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The activation mechanism of Mn-based molecular catalysts is reported in a three-component system
(photosensitizer, electron donor, catalyst), investigated by time-resolved infrared spectroscopy. In total
four complexes were studied that are derived from Mn(2,2’-bipyridine)(CO)sBr by varying substituents on
the ligand, which impose steric constraints or modulate electronic properties. Thereby, ligand effects on
catalyst activation pathways are systematically assessed. A unified feature across all systems is that the
intermediate after one-electron reduction and subsequent Br~ dissociation, i.e., Mn°(L)(CO)s, possesses
a more positive reduction potential than the parent complex, leading to its rapid second reduction. This
step outcompetes dimerization of Mn° radicals, which instead proceeds through a symproportionation
between the two-electron reduced species and the parent complex. However, when dimer formation is

Received 17th September 2025, sterically hindered, two Mn° species arise instead. The final process is the re-oxidation of the reduced

Accepted 12th December 2025 intermediates by either hydrogen evolution or regeneration of the electron donor. Although CO,
DOI: 10.1039/d5cp03590b conversion was not the focus of this work, the elucidated pathways clarify how competing re-oxidation

channels can limit reduction efficiency or alter product selectivity. These mechanistic insights provide a
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1 Introduction

Concerns about the accumulation of greenhouse gases have
garnered increasing attention due to compelling evidence of
global warming.' Atmospheric CO, has been identified as the
major controlling factor for the greenhouse effect,” but it is also
a renewable and abundant C1 building block. Reduction of the
atmospheric carbon dioxide through its utilization for producing
valuable chemicals is desired.> However, the latter is not an easy
task, since CO, is an inherently stable molecule and its reduction
comes at a high thermodynamic cost.* One-electron reduction of
CO, requires 1.9 eV of free energy at standard ambient tempera-
ture and pressure in aqueous solutions. Proton-coupled multi-
electron transfer processes such as CO,+ 2H'+ 2e~ — CO + H,0
significantly lower this energy requirement to 0.53 eV.?
Transition metal complexes have been applied since the
1980s as catalysts for these reactions.® Originally they were
made using rare metals such as Re,’® Ru,’® Ir and
Rh.'>'® However, in 2011, Chardon-Noblat, Deronzier and
coworkers reported the first application of a Manganese-based
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foundation for rational strategies to control the selectivity and amplify the desired catalytic reactions.

catalyst'* - Mn(2,2'-bipyridine)(CO);Br - for CO, reduction. This
initiated a series of studies that focused on utilizing complexes
of more abundant metals for this purpose. The results have
been summarized in recent reviews."'>>°

Improving catalyst design requires a deep understanding of
underlying mechanisms involved in the catalytic cycle. While
various electrochemical and spectroscopic investigations on
Mn-based CO, reduction catalysts have been conducted, time-
resolved studies are much rarer. Nevertheless, a number of
transient infrared studies have demonstrated the power of this
technique in elucidating the reaction dynamics of Mn carbonyl
complexes involved in other catalytic processes, such as C-H bond
functionalization.>** As for the catalytic CO, reduction, a notable
kinetic study of a Mn-based catalyst (Mn(4,4’-ditertbutyl-2,2'-
bipyridine)(CO); Br) was conducted by Grills et al.®>® using pulse
radiolysis to generate solvated electrons and measure IR absorp-
tion changes on nanosecond to millisecond timescales. Subse-
quently, the Wasielewski group investigated a modified Mn(2,2'-
bipyridine)(CO);Br complex covalently linked to a chromophore
enabling observation of the first reduction step with enhanced
temporal resolution.*® Very recently, Hammarstrom and collea-
gues have done extensive work towards identifying bifurcating
pathways leading to CO or formate products by stopped-flow FTIR
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spectroscopy, using chemical reductant mixing to generate active
catalyst and observe subsequent CO, reduction.®”

