Downloaded via UPPSALA UNIV on January 13, 2025 at 09:30:16 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

n
<

pubs.acs.org/acscatalysis Research Article

This article is licensed under CC-BY 4.0 @ @

Direct Detection of Key Intermediates during the Product Release in
Rhenium Bipyridine-Catalyzed CO, Reduction Reaction

Samir Chattopadhyay, Mun Hon Cheah, Reiner Lomoth, and Leif Hammarstrom*

Cite This: ACS Catal. 2024, 14, 16324-16334 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
ABSTRACT: Rhenium bipyridine tricarbonyl complexes, fac-[Re(bpy)(CO);X]", Mechanistic insight from TR-IR studies
are highly effective in selectively converting CO, to CO under electrochemical and

photochemical conditions. Despite numerous mechanistic studies aimed at o < NCCH—I
understanding its CO, reduction reaction (CO,RR) pathway, the intermediates (R, I “CO 'N”' GO
further into the catalytic cycle have escaped detection, and the steps leading to N/ l ‘co N/ L ‘CO
product release remained elusive. In this study, employing stopped-flow mixing

coupled with time-resolved infrared spectroscopy, we observed, for the first time, the

reduced Re-tetracarbonyl species, [Re(bpy)(CO),]°, with a half-life of approximately

SS ms in acetonitrile solvent. This intermediate is proposed to be common in both NGCHTP
electrochemical and photochemical CO,RR. Furthermore, we directly observed the € _Nu,. I .co J% \ ,\N,,, | \CO
release of the product (CO) from this intermediate. Additionally, we detected the EN/ ~Nco N/ | ‘co
accumulation of [Re(bpy)(CO);(CH;CN)]* as a byproduct following product CH3‘CN co

release, a significant side reaction under conditions with a limited supply of reducing

equivalents mirroring photochemical conditions. The process could be unambiguously attributed to an electron transfer-catalyzed
ligand substitution reaction involving [Re(bpy)(CO),]° by simultaneous real-time detection of all involved species. We believe that
this side reaction significantly impacts the CO,RR efficiency of this class of catalysts under photochemical conditions or during
electrocatalysis at mild overpotentials.

KEYWORDS: CO, reduction reaction, molecular catalysts, time-resolved FTIR, stopped-flow mixing, reactive intermediates,
CO release step, kinetic studies

Bl INTRODUCTION ing various functionalities onto the bipyridine framework, by
replacing bipyridine moiety with phenanthroline, carbene-
based ligands, and by coupling it with Ru-based photo-
sensitizers, etc.,, which help in increasing the activity of the
catalysts in terms of overpotentials and turnover numbers.'” ™
Currently, there is an ongoing quest to bind this catalyst onto
silicon photocathodes’**° to construct artificial photo-
synthetic systems for selective CO,RR integrated with water/
waste oxidation reactions.”® This catalyst also finds its place in
tandem catalytic systems where the released CO is either
reduced further by a nearby catalytic site to produce higher
reduced products”” or can directly be used in (radio)-

Electrochemical and photochemical CO, reduction (eCO,RR/
photo-CO,RR) is a promising avenue for storing excess
renewable energies or converting solar energy into valuable
chemicals and fuels.'~* Yet, CO, fixation faces challenges due
to its high thermodynamic and kinetic stability,” necessitating
catalysts that employ multielectron/multiproton pathways to
achieve CO, reduction reaction (CO,RR) at moderate
potentials.”™® Additionally, the thermodynamic potentials for
producing various 2e”/4e”/6e” /8¢~ CO,RR products are
close to each other, leading to a highly energy-intensive

downstream separation process.”'’ Therefore, current catalyst . ) .
. . RS carbonylation reactions to produce pharmaceutically relevant
development focuses on improving product selectivity in

28 o .
addition to the overpotential and electro-/photocatalytic compounds. Thls, reflects the broad ‘ap phcal?lhty Of, t}.ns
rates, 11714 evergreen catalyst in the development of efficient artificial
) . hotosynthetic systems. However, to tune the catalytic rate
Among ‘a largels }16brary of molecular CO,RR catalysts Eurtheryznd oss}irbl change the ’ roduct selectivitYYta clear
developed so far,”™'° rhenium (Re) bipyridine tricarbonyl p Y & p !

chloride complex fac-[Re(bpy)(CO);Cl] (where bpy is 2,2’

bipyridine) originally reported by Lehn and co-workers is one Received:  October 1, 2024
of the most efficient catalysts for the selective generation of Revised:  October 10, 2024
CO from CO, under both electrochemical and photochemical Accepted:  October 10, 2024

conditions.'””'® Later, the research groups of Kubiak, Fujita, Published: October 22, 2024

Ishitani, and others extensively studied the eCO,R/photo-
CO,R reactivities of analogous Re complexes upon incorporat-
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Figure 1. (A) Proposed mechanistic cycle of eCO,RR catalyzed by the M(bpy-R)(CO);X complex, where M = Re/Mn, bpy = 2,2’ bipyridine, R =
H/other functional groups, and X = Cl/Br.>' Here, we highlighted the current progress in mechanistic and kinetic studies done with these systems
and how our current work will complement a complete understanding of the catalytic cycle. (B) Chemical structures of the species (intermediates)

that are discussed in this paper.

