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Herein, we report highly active (cyclopentadienone)iron—tricarbonyl
complexes for CO, photoreduction using visible light with an Ir
complex as photosensitizer and TEOA as electron/proton donor.
Turnover numbers (TON) of ca. 600 (1 h) with initial turnover
frequencies (TOF) up to 22.2 min~! were observed. Operando FTIR
measurements allowed for the proposal of a plausible mechanism
for catalyst activation.

The development of molecular-defined catalysts that allow for
the conversion of carbon dioxide as a ubiquitous C1-building
block to valuable chemicals using sunlight is of broad and
current interest.' Over the past few decades following the
seminal work of Lehn et al.,” several transition metal complexes
have been developed to drive the photochemical reduction of
CO, to primarily carbon monoxide and formic acid. Most of
these catalytic systems are based on less abundant second and
third row transition metals.® For instance, metals such as Re,*
Ru,” and Ir® are regularly present within the most active, robust
and selective catalysts known to date. Hence, from the view-
point of basic science but also to develop economically viable
solar-to-fuel technologies in the long run, there is a crucial need
for new visible light-driven CO, reduction catalysts, especially
based on benign, nontoxic, and earth-abundant elements.

A series of metal complexes based on first row transition
metals supported by multidentate macrocyclic ligands have
been reported as efficient catalysts for the photoreduction of
CO, to CO using visible light.” Specifically, Chang et al. showed
that the photocatalytic system including a nickel N-heterocyclic
carbene-isoquinoline complex and the photosensitizer (PS)
Ir(ppy)s (ppy = 2-phenylpyridine) drives the conversion of carbon
dioxide to carbon monoxide with excellent turnover number,
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albeit using a highly diluted catalyst concentration.”® In addi-
tion, Bonin and Robert used an iron(0) porphyrin complex,
previously employed in electrocatalytic CO, reduction, and
demonstrated that such a complex is also able to operate under
photochemical conditions, obtaining mixtures of CO and H,
with a selectivity of 75% and a TON of 30 for carbon monoxide
after 10 h of irradiation.”” Furthermore, when this iron complex
is coupled with Ir(ppy); the overall performance of the photo-
catalytic reaction is increased, since CO is obtained with a
selectivity of 93% and a TON of 140 after 55 h of irradiation;
in addition, with the goal of replacing the Ir-based PS, a cheap
organic sensitizer was used instead, resulting in a less active
photocatalytic system.” Chan et al. then developed a Cof(m)
complex supported by the tetradentate tripodal ligand TPA
(tris(2-pyridylmethyl)Jamine) and tested it as catalyst together
with Ir(ppy)s;, obtaining a CO selectivity of 85% and TONs of
953 after 70 h of irradiation.”” Most recently, Lau and Robert
reported catalytic activity, in the presence of Ir(ppy)s, with either
a Co(n) or an Fe(un) complex supported by a pentadentate
macrocyclic ligand. Interestingly in this case, carbon monoxide
was formed with the cobalt complex (catalytic CO selectivity of
ca. 97% and TON up to 270 after 22 h irradiation), while formic
acid was obtained only with the iron-based catalyst (TON of
ca. 5 after 20 h).”* Although there has been a growing interest
in developing noble metal-free CO,-reduction photocatalysts,
challenges remain. For instance, improvements in the turnover
frequencies (TOF) and selectivities are highly desirable.

In this work, we aimed to explore the use of (cyclopentadie-
none)iron-tricarbonyl complexes as catalysts for the 2H"/2e~
reduction of carbon dioxide (Fig. 1). These complexes are
well-known catalysts for the hydrogenation of C=O® and
C=N bonds,’ and most recently for bicarbonates as well as
CO0,."® An important feature of this class of complexes is their
bifunctional nature, which translates to the presence of both, a
proton-donor site (ligand) and a hydride-donor site (metal
center). In addition, as previously observed in other energy-
related photocatalytic reactions™* or in the case of the Fe-only
hydrogenases,'” the implementation of a protic functional
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Fig. 1 Molecular structure of the complexes used in the photocatalytic
reduction of CO,.

moiety in the second-coordination-sphere of the catalyst leads
to an acceleration of the photocatalysis, as a result of intra-
molecular proton transfer pathways being kinetically favored."
Thus, we envisioned to exploit this cooperative interaction
between the iron center and its ligand to achieve a more
efficient photochemical reduction of CO,.

