benzo[d|imidazole (BIH) (0.1 M), phenol (1 M, proton
source), and °[Fe"(NP*°)(Cl)](BPh;) (0.5 pM) produced
2.96 pmol CO after 3 h, corresponding to TONgo = 1183
(TOF¢o = 394 h™"), with a selectivity of 37% for CO over H, pro-
duction and a quantum yield for the CO formation (&co) of
0.57%. The detailed optimization of the photoreduction con-
ditions is displayed in Tables S2 and S3. Table S2 summarizes
control experiments performed with catalyst concentrations
ranging from 0.5 to 50 pM, showing that the TON, turnover fre-
quency (TOF) and CO,-to-CO selectivity all increase as the cata-
lyst concentration decreases (Fig. 3 and Table S2, entries 1-3).
Photoreduction experiments conducted over time intervals
from 1 to 360 min show that CO production reaches its
maximum after 3 h (Fig. 3 and Fig. S17). The photoreduction
activity increases markedly upon addition of H,O as a mild
proton donor, producing 3.34 pmol CO after 3 h, corres-
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Fig. 3 Irradiation-time dependence of CO formation catalyzed by
5[Fe'(NP™°)(Cl)I(BPh,). Reactions were performed in a CO,-saturated
MeCN solution containing *[Fe'(NP™°)(CUI(BPh,), [Ir(dtbbpy)(ppy)2l(PFe)
(0.2 mM), BIH (0.1 M) and phenol (1 M), under blue LED irradiation (30
W) for up to 3 h.

ponding to TONgo = 1335 and TOF¢o = 445 h™', with 86%
CO,-to-CO selectivity and ®@co = 0.64%. In contrast, the use of
stronger Brgnsted acids such as phenol leads to diminished
CO selectivity and enhanced H, formation, consistent with pre-
vious reports of related tripodal Fe(u) frameworks, where
strong acids promote preferential H, evolution.>*™* An alco-
holic proton donor, iPrOH, afforded only trace amounts of CO
under identical irradiation conditions, further supporting that
for this system CO production is favored by protic, coordinat-
ing, and weakly acidic media in MeCN. Taken together, these
results show that the P;N ligand scaffold stabilizing the Fe(u)
center improves the catalytic activity and selectivity for CO,
reduction to CO in MeCN, particularly when combined with a
mild and soluble proton donor.

The use of an electron mediator (EMD) in CO, photoreduc-
tion systems was previously reported using organic molecules,
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Fig. 2 Cyclic voltammogram overlay of °[Fe'(NP™°)(C1)](BPh,): under a N, atmosphere (red) and under a CO, atmosphere (black) in MeCN (panel A)
and under a CO, atmosphere in MeCN with different H,O concentrations (panel B). TBAPFgs was used as the supporting electrolyte (0.1 M). Glassy
carbon (3 mm diameter) was used as the working electode, platinum wire as the counter electrode and Ag/Ag* as the reference electrode. Fc was

used as the internal standard.

This journal is © The Royal Society of Chemistry 2026
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such as tri-p-tolylamine (TTA) or molecular complexes, for
example ferrocene (Fc).>®*"®® The studies performed by Shan
and Schmehl and Fujita demonstrated efficient reductive
quenching of the excited state of [Ru(bpy)s;]”" using TTA as an
EMD and triethylamine as the sacrificial electron donor in
MeCN.*®>° Inspired by this mediator paradigm, CO, photore-
duction was subsequently examined for *[Fe"(NP'*®)(C1)](BPh,)
in coordinating, protic MeCN using the PS complex [Ir(dtbbpy)
(ppy)2](PFs) (0.2 mM), BIH (SED, 0.1 M) and phenol (1 M,
proton source). Incorporation of TTA (7.27 mM) showed an
increase in the CO production compared with the results
described earlier (Table S2), achieving 3.80 pmol CO after 3 h
(TON¢o = 1520, TOF¢o = 507 h™ and ®¢o = 0.73%) (Table 1,
entries 1-4). Control experiments excluding BIH yielded only
trace amounts of CO (Table 1, entries 5 and 6), supporting a
mediator role for TTA rather than direct SED function under
these conditions. These results highlight the electronic trans-
fer ability of TTA improving the catalytic efficiency of the
system. With Fc as an EMD, °[Fe"(NP*°)(C1)](BPh,) produced
3.22 pmol CO after 3 h, improving the amount of CO in com-
parison with the results obtained without EMD in the system
(Table 1, entries 7 and 8). In contrast, MeCN: H,O (4.5:0.5)
with Fc suppressed CO formation and lowered @, consistent
with dominant deactivation pathways potentially linked to
H,0-derived ROS for Fe-mediated systems.®*®* Limited solubi-
lity of TTA in MeCN : H,O led to precipitation at concentrations
higher 10 mM, precluding reliable mediated photoreduction
analysis in this solvent mixture.