understanding of the corresponding mechanistic cycle is well-
sought. In situ spectroelectrochemical techniques, particularly
FTIR, have evolved as an important tool to devise a plausible
mechanistic cycle by observing some intermediates.”*” A
generic eCO,RR mechanistic cycle has been proposed for
these types of catalysts using a combined experimental and
computational approach (Figure 1A).***" The mechanism of
photo-CO,RR is slightly different in terms of the CO, binding
intermediate, (vide infra, Scheme 2).** Although numerous
mechanistic studies were done to understand and devise a
possible catalytic cycle, mainly employing FTIR-SEC, most of
them were confined to the catalyst’s activation and its possible
deactivation pathways.”® Publications that report the detection
of the intermediates beyond the first species of the catalytic
cycle (27, Figure 1) are scarce’™’ as the simultaneous
accumulation of various species can hamper their detection in
situ. A good approach would be to prepare intermediates (if
sufficiently stable), study their reaction with electrons,
substrates, and protons separately or in combination, and
map the entire catalytic cycle step by step. To the best of our
knowledge, there are only two kinetic studies reported in the
literature to date, adopting this strategy, that deal with the
binding kinetics of CO,/H" to the first species of the catalytic
cycle (27, Figure 1).***” This helps in going further into the
catalytic cycle by observing the substrate binding. However,
the product release part of the catalytic cycle remained elusive
because the intermediates are short-lived®® and escaped
detection by the regularly employed methods, having lower
time resolution.
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Another challenge of studying the eCO,RR and photo-
CO,RR mechanisms lies in the scarcity of spectroscopic tools
that could mimic both electrocatalytic conditions (unrestricted
supply of electrons) and photocatalytic conditions (limited
supply of reducing equivalents). Therefore, most of the
intermediates predicted in the photo-CO,RR mechanistic
cycle were derived from the FTIR-SEC experiments”® although
the solvents used in these two cases are different (acetonitrile,
CH;CN in eCO,RR and dimethylformamide, DMF in photo-
CO,RR) and the exact reason behind the poor performance of
these class of catalysts in CH3;CN under photochemical
conditions is still unclear.*! Keeping all of these things in mind,
we were motivated to explore the product release steps of the
CO,RR catalytic cycle (Figure 1 and Scheme 2) in CH,CN.

Herein, we report detailed mechanistic and kinetic studies of
the product (CO) release step of eCO,RR/photo-CO,RR
under pure chemical conditions employing time-resolved FTIR
[time-resolved infrared spectroscopy (TRIR)] coupled to
stopped-flow mixing. The reaction was initiated by bimolecular
electron transfer from decamethyl cobaltocene (CoCp,*) to
the catalytic intermediate, [Re(bpy)(CO),]* (5, Figure 1),
which can be accessed synthetically. To the best of our
knowledge, this study provides the first report of the
observation of the 2CO intermediate ([Re(bpy)(CO),]°), a
common species predicted to be involved in both eCO,RR and
photo-CO,RR. The observation of direct product (CO)
release from 2CO testifies that it is indeed the CO-releasing
intermediate in both eCO,RR and photo-CO,RR. We have
also observed an electron-transfer-catalyzed ligand substitution
reaction, and its implications for the catalytic cycle are

https://doi.org/10.1021/acscatal.4c06044
ACS Catal. 2024, 14, 16324—16334
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Figure 2. TRIR spectra of § (0.7 mM) in CH;CN solution showing the changes observed upon adding 0.84 mM of CoCp,* using stopped-flow
mixing. In this figure, the same spectra at different times were highlighted in thick lines. Here, (A) initial species (5) and formation of 2CO (at 42
ms), (B) initiation of the decay of 2CO (at 77 ms) and its complete decay (at 155 ms), (C) release of the product, CO, from 2CO intermediate,
and (D) products (6 and 7) were observed after the reaction. Here, we have used a 500 ym spacer in our observation cell. The concentrations
mentioned here are the corresponding concentrations in the FTIR observation cell.

discussed. We believe this study will help the community in
complementing the current mechanistic understanding of the
Re(bpy)(CO);X (X = —Cl/—Br)-catalyzed CO,RR.

B RESULTS AND DISCUSSION

To put this study into the context of the current understanding
of the CO,RR mechanistic cycle catalyzed by this class of
catalysts, we will start this section with a brief overview of the
work that has been done to elucidate the catalytic cycle and the
important steps that remained to be solved.