Accordingly, we started our investigation with [Ir(dF(CF;)ppy),-
(dtbbpy)](PFe) (IrPS) (where dF(CF;)ppy = cyclometalated 2-(2,4-
difluorophenyl)-5-trifluoro-methylpyridine and dtbbpy =
4,4'-di-tert-butyl-2-2'-bipyridyl) as PS, due to its extended
excited-state life-time (2300 ns) and strong reducing strength
of the excited state (E,c* = 1.21 V). Recently, this iridium
complex has been successfully applied in a wide range of
photoredox catalytic processes.’> The photocatalytic reactions
were carried out using NMP (N-methyl-2-pyrrolidone) as solvent
and TEOA (triethanolamine) as the electron and proton donor,
and irradiated using a Hg-lamp fitted with a built-in filter
(400-700 nm) at 2.5 W of power output. It is worth mentioning
that the active species when these types of complexes are used
in hydrogenation reactions is an Fe(u) hydride species®™
(vide infra). However, due to the sensitivity of these hydride
complexes, we decided to use the air-stable Fe(0) tricarbonyl
complexes depicted in Fig. 1 instead, expecting to form the catalytic
active species in situ as achieved in previous reports.>>*¢

When complex 1 was used as catalyst, carbon monoxide was
selectively formed in the head-space of the reaction vessel with
a TON of 421 after 5 h of irradiation. Notably, the previously
reported and structurally related iron(0) complex [Fe(CO);(bpy)]
as the catalyst produced CO with a poor selectivity of 43% over
H, production and a TON of 129.'® Thus, we can infer that the
cyclopentadienone ligand in 1 plays a positive and important
role in the overall performance of this photocatalytic system.
Control experiments were carried out to establish that all
components are essential to achieve this improved activity
(Table S1, ESIt). For instance, when the reactions were per-
formed in the absence of either complex 1 or IrPS, no catalytic
activity was observed; the same behavior was detected when the
experiments were carried out in the absence of TEOA or light
irradiation. With the optimized conditions in hand, we inves-
tigated the catalytic activity of the other iron complexes
(Table 1). As in the case of 1, all the iron complexes proved to
selectively reduce CO, over H' since only carbon monoxide was
found by calibrated GC in the head-space of the photocatalytic
reactions together with traces of H,. In addition, analysis of the
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Table 1 Photochemical reduction of carbon dioxide with visible light and
cyclopentadienone iron complexes as catalysts®

co [Fe]/IrPS
NMP/TEOA(5:1)
hv(400—700 nm)
5h,25°C
Entry Complex CO (TON)? CO (TOF, min™ ")
1 1 421 9.1
24 1 413 n.d.
3 3 429 10.9
44 3 413 n.d.
5¢ 3 596 22.2
6 2 41 1.7
7 4 380 9.6
8 5 390 10.5
9 6 336 9.9
10 7 319 6.2
11 8 392 9.1

¢ Reaction conditions: N-methyl-2-pyrrolidone and triethanolamine
(5:1, v/v) 7.5 mL; catalyst 0.13 mM; photosensitizer IrPS 1.67 mM;
Hg-lamp (light output 2.5 W) equipped with a 400-700 nm filter.
b Determined using calibrated GC; TON = n(CO)/n(catalyst). © Determined
after 15 min of irradiation. ¢ Reaction performed for 18 h. ¢ Reaction
performed in the presence of 5 pM catalyst.

liquid phase by capillary electrophoresis resulted in the quan-
tification of up to 40 TONs of HCOOH. We observed that the
activity of the photocatalytic system is heavily influenced by
the steric and electronic properties of the cyclopentadienone
ligand. When we compare the activities of the complexes 3
and 7 (Table 1, entry 3 vs. entry 10), it is evident that increasing
the steric hindrance of the substituents at the silicon atom has
a negative impact on the photocatalytic activity, specifically, the
TON is reduced from 429 to 319. Moreover, the activity of the
catalytic system was drastically diminished when a heteroatom
(oxygen) is present in the cyclic structure of the ligand (Table 1,
entry 6). The same catalytic activity was observed regardless whether
a 5- or 6membered ring was fused to the cyclopentadienone moiety
in the ligand (Table 1, entry 1 vs. entry 3). When the catalytic
reactions were irradiated for longer times (18 h) an enhancement in
the activity was not achieved, suggesting that the catalyst is no
longer active after 5 h of reaction time (Table 1, entries 1 and 3 vs.
entries 2 and 4). In fact, the conversion plot in Fig. S1 (ESIt) shows
that the production of CO stops after 1 h of irradiation when
complex 3 is used. Attempts to reactivate the catalytic system after
5 h of reaction time, by adding a second equivalent of either catalyst
3 or photosensitizer, were unsuccessful. In addition, when the
catalyst concentration was lowered to 5 pM a TON up to 596 was
observed (Table 1, entry 5). It should be noted that the catalytic
activities observed in this work surpass in terms of TONs all
previous reports using an iron-based CO,-reduction catalyst.
Furthermore, the TOF value of 22.2 min " for catalyst 3 represents
a high activity for a photocatalytic system containing a noble
metal-free catalyst using >uM loadings of the catalyst.

We then proceeded to investigate the mechanism of the
photochemical CO, reduction mediated by iron complex 3. First,
the quantum yield (@) of the overall photocatalytic cycle was
determined using an iron actinometer to measure the number of
incident photons (see ESI} for details). The quantum yield was

This journal is © The Royal Society of Chemistry 2016
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calculated using monochromatic light (440 nm) at different light
intensities after 5 h of irradiation. An excellent value of 68% was
determined when an intensity of 2.4 x 107 einstein s was
used (Table S2, ESIt). However, if we consider the possibility
of a dark electron transfer from a TEOA carbon-based neutral
radical'” to complex 3, only one photon is then required to
reduce one molecule of CO, and therefore, the value of @ would
be 34%. In any case, these values represent excellent quantum
efficiencies for CO, photoreduction using noble metal-free
catalysts.