These results highlight the importance of electron
mediators in photoreduction systems, demonstrating that cata-
lytic activity is enhanced in their presence. Compared with Fe
tetra-porphyrin benchmarks reported by Bonin and co-workers
(Pco = 1 x 1073%), our system delivers substantially higher
activity, achieving quantum yields of up to @co = 0.73% within

Table 1 Optimization of the electron mediator component in the cata-
lytic CO, reduction reaction

(bynco  Selectivityco TOFco Pco
Entry ny, [umol] [umol] [%] TON¢o [h7Y] [%]
1 3.47 1.35 — — — —
2 5.11 2.96 37 1183 394 0.57
3 374 1.38 — — — —
4° 10.09 3.80 27 1520 507 0.73
5%¢ tr. tr. — — — —
6° tr. tr. — — — —
7% 6.15 1.38 — — — —
84 11.51 3.22 22 1285 428 0.62
9%e 0.74 0.66 — — — —
10° 0.08 2.20 96 881 294 0.42
In a typical run, a CO,-saturated MeCN solution containing

°[Fe"(NP*°)(C1)](BPhy) (0.5 pM), [Ir(dtbbpy)(ppy).](PFs) (0.2 mM), BIH
(0.1 M) and phenol (1 M) was irradiated using blue LED strip light (30
W) for 3 h under a CO, atmosphere. “ Without a catalyst. ” Using TTA
(7.27 mM) as the EMD. “ Using TTA (7.27 mM) as the EMD and without
BIH. ? Using Fc (7.27 mM) as the EMD. °Using Fc (7.27 mM) as the
EMD in 4.5:0.5 (MeCN: H,0). For the quantum yield calculation to
the CO formation, the number of photons was calculated using the
K;[Fe(C,04);] actinometer method (2.63 x 10'” photons per second).*?
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a similar concentration range.** In a broader context, Fe por-
phyrins and related Fe macrocycles represent one of the bench-
mark catalyst families for molecular CO, reduction typically
achieving high selectivity toward CO formation. For example,
Fe(u)-polypyridyl complexes are some of the catalysts studied
for the CO, electrochemical reduction reaction achieving fara-
daic efficiencies of up to 97% and turnover numbers of up to
3.6 x 10% after 1 h, across a range of applied potentials
(between —1.35 to —1.98 V vs. Fc/Fc'). However, these bench-
mark Fe systems are predominantly used for electrochemical
CO, reduction rather than purely photochemical CO,
reduction, and therefore direct comparison with quantum
yield metrics is not straightforward.

In photochemical CO, reduction Fe-based systems generally
exhibit significantly lower efficiencies since the overall activity
depends not only on catalytic turnover, but also on light
absorption and excited-state quenching. Nevertheless, several
Fe photoreduction systems have been studied in recent years.
For example, Guo and co-workers reported an Fe(u) quaterpyri-
dine catalyst combined with [Ru(bpy);]Cl, as a photosensitizer
and BIH as a sacrificial donor in MeCN/TEOA, achieving ®@co
values of up to 8.8%, TONs of 1879, and CO selectivities of
92%. In the same study, replacement of the Ru photosensitizer
with the organic dye purpurin still enabled selective CO,-to-CO
conversion, with TONs of 1365 and @co = 1.1%, representing
one of the most efficient Fe-based CO, photoreduction systems
reported to date.”® Within this broader context, the results
obtained in the present work demonstrate that the turnover
numbers and quantum efficiencies using °[Fe"(NP'*°)(Cl)]
(BPh,) are comparable to many previously reported Fe photore-
duction systems, significantly outperforming classical Fe tetra-
porphyrin benchmarks while reaching the efficiency range of
the best-performing Fe molecular catalysts for CO, photore-
duction reported in the literature (Table 2).%>%3"3*

Mechanistic studies

The solvent-dependent CO, photoreduction activity of
*[Fe”(NP*°)(Cl)](BPh,) prompted a detailed mechanistic inves-
tigation using spectroscopy, spectroelectrochemistry, mass
spectrometry, and DFT calculations.