According to the well-recognized mechanism of eCO,RR
(Figure 1), 1 undergoes two-electron reduction and sub-
sequent halide loss to generate the catalytically active species,
27. Subsequently, binding of CO, to 2~ followed by
protonation leads to the formation of the corresponding
hydroxycarbonyl intermediate, 4. Further protonation of 4,
accompanied by the loss of a water molecule, leads to the
formation of a cationic tetracarbonyl species, 5. S then
undergoes further reduction to yield a reduced tetracarbonyl
(2CO or 2) and releases CO as a product. Finally, another
one-electron reduction regenerates the initial 27 species,
closing the catalytic cycle.’’ On the other hand, under
photochemical conditions, [Re(bpy)(CO);]° (2) is formed
after one-electron reduction of 1 and subsequent halide loss.
CO, then binds to 2 and undergoes one electron reduction
followed by protonation to generate the corresponding
hydroxy carbonyl intermediate (4).”> The rest of the
mechanistic cycle is the same as the corresponding eCO,RR
(Figure 1 and Scheme 2). Previously, the hydroxy carbonyl
intermediate (4) was detected in substrate binding (CO,)
studies with 27 under chemical conditions utilizing stopped-
flow mixing coupled to TRIR.*® Recently, the hydroxy
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carbonyl intermediate (4 and 4p,_g.) was also observed during
the mechanistic studies with this catalyst and the famous
Ru(II)—Re(I) supramolecular assembly (Ru—Re) under
photochemical conditions utilizing cold-spray ionization mass
spectrometry and time-resolved FTIR (TRIR) coupled to laser
flash photolysis, respectively.”**> Using vibrational sum
frequency generation spectroscopy and FTIR-SEC, 5y,
[Mn(bpy-R)(CO),"] has been observed in situ under catalytic
conditions using the analogous Mn tricarbonyl complexes
havin% bpy and N-heterocyclic carbene ligands, respec-
tively.””*" However, the attempt at in situ detection of 2CO
(Figure 1A), which is an important intermediate in both
eCO,RR and photo-CO,RR, has failed as this species is
proposed to be very short-lived at room temperature.”®*"
Therefore, it creates uncertainty about 2CQO’s existence in the
mechanistic cycle, suggesting that the product (CO) release
might be coupled to the reduction of 5. Previously, the
involvement of $ in the catalytic cycle was established by Grice
et al. They synthesized § and were successful in showing that
this complex also acts as an electrocatalyst for the selective
generation of CO from CO,. Interestingly, S performed
eCO,RR at ~300—350 mV less overpotential relative to the
parent halide complex but with poorer i.,/i, ratios.*®
Another long-standing unresolved mystery lies in the poor
photo-CO,RR performance of these types of catalysts in
CH;CN, an exceptional solvent, regularly employed in both
photo-/eCO,RR.” Tsitani and co-workers suggest that the
higher binding affinity of CH;CN might suppress the
formation of the TEOA-CO, adduct, an important inter-
mediate that helps in achieving higher photocatalytic activity
by capturing CO, in DMF-TEOA mixed solvent. Again, the
inclusion of TEOA into the C—N bond of CH;CN forming

https://doi.org/10.1021/acscatal.4c06044
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corresponding iminoester species was also suggested as the
possible reason for its poor reactivity.”' However, the exact
reason is still unclear. All of these questions motivated us to
explore the product release step of the CO,RR catalytic cycle
(Figure 1 and Scheme 2) in CH,CN.

Synthesis and Characterization of [Re(bpy)(CO),]OTf
(5). S was synthesized following the method regorted by
Rillema and co-workers with slight modifications** (see the
experimental section, Supporting Information) and fully
characterized by NMR ('H, "*C, and '°F), FTIR, and HRMS
(Figures S1—S4, S19). § possess C,, symmetry and in CH;CN,
it shows four CO vibrations at 2125 cm™ (A, mode, for cis
carbonyls), 2029 cm™ (B; mode), 2011 cm™" (another A,
mode for trans carbonyls), and 1967 cm™ (B, mode).”
Previously, it has been shown that the cyclic voltammogram of
S under an argon atmosphere consists of one irreversible (at
—1.15 V vs SCE) and two quasi-reversible waves (at —1.27 and
—1.42 V, vs SCE) in CH,;CN. S serves as a catalyst for
eCO,RR and shows the electrocatalytic response at ~—1.53 V
(vs SCE).* To follow the kinetics of the electron transfer step
under pure chemical conditions (5 to 2 or 2CO), we employed
stopped-flow mixing of 5 and a chemical reductant and
followed the kinetics by monitoring the intense and character-
istic CO vibrations. Stopped-flow mixing coupled to FTIR was
previously utilized to monitor the CO, and H* bindin% kinetics
to the doubly reduced Re-bipyridine complex (27).**” In our
work, given the cyclic voltammograms of 1, we have used
decamethyl cobaltocene (CoCp,*, —1.56 V vs SCE) as the
reductant.

TRIR Experiments Identifying a 2CO Intermediate.
Stopped-flow TRIR measurements were performed by mixing
0.7 mM $ with 0.84 mM CoCp,* in CH;CN (Figure 2). Note
that the concentrations mentioned here are the corresponding
concentrations in the observation cell. The data (Figure 2)
show that § reacts very fast with CoCp,*, showing a mixture of
species already present in the initial spectrum (at 0 s). The
vibrational bands corresponding to 5 show subsequent rapid
decay with the generation of other vibrational bands. Looking
carefully, we observed that, at 42 ms, some new bands arise at
2105 cm™, 2041 ecm™" (br), 2007 cm™, 1977 cm™! (br), 1934
em™, and ~1902 ecm™" (br) (Figure 2A). After comparing with
the reported CO frequencies of some intermediates, we
concluded that the vibrational spectrum at 42 ms consists of a
mixture of 5, [Re(bpy)(CO);(CH;CN)]* (7, vco = 2041
ecm™, 1937 cm™), [Re(bpy)(CO);(CH;CN)]%(6, vco = 2014
em™, 1902 cm™),*® and a previously uncharacterized species
having vibrational bands around 2105, 2007, 1977, and 1934
cm™". The observation of vibrational bands near 2105 cm™ is a
clear indication of the latter being a tetracarbonyl species.”” To
extract the vibrational spectrum of the reduced Re-
tetracarbonyl species (2CO), we deconvoluted the spectrum
at 42 ms utilizing the reported IR frequencies of S, 6, and 7
(Figures S8, S10) and applied the deconvolution to all the
spectra to obtain the time profiles (Figure S9). We calculated
the vibrational frequency of 2CO using density functional
theory calculations employing unrestricted B3LYP functional
and Def2-TZVP basis sets (Figures S6—57).** The calculated
Uco values and intensities are in good agreement with our
observations (Table 1). A mere 20 cm™" downshift of the CO
stretching frequency indicates that the reduction is ligand-
based. The highest occupied molecular orbital of 2CO,
obtained from density-functional theory (DFT) calculations,
revealed that the extra electron is localized onto the bpy ligand