Operando FTIR measurements were then carried out to
establish the nature of the catalytic intermediates formed in
solution during the course of the reaction. When the iron
complex 3 was placed in the solvent mixture NMP:TEOA
(5:1, v/v) under argon atmosphere, three bands at 2052, 1999
and 1980 cm ' were observed corresponding to the carbonyl
ligands present in the complex (Fig. 2a). When this solution
was irradiated under visible light, a first order decarbonylation
process was observed with a constant rate of 0.23 min " (Fig. S3
and S4, ESIT). On the other hand, when a solution of complex 3
and IrPS in the same solvent mixture and under Ar atmosphere
was irradiated, a new species formed with signals at 1995 and
1933 cm™ " (Fig. 2b). Based on previous literature data,"® this
species can be unambiguously assigned to the hydride Fe(i)
species 9 (Fig. 3). This suggests that complex 3, after the loss of
a CO ligand, is reduced in situ to form the catalytic intermediate
9 by 2 protons donated by TEOA and 2 electrons transferred
from either the excited or reduced state of IrPS. Finally, by
continuously monitoring a photocatalytic CO, reduction reac-
tion mediated by complex 3, both the iron precursor and the
hydride 9 were observed in solution along with carbon monoxide
dissolved in the reaction mixture (Fig. 2c).

The quenching rate of the IrPS excited state by the catalyst 3
and TEOA was then measured using Stern-Volmer analysis
(see ESIT for details). As observed in Fig. S5 and S6 (ESIt), both
3 and TEOA effectively quenched the emission intensity of IrPS
excited state. The measured quenching rate constants for 3 and
TEOA are 9.0 x 105 M~ s " and 1.7 x 10" M~ ' s, respectively.
Although 3 follows a Stern-Volmer behavior, the cyclic voltam-
metry for this compound showed an irreversible reduction peak
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Fig. 2 Operando FTIR experiments. (a) Spectrum of complex 3 in NMP/
TEOA (5:1) under Ar atmosphere. (b) Spectrum of a solution containing 3
and IrPS under Ar atmosphere and visible light irradiation. (c) Spectrum of a
solution containing 3 and IrPS under CO, atmosphere and irradiation.
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Fig. 3 Plausible mechanism for the photochemical reduction of carbon
dioxide using the cyclopentadienone iron complex.

at —1.44 Vvs. SCE (Fig. S7, ESIt), which, when compared to the
redox potential of the couple [*IrPS/IrPS*] (—0.89 V vs. SCE)
indicates that an electron transfer from the excited state of the
photosensitizer to the catalyst is not feasible from a thermo-
dynamic consideration. Thus, the possibility of an oxidative
quenching mechanism is excluded and the reductive quench-
ing of IrPS by TEOA is more favorable in our photocatalytic
system (Fig. S8, ESIT).

Based on the aforementioned mechanistic studies, we
proposed a plausible reaction mechanism for the photocatalytic
CO, reduction mediated by 3 (Fig. 3). In the first step, irradiation
results in the loss of a carbonyl ligand from the initial iron
complex to form 10. Simultaneously, IrPS is excited to *IrPS and
then quenched by TEOA to give IrPS™. Subsequently, 2 equi-
valents of IrPS™ and 2H" react with 10 and the hydride Fe(u)
complex 9 is formed. This is a key reaction intermediate since
it is directly responsible for the activation of carbon dioxide and
its reduction to carbon monoxide. In fact, when a solution of
complex 9 in NMP is exposed to 1 atm of CO, under visible-light
irradiation, the transformation to complex 3 is observed using
13C NMR spectroscopy (Fig. S9, ESIt). Accordingly, CO, reacts
under irradiating conditions with complex 9, resulting in the
formation of an intermediate containing an Fe-COOH moiety,
which, through a dehydration reaction using the -OH group of the
ligand as a local proton source, regenerates the original complex 3.

In conclusion, we have disclosed for the first time the use of
cyclopentadienone iron complexes as highly selective catalysts
in the photochemical reduction of CO, to carbon monoxide.
In particular, complexes 1 and 3 showed excellent activities
(initial TOF up to 22.2 min '), which represents the highest
value for any non-noble metal-based molecular homogeneous
catalyst in this photoredox reaction. Based on results from
operando FTIR measurements, it was possible to determine the
nature of the catalytic intermediates formed in solution and to
propose a plausible reaction mechanism. Presumably, the role of
the second-coordination-sphere of the catalyst is crucial to under-
stand the high activity of the system through the enhancement of
the rate of the dehydration step, which usually is considered the
rate-limiting step in this photocatalytic reaction."
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