To probe the quenching mechanism, we performed Stern-
Volmer analysis of the excited state of [Ir(dtbbpy)(ppy).](PFs)
(E(Ir™/1r'™) = +0.6 V vs. Fe/Fc') using BIH (E(BIH/BIH") = —0.07
V vs. Fc/Fc') and °[Fe(NP™°)(C1)](BPh,) (E(Fe"/Fe™) = 0.53 V
and E(Fe''/Fe") = —1.53 V vs. Fc/Fc*) as potential quenchers.
The bimolecular quenching rate constants (k,) obtained for
BIH and °[Fe"(NP*°)(Cl)](BPh,) are 9.93 x 10° M~ s™* and 0
M~ 57, respectively, indicating that the system operates via a
reductive quenching pathway mediated by BIH (Fig. S18 to
S21). Electron transfer quenching of [Ir(dtbbpy)(ppy).](PFs) by
TTA (E(TTA/TTA") = +0.45 V vs. Fc/Fc') was also examined, the
data followed Stern-Volmer kinetics. The k4 obtained for TTA
is 1.16 x 10° M™" s7! and indicates that the system follows a
reductive quenching pathway (Fig. S22 and $23).°>°°

This journal is © The Royal Society of Chemistry 2026
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Table 2 Comparison between the Fe(i) complex studied in this work and other Fe CO, photoreduction systems

Entry Catalyst PS SED TONco Deo (%] Selectivityco [%] Ref.

1 S[Fe"(NP"*°)(CD)]** [1r(dtbbpy)(ppy)2]” BIH 1335 0.64 86 This work
2 [Fe"(dmp),(NCS),] [Cu'(dmp)(P),]" TEOA-BIH 273 6.7 78 6

3 [Fe(qpy)(H,0).]*" [Ru(bpy)s]** BIH 3844 — 85 26

4 [Fe(tpyPY2Me)]** [Ru(bpy)s]** BIH 15520 11.1 99 31

5 [Fe(TPP)] [1r(ppy)s] TEA 140 1x107° 93 34

Ligand abbreviations list according to the literature: dmp = 2,9-dimethyl-1,10-phenanthroline; P = phosphine ligand with tethered 2,9-positions
of phenanthroline (phen) and bathophenanthroline (baphen) with propyl chains; qpy = 2,2':6',2":6",2""-quaterpyridine; bpy = bipyridine;
tpyPY2Me = 6-(1,1-di( pyridin-2-yl)ethyl)-2,2":6',2"-terpyridine; TPP = 5,10,15,20-tetrakis(2’,6’-dihydroxyphenyl)porphyrin; ppy = 2-phenylpyridine.

Considering that TTA has a higher &, in relation to BIH, it is
anticipated that TTA might act as a SED. However, back elec-
tron transfer from TTA to [Ir(dtbbpy)(ppy).](PFs) was pre-
viously observed for similar systems, matching the results pre-
sented in the CO, photoreduction section.>®

Infrared spectroelectrochemistry (SEC-IR) under a N, atmo-
sphere provides evidence for solvent-enabled intermediate for-
mation. At the primary Fe(u/) reduction of *[Fe"(NP'*°)(Cl)]
(BPhy) (-1.65 V vs. Ag pseudoreference, DCE/MeCN), the
ligand C=C band at 1610 cm™" disappears, and no new, well-
defined metal-bound vibrations emerge, indicating that the
initial complex is consumed to form other species in solution
(Fig. $24). The formation of “[Fe(NP*°)(NCMe)]" is observed in
a 5 mM solution of *[Fe"(NP*°)(C1)](BPh,) in DCE/MeCN under
an N, atmosphere at the second reduction (-2.30 V vs. Ag pseu-
doreference), which is characterized by a C=C vibration at
1723 cm™" and a Fe-CN vibration at 2337 cm™" (Fig. 4A). This
frequency is similar to that found for the Fe-CN vibration in Fe
(PNP) compounds.””*'"** Decrease of the free-MeCN C=N
band (2307 cm™) further supports MeCN coordination and for-
mation of the MeCN-adduct *[Fe'(NP**°)(NCMe)]".