Table 1. Experimental and Calculated (b3lyp/Def2-tzvp
with GD3BJ Dispersion Correction) Vibrational
Frequencies of the Species Discussed in this Paper”

calculated vibrational

experimental vibrational
frequencies (cm™)

species frequencies (cm™)

[Re(bpy)(CO),]* 2125, 2029, 2011, 1967 2138, 2020, 2010, 1963
(s)

[Re(bpy)(CO),]° 2108, 2007, 1977, 1934 2118, 1993, 1973, 1924
(2€0)

[Re(bpy) 2014, 1902 2015, 1897, 1887
(CO),5(CH,CN)]°
(6)

[Re(bpy) 2041, 1937 2045, 1934, 1926
(CO);(CH,CN) T
(7)

“The experimental frequencies of S, 6, and 7 have been reported
elsewhere.”®

(Figure S11), which is in line with the previous report by
Kubiak and co-workers. As a result of this ligand-based
reduction, the vibrational bands at ~1604 cm™" (for the bpy
ligand) are expected to shift to ~1554 cm™ after reduction.*!
Comparing the FTIR spectra of S to the intermediate spectra
(at 42 ms) shows a similar shift in the Dyyy vibration (Figure
S12). All of these observations advocate the generation of 2CO
having the above-mentioned vibrations (Figure S10). This
species signal decreases after 77 ms and completely disappears
at 155 ms, showing a halflife of ~55 ms (Figure 2B) under
these conditions.

As 2CO started to decay, a broad band centered around
2140 cm™' appeared and gained intensity as 2CO decayed
completely (Figure 2C). This band corresponds to dissolved
CO in CH;CN (Figure S13). The apparent rate constant for
the release of CO (k;(co)) is ~15 (&3) s™', which matches
well with the apparent rate constant for the disappearance of
2CO (k_; (5co) = 18 (£2) s™"), solidifying further that 2CO is
the product-releasing intermediate (Figure S14). Thus, these
TRIR data suggest that upon one-electron reduction, §
converts into 2CO, which has a half-life of ~55 ms at room
temperature (295 K), and the consumption of 2CO is followed
by the release of CO. Note that the characteristic vibrational
features of the 2CO species were also observed during the
stopped-flow TRIR experiments performed by varying the
concentrations of § and CoCp,* (vide infra, Figures S15—
S21). The identity of the product (CO)-releasing intermediate
during the Re(bpy)(CO);Cl-catalyzed eCO,RR/photo-
CO,RR has since long been debated.******* 2CO is a
proposed common intermediate present in the mechanistic
cycle of both eCO,RR/photo-CO,RR.*"** However, the
transient nature of 2CO at room temperature made it difficult
to observe it under operando SEC experiments.”” This leads to
the assumption that 2CO may not be present in the catalytic
cycle. Instead, the reduction of 5 and the release of the product
(CO) may occur as a concerted step in the mechanistic cycle.
However, our TRIR data conclusively prove that the product
(CO) release in Re(bpy)(CO);Cl-catalyzed eCO,RR/photo-
CO,RR happens only after the formation of the reduced
tetracarbonyl species (2CO), which was hypothesized before
though not observed experimentally. It is interesting that the
bipyridine-centered reduction promotes the CO release in the
tetracarbonyl species. To understand more, we looked into the
optimized geometry of the [Re(bpy)(CO),]* and [Re(bpy)-
(CO),]° species. It appears that the axial Re—CO bond
elongated more than the other bonds after the reduction

https://doi.org/10.1021/acscatal.4c06044
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Scheme 1. Proposed Mechanism for the Electron-Transfer-Catalyzed Ligand Substitution reaction”*”
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“The transient intermediate, 2CO, that was observed in our study has been highlighted here. Here, the half-lives for the formation (¢, ;) and decay
(t1,%) are obtained from the reaction of 0.7 mM § with 0.84 mM CoCp,* (Figure S8). Please note that these half-life values are highly dependent
on the reaction conditions due to the competition between direct reduction and autocatalysis.

(Figure S22), facilitating the CO release. The calculated
AG,,ciion for the release of CO from both [Re(bpy)(CO),]"
and [Re(bpy)(CO),]° species revealed that the former
reaction is ca. 6 kcal mol™' less favorable than the latter
(Table S1).