Under a CO, atmosphere in MeCN, the Fe-CO vibrations
at 1884 cm™' (-1.85 V vs. Ag, MeCN, 5 mM) indicate the

formation of the one-electron-reduced carbonyl adduct
0.04 -
A (2337cm’)
0.02 (1723 cm™)
0.00
0.02
< —_—0 min
—— 1 min 9
-0.04 4 2min (2307 cm™)
3 min
0087 4mn
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7 min
-0.08 8 min
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0:10 — 1omin (1610 cm’™)

T T T T 1
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Wavenumber (cm™)

[Fe'(NP'*°)(CO)]" reported for related Fe(r) complexes (Fig. 4B
and Fig. $25).*® Comparative SEC-IR under N, at the second
reduction (—1.85 V vs. Ag pseudoreference) shows only base-
line ligand absorptions, indicating that carbonylation is CO,-
dependent, supporting its assignment to electrochemical CO,
reduction rather than solvent-only processes (Fig. $26).°” 7"

High-resolution ESI-MS was used to profile the composition
of the catalytic mixture in solution, targeting persistent species
relevant to the CO, photoreduction cycle in the 600-1000 m/z
range.””””> These species can be linked to two potential reac-
tion pathways: the protonation and disproportionation of CO,,
consistent with the experimental data discussed above, and
the proposed mechanistic cycle shown in Fig. 5 and 6 below.
The ESI-MS studies were performed in MeCN : H,O solution in
positive ionization mode. During the CO, photoreduction
experiments, a 5 mL MeCN/H,O (4.5 mL of MeCN to 0.5 mL of
H,0) solution of °[Fe"(NP*°)(C1)](BPh,) (50 uM), containing [Ir
(dtbbpy)(ppy)2](PFs) (0.2 mM) and 0.1 M BIH were used as PS
and SED, respectively. Subsequently, the solution was irra-
diated in a quartz cell using a low voltage halogen lamp (100
W) for 3 hours.

Interestingly, the isotopic distribution envelopes at m/z
690.40 and 773.30 correspond to the cations of the intact
complex {Fe'(P°)}* and to the MeCN adduct {[Fe'(P*°)

0.06
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0.04 A
oo ,/\
0.00 7 N JIRON/\S -
-0.024 —— 0 min
<t —1min
-0.04 2 min
3 min
4 min
-0.06 5 min
6 min
-0.08 7 min
8 min
-0.104 —__9min
——10min (1630 cm™)
—OcCP
'012 T T T T T 1
2200 2100 2000 1900 1800 1700 1600

Wavenumber (cm’™)

Fig. 4 SEC-IR experiments recorded at —2.30 V vs. Ag pseudo-reference under N, in DCE/MeCN (A) and at —1.85 V vs. Ag pseudo-reference under
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Fig. 5 Positive ESI-MS spectrum of the reaction mixture containing >[Fe'(NP™°)(CL)](BPh,) (50 uM), [Ir(dtbbpy)(ppy)2](PFe) (0.2 mM) and BIH (0.1 M)
in MeCN/H,O (4.5: 0.5) after 3 h of reaction time. The isotopic distribution envelopes centered at m/z 690.40, 773.30, 817.30, 879.30 and 1039.40
correspond to singly charged mononuclear iron species proposed to participate in the catalytic cycle.

CH;CNJ-CH;CN}" “[Fe'(NP*°)(NCMe)]", respectively (Fig. S27).
Additionally, the envelopes centered at m/z 817.30 and 879.30
are assigned to the subsequent intermediates in the mechanis-
tic cycle, namely {[Fe'(P*°)CO,](CH;CN),}" and {[Fe'(P'**)CO,]
(H,0)4(HCl),}", arising from the interaction with CO, and
coordination of different combinations of solvent molecules.
Finally, the envelopes centered at m/z 923.3 and 995.4 are
assigned to the photosensitizer-derived species {Ir(CsoH4oN,)
(CH;CN),(H,0),(HCI)}"  and  {Ir(C,oH3oN,)(CH3CN),)PF}"
present in the reaction mixture, while a minor signal attribu-
table to °[Fe"(NP*°)(C1)](BPh,) in association with CO is also
detected (Table S4).

Computational studies

To probe the CO, reduction pathways and clarify the under-
lying redox processes, density functional and -correlated
ab initio calculations were performed. Detailed electronic
structure analyses are provided in the SI. All calculations
employed the relativistic DKH2-PBEO-D4 density functional
method (see Computational details).

The thermodynamics of chloride-acetonitrile substitution
were first evaluated across successive reduction states. To
minimise artefacts associated with charged fragments, geome-
tries were optimised either as neutral van der Waals adducts,
*[Fe"(P°)CI]"-\NCMe, or as ion-paired species, °[Fe"(P™°)
(NCMe)J**---Cl~ with superscripts indicating spin multiplicity.
The resulting PBE0-D4 free energies systematically overesti-
mated the substitution energetics (Table 3). To obtain reliable
energetics, single-point DLPNO-CCSD(T) energies were com-
bined with PBE0-D4 thermal corrections, yielding a consistent
thermodynamic description. While the parent °[Fe"(P*°)CI]"
complex is thermodynamically stable, one-electron reduction
establishes an equilibrium between chloride-bound and aceto-

Dalton Trans.

nitrile-bound species ’[Fe'(P*°)CI]"--NCMe = ’[Fe"(P™*°)
(NCMe)]*"---Cl™, as logK =~ —1.2. Upon a second electron
addition, the acetonitrile-coordinated complex becomes
thermodynamically favored (Fig. S28 and S29).

These trends are consistent with the experimentally
observed solvent-dependent redox behavior.

Reduction potentials were then calculated independently
for [Fe'(NP'*°)(C1)]" and [Fe(NP*°)(NCMe)]*" to aid assign-
ment of the experimentally observed electrochemical features.
The calculated values (Table S5) show good agreement with
experiment.

The overall catalytic mechanism was subsequently exam-
ined. Given that [Ir(ppy).(dtb-bpy)]" can act as a hydrogen-
atom acceptor and that BIH functions as a protic electron
donor, full thermodynamic cycles for coupled proton/electron
transfer were evaluated computationally (Fig. S30 and S33 of
the SI). The calculated oxidation potential of the iridium
complex is +2.26 V. On this basis, the most thermodynamically
favorable pathway is summarized in Fig. 6.”°

The reactivity of °[Fe’(NP*°)(Cl)]" towards
reduction, halide dissociation, and MeCN coordination was
evaluated. The most favorable sequence involves a 1e™
reduction of *[Fe’(NP*°)(Cl)]" followed by chloride substi-
tution by CH;CN (AG = +1.7 keal mol™", Table 3), yielding the
adduct “[Fe'(NP*°)(NCMe)]" as outlined in Fig. 6.

The reaction subsequently proceeds via proton-coupled CO,
uptake at the iron center to form *[Fe"(NP*°)(CO,H)]". For this
species, the triplet state is the most stable, with the corres-
ponding singlet lying 15 kcal mol™ higher in free energy.
Given the atypical nature of the -CO,H ligand, the electronic
structure of this intermediate was analyzed in detail. The
formal electronic structure could, in principle, be described as
[Fe'(NP*°)(CO,H)’T, [Fe"(NP*°)(CO,H)"|" or [Fe"(NP*°)
(CO,H)*"T". Given the 3d° electron configuration (Fig. $34), the
answer is [Fe'(NP*°)(CO,H)]", consistent with a high-spin

electron

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Summary of the proposed mechanism of the photocatalytic reduction of CO, by complex >[Fe(NP™°)(Cl)]*. In red are the redox potential

differences with respect to the single electron reduction by the [Ir(ppy).(dtb-bpy)]* complex (with E_,

= +2.26V) or proton coupled reduction.

Table 3 Calculated ligand substitution free energies under successive le™ additions

AGj0g /keal mol ™ PBE0-D4 DLPNO-CCSD(T)
[Fe”(NP‘S") Cll NCMe - [Fe”(NP‘S")(NCMe)]Z* -ClI~ +19.3 +13.5
[Fe (NP‘S°] (cn]°---NCMe — [Fe (NP‘S")( CMe)]"---Cl~ +6.7 +1.7
3[Fe’(NP™°)(CI)]"---NCMe — *[Fe’(NP*°)(NCMe)]’---CI~ +6.7 -5.3

configuration. Although formation of a CO,>~ adduct was con-
sidered, “[Fe'(NP*°)(NCMe)]" + CO, — *[Fe!(NP*°)(CO,)]" +
NCMe, direct CO, coordination is thermodynamically disfa-
vored (AG = +13.0 kcal mol™"). The computational Pourbaix
diagram shows that direct access to the doubly reduced