The removal of CO from 2CO will generate the radical
species, [Re(bpy)(CO),]*, which can either dimerize to form
[Re(bpy)(CO);], or could generate solvent-bound radical
species, [Re(bpy)(CO);(CH,CN)]° (6). A detailed exper-
imental and theoretical study made by Fujita and Muckerman
demonstrates that the solvent-bound (THF in this case)
radical species is more stable than the five-coordinate
[Re(bpy)(CO);]*species, resulting in almost nine orders
slower dimerization rate (by blocking the available site for
dimerization) compared to the typical metal radicals like
[Re(CO)s]*.* Thus, in our experiments, we expected to
observe only 6 as the product after the reaction but to our
surprise, the accumulation of the oxidized solvento species,
[Re(bpy)(CO);(CH;CN)]* (7), as one of the products was
also observed. The detection of the ligand substituted product
of 5, [Re(bpy)(CO);(CH,CN)]*, as one of the reduction
products is very intriguing as $ is very stable in CH;CN*’ and
does not show any sign of conversion to 7 upon keeping it in
solvent for hours (Figure S23). During the studies of the
excited state dynamics of [Re(LL)(CO),]* complexes (where
LL is bpy, 4,4'-dimethyl bpy, and 1,10-phenanthroline) using
TRIR, Schoonover and co-workers observed the accumulation
of oxidized solvento species (7-DCE, [Re(bpy)-
(CO);(DCE)]*) species as the photodissociation product.
However, they mistakenly assigned the product to be
[Re(bpy)(CO);(DCE)]° (DCE = dichloroethane) although
the FTIR bands corresponding to the photoreduced product
are aligned with [Re(bpy)(CO);(DCE)]*.** Thus, the
mechanism of the formation of 7 from $ under the
photoreduction conditions remains unexplained. Nevertheless,
the formation of a solvento species from an oxidized
tetracarbonyl species under electrochemical conditions was

well documented in the literature for group 6 metal carbonyl
complexes.*® This reactivity was termed an electrode-catalyzed
ligand substitution reaction. Recently, Kubiak and Bocarsly
group reported similar reactivity for the analogous Re and Mn
bipyridine tetracarbonyl complexes under electrochemical
controls.***" Kubiak and co-workers also observed the
accumulation of the oxidized solvento species (7) in the
presence of a substoichiometric concentration of potassium-
intercalated graphite (KCy), ie., under chemical control and
renamed the mechanism as electron-transfer catalyzed ligand
substitution reaction.”® In a typical electron transfer-catalyzed
ligand substitution reaction, the reduction of the oxidized
tetracarbonyl complex (by either electrochemical or chemical
reduction means) generates the reduced tetracarbonyl species
(2CO), which then loses one CO ligand and binds one solvent
molecule rapidly, forming the reduced solvento species (6). As
soon as 6 is formed, it behaves as a reducing agent reacting
with §, yielding 7 and 2CO (Scheme 1), and this autocatalytic
cycle continues until the complete consumption of S.

§ + CoCp,” — 2CO + [CoCp,"]" (1)

2CO + CH,CN - 6 + CO )

5+6—7+2C0O (3)
* *1+

7 4+ CoCp,” = 6 + [CoCp,"] (4)

6 + [CoCp,"]" — 7 + CoCp,” (s)

Electron-Transfer-Catalyzed Ligand Substitution Re-
action. The observation of 7 as one of the products in our
TRIR study (under pure chemical reduction) is fascinating,
and we were interested in understanding the mechanistic and
kinetic aspects of this electron-transfer-catalyzed ligand
substitution reaction. Previously, these types of reactions
were studied under electrochemical controls for group 6 and 7
metal tetracarbonyl complexes.’®*"**~>* Although Grice et al.
were able to see the signature of 7 under chemical conditions
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using substoichiometric KCg concentrations, they did not
observe 6 during this reaction. They also reported that a
complete conversion of 5§ to 7 requires the presence of an
electrolyte (tetra butyl ammonium hexafluorophosphate, in
their case) as an electron transfer mediator. In our case, no
dedicated electron transfer mediator was required to drive the
reaction toward completion, even with substoichiometric
amounts of CoCp,*. We are also curious about any possible
effect of the concentration of the reactants on the kinetics of
the reaction. Therefore, we performed several TRIR studies by
varying the relative concentrations of CoCp,* and 5. In these
experiments, we loaded a fixed concentration of both of them
into the stopped-flow instrument and changed their relative
concentrations in the IR observation cell by mixing them at
different volumetric ratios (5/CoCp,* = 1:1 to 4:1). This
helped us to achieve a better signal-to-noise ratio without
losing the essence of the substoichiometric reductant
conditions. To be concise, we will discuss the kinetic results
only under low concentration (0.5 mM) and high concen-
tration (3 mM) of 5§ and CoCp,*, and the rest (with 2 mM
concentration) are discussed in the Supporting Information
(Figures S27—S28). The higher energy vibrational bands of §,
6, and 7 (2029 & 2011 cm™" for 5, 2014 cm™ for 6, and 2041
cm™ for 7) are close to each other, making the corresponding
kinetic analysis difficult using those traces. Therefore, we chose
the traces of other vibrational bands like 1967 and 2125 cm™
for 5, 1937 cm™! for 7, and 1902 cm™! for 6 for the kinetic
analysis.