This journal is © The Royal Society of Chemistry 2026

species is disfavored (E° = —1.94 V), whereas a proton-coupled
electron transfer pathway leading to HCO,  formation is
thermodynamically preferred (E° = —0.68 V) (Fig. S32 and S33).
Accordingly, proton-coupled CO, uptake represents the most
thermodynamically accessible pathway.
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Scheme 1

The metal-assisted ligand reduction/H-atom transfer can be
idealized as outlined in Scheme 1:

Subsequent protonation and water elimination yield the
carbonyl complex *[Fe"(NP*°)(CO)]*". Because CO is a strong
field ligand, the corresponding singlet state was also evalu-
ated. However, this minimum lies 12 keal mol™" higher in free
energy. The degree of metal-ligand backbonding in
3[Fe"(NP*°)(CO,H)]" is markedly lower than in *[Fe(NP*°)
(CO)P** (see Table S6), emphasizing the predominantly o-
donating character of the CO,H™ ligand.

CO dissociation from *[Fe"(NP™°)(CO)** constitutes the
rate-limiting step of the catalytic cycle. Potential-energy scans
indicate a barrierless dissociation pathway, with no distinct
transition state located. This step is endoenergetic’” and is not
facilitated by further reduction, which instead strengthens
metal-carbonyl backbonding and makes CO dissociation more
difficult. For example, CO dissociation from *[Fe'(NP*°)(CO)]"
and '[Fe’(NP*°)(CO)] reaches electronic energy plateaus of 57
and 75 kecal mol ™" respectively (Fig. S35 to S37).

CO dissociation additionally requires consideration of spin-
state reorganization. Creation of a coordination vacancy will
almost certainly promote a spin crossover, with the quintet
state being the most plausible for a 3d® complex. A minimum-

3[Fe!(NPis°)(CO)J>* 3/5[MECP]

S[FeII(NpiSO)(Co)]2+ S[Fell(NPiSO)]2+
Fig. 7 PBEO-D4 thermal energy profile (free energies in kcal mol™) for
CO dissociation from the complex *[Fe'(NP*°)(CO)I?*. Metal-carbonyl
bond lengths (A) are indicated at each point. No transition states were
identified.

Dalton Trans.

View Article Online

Dalton Transactions

energy crossing point (MECP) between the triplet and quintet
surfaces of *[Fe(NP™°)(CO)J** was therefore computed. This
MECP lies at a AG,og x = +10.1 kecal mol™ and is associated
with a significantly elongated Fe-C bond. Beyond this point,
the quintet minimum °[Fe(NP*°)(CO)J** is reached, in which
the Fe-C interaction is sufficiently weakened to allow CO dis-
sociation at a free energy of +12.9 kcal mol ™" relative to the
initial complex (Fig. 7).”%7°

Regeneration of the catalytically active ‘[Fe'(NP'*°)(NCMe)]"
species is strongly favored electrochemically, with this step
driven by the photoreduced [Ir(ppy).(dtb-bpy)(H)]" complex
and associated with AE = +1.23 V. CO dissociation is identified
as the sole significantly endergonic and rate-limiting step of
the catalytic cycle.

Conclusions

This study investigates the CO,-to-CO reduction mechanism
under visible-light irradiation of a previously reported pseudo-
tetrahedral Fe(ir) complex °[Fe"'(NP*°)(Cl)](BPhy), supported by
the tripodal NP™° phosphine backbone. In coordinating
MeCN, the system achieves CO turnover numbers exceeding
1300 at micromolar catalyst concentrations and quantum
yields of ~0.6% within 3 h, placing its performance among the
most active Fe-based photoreduction catalysts to date.

Electrochemical, SEC-IR and emission-quenching data indi-
cate that catalysis is initiated by reductive quenching, generat-
ing a 2e"-reduced species, °[Fe"(NP*°)(Cl)](BPh,), that under-
goes Cl™ dissociation and MeCN coordination to form the
active Fe(i) complex ‘[Fe'(NP*°)(NCMe)]". SEC-IR and high-
resolution ESI-MS provide evidence for CO,-bound Fe(i/u)-
CO,H/CO and Fe-CO intermediates. DFT and local-pair
coupled-cluster calculations support a Fe(u)-CO,H™ formu-
lation featuring the ligand-centred reduction/H-atom transfer
character, enabling C-O bond activation.