At Low Concentration Regime (with 0.5 mM Stock
Solutions of 5 and CoCp,*). The TRIR spectra presented in
Figure 3 show the changes in the vibrational bands indicating
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Figure 3. TRIR spectra of the reaction (after stopped-flow mixing) of

025 mM 5§ with 0.25 mM CoCp,* in CH;CN (mentioned

concentrations are at the IR observation cell). The spectra show

the time evolution of different species §, 6, and 7. Here, we have used

0.5 mM each of § and CoCp,* as the stock solution and performed

the mixing at a 1:1 ratio.

the formation of new species from $ after mixing 0.25 mM
CoCp,* to 0.25 mM S5 in CH;CN. Note that the
concentrations mentioned here reflect the concentrations at
the IR observation cell. At these lower concentrations, the
conversion of § to 6 is slower, as can be expected. The possible
reactions ongoing in our case are shown above. Some 6 is
present already in the initial spectra, however, for reasons we
cannot explain.

This reduced tetracarbonyl species, 2CO, is transient at
room temperature as evident from its short half-life of ~55 ms.
Subsequently, CO (product) release and the binding of the
solvent molecule to the five-coordinated radical species,
[Re(bpy)(CO);]*, is also reported to have very fast kinetics
(eq 1 and 2, Scheme 1).*° Once 6 is generated, it reacts with ,
forming 7 and 2CO, and the latter further forms 6 upon
solvent binding (eq 3). In this scheme, the overall rate of the
reaction is limited by eq 3 (which is slower compared to the
reactions mentioned in eqs 1 and 2), and the corresponding
kinetics, captured by the employed technique, are utilized here
for the analysis.

According to the mechanism of the electron-transfer-
catalyzed ligand substitution reaction, as soon as a small
amount of 6 is generated, it readily starts the autocatalytic
reaction, generating both 6 and 7 and it can be assumed that
the concentration of 6 in eq 3 (Scheme 1) is much smaller
than the concentration of 5 (also evident from the kinetic
traces in Figure 4B), which allows us to use pseudo-first-order
exponential rate equations to analyze the kinetics of the
corresponding reactions.

In the reaction of 0.25 mM § with 0.25 mM CoCp,*, the
trace at 1967 cm™ (corresponding to 5) decays, with an
apparent rate constant (k_,)) of 1.2 s7!. Please note that
these apparent rate constant values are highly dependent on
the reaction conditions and carry ~10% error in their values.
More than one exponential function was needed to fit the
traces at 1902 cm™" (6) and 1937 cm™' (7) among which the
initial rate constant of their formation is very similar to the rate
constant of the decay of 5, which is expected according to eq 3
(Figure 4A,B). At the end of the reaction (30 s), both 6 and 7
remain because S§ has been consumed and the CoCp,*
potential is similar to the 7/6 potential (vide supra). Thus, the
slower evolution (t > 1-2 s) is attributed to equilibration
between 6 and 7. However, the steady-state concentration of 6
is smaller compared to 7, evident from the corresponding AA
values.

Upon increasing the relative concentration ratios (S/
CoCp,*) to 0.33 mM/0.16 mM (2:1) and 0.375 mM/0.125
mM (3:1) (Figure S24—S25), a similar kinetic behavior of the
1937 cm ™" trace was observed. It grows with similar apparent
rate constants (k; ;) = 0.6 s™') as that of the decay of § (k_, (s
= 0.7 s'). At a longer time scale, 7 decays almost 70% and
25% from its highest steady-state concentration (comparing
the AA at 1937 cm™, Figure S25) as we moved from a 2:1 to a
3:1 ratio, respectively. We believe that the reaction of 7 with
the unreacted CoCp,* (due to the autocatalytic pathway) is
responsible for the conversion of 7 to 6 (eq 4). The observed
apparent rate constant for the formation of 6 is probably an
average of its formation following eqs 2 and 4. As we moved to
a 4:1 ratio (0.4 mM/0.1 mM), the reaction became even
slower and only the growth of 7 was captured without any
considerable decay (Figure 4D). The apparent rate constant of
the formation of 6 and 7 is ~0.3 s, which aligns with the
decay rate constant of 0.2 s™' for 5. As we moved toward the
substoichiometric concentrations of the CoCp,* (from 1:1
ratio to 4:1 ratio), the fitting of the kinetic traces using single
exponential functions became poorer (Figures 4 and S25) and
the traces feature a sigmoidal behavior, characteristic of an
autocatalytic reaction. We were successful in reproducing these
sigmoidal features using a consecutive reaction (eqs 2 and 3)
kinetic model (see the Supporting Information, Figure S26).
The rate constants extracted from the experimental traces at
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Figure 4. Kinetic traces of the vibrational bands corresponding to 5 (1967 cm™), 6 (1902 cm™), and 7 (1937 cm™) observed during the reaction
between 5 and CoCp,* at different concentrations. (A—C) 0.25 mM/0.25 mM and (D—F) 0.4 mM/0.1 mM. These concentrations are the
concentrations at the IR observation cell. Here, we used 0.5 mM each of § and CoCp,* as the stock solution and performed the mixing at 1:1 and
4:1 ratios. k; and k_, represent the apparent rate constant for the formation and decay of the species, respectively.

the lower concentration regime (0.5 mM case with varying
ratios of § and CoCp,*) and the corresponding concentrations
of § and CoCp,* were used as inputs during the simulations.
The behavior of the simulated kinetic traces at the shorter time
scale matches perfectly well with the corresponding exper-
imental ones. However, at a longer time scale, some deviations
were observed because in our simulations, we did not include
the side reactions of 6 and 7 with [CoCp,*]* and CoCp,*
(egs 4 and 5).

These concentration dependence experiments at the low
concentration regime of CoCp,* suggest that the generation of
a small amount of 6 is sufficient to start the autocatalytic
pathways but the initial accumulation of 6 following eqs 1 and
2 is too fast to observe in our instrument. Therefore, the
kinetics we are observing here mainly follow eq 3 (4 and § for
the slow reactions with CoCp,* and [CoCp,*]*) as formation
rates of both 6 and 7 are almost equal to the decay of 5.

In the previous chemical reduction experiment using KCsg,
the authors used 50 mM § and observed only 7 as the product
without observing any signature of 6 although we did see 6 at
lower concentrations. Thus, we were curious if there is any
effect of the concentration of either 5 or CoCp,* in the
product distributions. This question led us to perform more
experiments with higher concentrations of § and CoCp,*(vide
supra, Figures $27—S28, S, and $29—S30) like 2 and 3 mM
(stock concentrations) with varying mixing ratios during the
stopped-flow TRIR experiments. In the following sections, we
will discuss the results obtained from the experiments
performed with the 3 mM case with varying mixing ratios,
and the 2 mM case is discussed briefly in the Supporting
Information.

At High Concentration Regime (with 3 mM Stock
Solutions of 5 and CoCp,*). At the equal concentration of
CoCp,* and § (1.5 mM each at the observation cell), we saw a
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mixture of 2CO, §, and 7 at the very initial spectra of the TRIR
data (Figures S20 and S29). Then, 6 accumulates rapidly
followed by its decay (probably following eq S). As the initial
spectrum is a mixture of at least three species, kinetic analysis is
complex to pursue. The electron-catalyzed ligand substitution
reaction is reported to be pronounced at a substoichiometric
concentration of the reductant. Therefore, we analyze the
kinetic traces obtained from the stopped-flow TRIR experi-
ments performed at higher mixing ratios: 2:1 (2/1 mM), 3:1
(2.25/0.75 mM), and 4:1 (24 mM/0.6 mM). The TRIR
spectra of the reaction between 5 and CoCp,* at these
concentrations show the generation of 7 in a considerable
amount at the very beginning (Figure $29) and with increasing
the relative ratios of the reactants, less amount of 7 was seen in
the initial spectra.

At a 2:1 ratio (5: CoCp,* = 2 mM/1 mM), we can resolve
the formation of 7. The kinetic traces at 1902 and 1937 cm™
give the apparent rate constants, 5.3 and 7.0 s™!, for the
formation of 6 and 7, respectively, which are close to each
other and match well with the apparent decay rate constant of
5 (1967 cm™ trace, Figure SA—C). Note that 5§ will be
consumed through parallel reactions i.e., direct reduction with
CoCp,* and the autocatalytic pathway. Later, 6 starts to decay
with a rate constant of 0.3 s}, presumably upon its reaction
with remaining [CoCp,*]*, contributing to a small increase in
the concentration of 7 (Figure SA—C). The traces at 1902 and
1937 cm™ at all of the concentration ratios have slower
components due to the interconversion between 6 and 7 (eqs
4 and S). At this high concentration regime, the trace at 1967
cm ™" (5) was also affected due to the large absorbance of the
1937 ecm™' peak (Figures S, and S29). The apparent rate
constant values of the growth over a longer time were small
and remained almost similar in all of the mixing ratios (Figures
S, and $28). We took only the initial decay for our analysis. In
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Figure 5. Kinetic traces of the vibrational bands corresponding to 5 (1967 cm™), 6 (1902 cm™"), and 7 (1937 cm™") observed during the reaction
between § and CoCp,* at different concentration ratios: (A—C) 2 mM/1 mM, (D—F) 2.25 mM/0.7S mM, (G-I) 2.4 mM/0.6 mM. These
concentrations are the concentrations at the IR observation cell. Here, we use 3 mM each of § and CoCp,* as the stock solution and perform the
mixing at 2:1, 3:1, and 4:1 ratios. k; and k_; represent the apparent rate constant for the formation and decay of the species, respectively.

these high concentrations, the 2125 cm™ peak also receives
considerable absorbance, we fitted that kinetic trace (Figure
$30), and the extracted rate constants also supported our
argument. As we increased the concentration of § and
decreased the concentration of CoCp,* in the mixture, similar
features of the kinetic traces for S, 6 &ad 7 were observed but
with a decrease in apparent rate constant (Figures S and $29—
$30), giving 7 as the final product. In these mixing ratios (2.25
mM/0.75 mM, 2.4 mM/0.6 mM), a very small amount of 6 is
formed (almost 1 order of magnitude lower than 7) as evident
from the AA values shown in Figure S.