Outer-sphere electron mediators, such as TTA and Fc, sig-
nificantly enhance the CO selectivity in MeCN, whereas mixed
MeCN/H,O solutions are limited by mediator solubility and
competitive deactivation pathways. Altogether, these results
establish pseudotetrahedral P;N/PNP ligand environments as
robust, redox-accessible platforms that stabilise reactive Fe
intermediates, allow direct observation of CO, binding and CO
release, and support CO-selective multielectron photoreduc-
tion at low catalyst loadings. These mechanistic insights
provide a set of design principles for next-generation iron
photocatalysts that couple geometric and electronic control to
achieve efficient CO, conversion.

This work lays the foundation for a new class of geometri-
cally controlled Fe photocatalysts. Future efforts will target
ligand architectures that more precisely tune Fe(1/u) redox ener-
getics and mitigate the kinetic barrier associated with CO dis-
sociation. Engineering mediator—catalyst pairings that func-
tion effectively in water-rich environments will broaden the
applicability toward solar-fuel formulations. Ultimately,
extending these design principles to deeper CO, reduction

This journal is © The Royal Society of Chemistry 2026
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pathways and incorporating ultrafast spectroscopies will
enable a molecular-level blueprint for sustainable iron-based
CO, conversion technologies.

Methods

Computational details

The ORCA®*®® 6.0.1 program package was used in all the cal-
culations described herein. The PBEO density functional
approximation®® with Grimme’s fourth generation dis-
persion correction®® was employed (PBE0-D4) along with the
second order Douglas-Kroll-Hef3 relativistic Hamiltonian
(DKH2) for all the potential energies and optimizations. The
RIJCOSX®*®*™*! integral approximation technique was employed
to expedite calculations. The DKH-def2-TZVP basis set was
used for iron and for the remaining elements the DKH-def2-SV
(P) basis set was assigned. The auxiliary basis sets for the
multi-center integrals were assigned as def2/]°> to all the
elements. The CPCM** implicit solvent scheme with default
parameters for acetonitrile were additionally used in the calcu-
lations. Free energies were calculated at 298.15 K and 1 atm
pressure. All minima and transition states were characterised
by all real and one imaginary vibrational modes respectively.
Transition states were traced back to their reagents and pro-
ducts by following a fractional displacement along the imagin-
ary vibrational mode. The Quasi-Harmonic Rigid-Rotor-
Harmonic-Oscillator (RRHO) approximation due to Grimme
employed in the computation of enthalpies and
entropies.”®

Additional DLPNO-CCSD(T) calculations®”°* were run for
better potential energy values to gain accurate free energies
of NCMe/Cl™ ligand exchange given by Gpipno = Eprpnvo
(GPBEO - EPBEO)-

The experimental absolute reduction potential value of the
ferrocenium/ferrocene pair in acetonitrile was set to 5.22 eV as
recommended by Addison and Pavlishchuk.'®® The absolute
free energy of a proton in acetonitrile was set to —1056.6 KkJ
mol™" (-10.95 eV) as recommended by Manassir and
Farrokhpour.'® Reduction potentials of one electron reduced
pairs were calculated according to the expression E = —AGpggo
—-5.22 V.

Natural bond orbital analyses were performed with the NBO
7.0 program.'®103
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The data supporting this article have been included as part of
the supplementary information (SI). Supplementary infor-
mation: experimental details, characterization of the catalyst
(additional computational data, 'H NMR spectra, FTIR
spectra, UV-vis spectra, cyclic voltammetry, SC-XRD data and
tables), spectroscopic monitoring of photocatalytic reactions,
and in situ generated intermediates by ESI-MS. See DOI:
https://doi.org/10.1039/d6dt00909c.

Optimised Cartesian coordinates and electronic energies
for all DFT and DLPNO-CCSD(T) calculations are available in
the ioChem-BD repository at https:/doi.org/10.19061/iochem-
bd-6-581. Crystallographic data for the complex were
originally reported by MacBeth, Harkins and Peters
(Can. J. Chem., 2005, 83, 332-340) and deposited with the
Cambridge Crystallographic Data Centre (CCDC).

Optimized structures are also available for visualization and
can be downloaded from the iochem-BD'**'%” database at
https://doi.org/10.19061/iochem-bd-6-581.
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