Relevance in View of the CO,RR Mechanistic Cycle.
The inclusion of the 2CO, proposed as a common
intermediate to both eCO,RR and photo-CO,RR in
CH;CN, in the mechanistic cycle was debated for a long
time due to the difficulty in detecting it in conventional FTIR-
SEC experiments owing to its presumed short half-life. In this
study, utilizing stopped-flow mixing coupled with TRIR, we
were able to observe this intermediate at various concen-
trations and determine its half-life (~55 ms) in CH;CN. Direct
product release (CO) from this intermediate was also shown
here. Therefore, the modified mechanistic cycle is as follows:
the oxidized tetracarbonyl species (5), formed upon
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protonation and water removal from the metal-hydroxy
carbonyl complex (4), undergoes one-electron reduction to
form the 2CO intermediate. 2CO then releases CO
spontaneously and generates a mixture of 6 and 7 as the
products following the electron-transfer-catalyzed ligand
substitution reaction (Scheme 2). In a typical eCO,RR
experiment using the corresponding halide complex, Re(bpy)-
(CO),Cl, electrocatalysis is performed at a very high cathodic
potential relative to that at which 5 does CO,RR. Thus, the
electron-transfer-catalyzed ligand substitution reaction might
not affect the electrocatalytic rates and efﬁciency.21 However,
when § acts as the electrocatalyst, it requires less cathodic
potential to release the axial CO and form the active species,
27.%° We believe that this applied potential is not large enough
to avoid the electron-catalyzed ligand substitution reaction
generating 7 as a side product and we propose this is the
reason for the lower i.,/i, values obtained for § compared to
the parent halide complex.”®

We believe that the electron transfer-catalyzed ligand
substitution reaction plays a major role in Re(bpy)(CO),Cl-
catalyzed photo-CO,RR, as under these conditions, catalysis is
limited by the generation of reductant (slower reaction rate for
eq 1). After releasing CO, the resultant 6 can react with some
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Scheme 2. Modified Mechanistic Cycle of the CO,RR by the
Re(bpy)(CO);X (X = —Cl/—Br) Catalyst in CH;CN*
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product 7 (highlighted in the yellow box) are much more prominent
under low electron flux (limited supply of reducing equivalents).

of the § that were not reduced yet and form 7 (Scheme 2).
Although this side reaction helps to release CO faster, the
resultant product, 7, requires a higher reduction potential
relative to S, to reach the catalytically active species. Under
photochemical conditions, the subsequent electron injection is
slower compared to that under the electrochemical conditions.
That might lead to lower TOF of these catalysts in CH;CN
compared to the same in weakly coordinating solvent, DMF.”'
However, many other factors also need to be taken into
account. One of the major factors is the concentration of the
catalyst, as higher catalyst concentration will favor the
autocatalytic pathway relative to the CO, binding. We were
also able to capture this aspect in our experiments, as we
observed 6 from the very beginning in the TRIR spectra in the
low concentration regime (0.5 mM). However, for the higher
concentration case (2, 3, and 4 mM), 7 was observed from the
beginning. Thus, all of these considerations must be kept in
mind during photo-CO,RR with these types of catalysts.

B CONCLUSIONS

In this study, we utilized stopped-flow mixing combined with
TRIR to identify the intermediates involved in the product
(CO) release step in Re(bpy)(CO),Cl catalyzed CO,RR,
which remained undetected in the previous mechanistic
studies. We were able to detect the debated intermediate, for
the first time, the reduced Re-tetracarbonyl species ([Re(bpy)-
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(C0),]% 2C0), and observed product (CO) release directly
from it. This confirms definitively that 2CO is part of the
mechanistic cycle and suggests that the release of CO does not
happen simultaneously with the reduction of the oxidized
tetracarbonyl species, 5. Additionally, we demonstrated that
the easy release of the product from 2CO is a result of the
competitive electron transfer-catalyzed ligand substitution
reaction. The stopped-flow FTIR technique used in this
study offers improved time resolution, allowing for the
detection of intermediates that escape detection in conven-
tional FTIR-SEC experiments. By controlling the concen-
tration of the reductant, this technique can closely mimic both
electrocatalytic and photocatalytic conditions. This study also
highlights the increasing significance of the electron transfer-
catalyzed ligand substitution as reductant concentration
decreases, mirroring the slower rate of subsequent reduction
steps typically seen in photochemical experiments. Moreover,
in a single experiment, we were able to observe all of the
species involved in this side reaction along with their kinetic
details. The main byproduct of this side reaction, [Re(bpy)-
(CO);(CH,CN)]* (7), needs a higher reduction potential
compared to the intermediate [Re(bpy)(CO),]" (5) to form
the catalytically active species, [Re(bpy)(CO);]° (2).
Although the initial activation of the catalyst (Re(bpy)(CO);X
— 2) is thought to be more energetically demanding than the
subsequent reduction process involving product release (5 —
2) and turnover, both reductions require a similar driving force
for sustained catalysis due to the easy formation of 7 from $ via
an electron-catalyzed ligand substitution reaction. Conse-
quently, in coordinating solvents like CH;CN, this reaction
could decrease the concentration of the active catalyst if the
concentration of reductant is low and its reduction potential is
insufficient to revert the catalyst from the oxidized state
generated by this side reaction. These conditions are more
probable in photo-CO,RR and may elucidate the catalyst’s
reduced activity in CH;CN.

B MATERIALS AND METHODS

The Supporting Information file includes details of the
materials, experimental procedures, and theoretical calcula-
tions.
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