In parallel, the first steady-state photo-chemical experiments
using the Mn-based catalyst were performed by Ishitani and
colleagues,®® where they have utilized the originally reported
catalyst - Mn(2,2’-bipyridine)(CO);Br, Ru(dmb),>" as photosensiti-
zer, and 1-benzyl-1,4-dihydronicotinamide as sacrificial electron
donor (a typical 3-component system) in the presence of trietha-
nolamine in dimethylformamide. Irradiation with 480 nm light
selectively excited the photosensitizer, while avoiding the direct
absorption of the catalyst which is known to act as a highly effective
photoCORM (photo-induced CO-releasing molecule).’*™** Grills
et al. noted that laser flash photolysis experiments could be carried
out under the intermolecular electron transfer conditions estab-
lished by Ishitani,®® but cautioned that introducing a more
complex chemical system might lead to a mechanism different
from that reported in their own study.*

In the present work we address this question and investigate
the typical 3-component photocatalytic system using time-resolved
infrared spectroscopy. Among the prior IR studies, only a few have
successfully detected CO,related intermediates.>”** However,
none have done so within a full three-component system, which
poses a significant experimental and mechanistic challenge. Given
this complexity, it is essential to first disentangle the intrinsic
activation pathways before introducing CO,. Accordingly, the
present study is carried out in the absence of CO, to establish a
clear mechanistic baseline, independent of substrate-specific reac-
tivity. Because the presence of CO, can fundamentally alter the
reaction network, isolating the inherent steps of catalyst activation
represents a necessary precursor to understanding the complete
reduction cycle. The insights gained here thus provide a crucial
foundation for future time-resolved studies under catalytic condi-
tions and will guide the selection of suitable parameters for
exploring the full CO, reduction mechanism.

To that end, four different catalysts were selected to system-
atically probe steric and electronic influences on their activation
pathways: Mn(4,4'-ditertbutyl-2,2'-bipyridine)(CO);Br (hereafter
Mnd4ditert) previously employed by Grills et al. in their mecha-
nistic investigation, Mn(6,6’-dimethyl-2,2’-bipyridine)(CO);Br
(hereafter Mn6dmb), that unlike the three other complexes
exhibits a characteristic bending of the bipyridine ring system,
Mn(6,6’-dimesityl-2,2’-bipyridine)(CO);Br (hereafter Mn6mesb)
utilized by Kubiak and colleagues, whose bulky ligands sup-
press the catalyst dimerization,* and Mn(4,4’-dimethylester-
2,2'-bipyridine)(CO);Br*" (hereafter Mn4dicarb), which provides
comparative insight about the reaction pathway in the presence
of electron-withdrawing, instead of electron-donating, substitu-
ents on the bipyridine ligand. The four catalysts are shown in
Fig. 1 below.

2. Results and discussion

A typical chemical system for homogeneous photo-catalysis
contains at least two additional components besides the mole-
cular catalyst: a photosensitizer (PS), which harvests light and
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Fig. 1 The four catalysts used in this study.

converts it into chemical potential, and an electron donor. In
photochemical reduction, the electron donor either reduces the
excited photosensitizer (reductive quenching) or recovers the
oxidized PS*" (oxidative quenching pathway).*> This study utilizes
Ru(bpy);(PFg), as PS, which is very commonly used for this role,*®
whereas the electrons are provided by 1-benzyl-1,4-dihydronicotin-
amide (hereafter BNAH), an analogue compound of NAD(P)H in
biological systems.’”” The synthesis of the complexes is
described in SI, Section 1."**>**%%% The PS was excited using
532 nm wavelength pump pulse to decrease the probability of
direct absorption by the catalysts (see Fig. S6 in SI), which would
lead to a number of photochemical side products (see Section S3.1
in SI).***>*° In fact, due to the inherent photo-instability of the
Mn(o-diimine)(CO);Br-type complexes, the number of steady-state
experiments that can provide mechanistic insight into such
complex three-component systems is rather limited. The strength
of time-resolved spectroscopy is hereby underlined, as the use of
pulsed actinic light is essential for preventing absorption process
by reaction intermediates, which absorb green light far more
strongly than the parent complex.>' The species formed after the
actinic pulse were tracked by IR probe pulses in the region of Mn
carbonyl vibrations around ~ 1800-2000 cm ™! (see SI, Section S3,
for details).>>>?

2.1. Mn4ditert and Mn6dmb: reaction pathway of dimerizing
catalysts

The most commonly described mechanism to reach the catalyti-
cally active state of a Mn tricarbonyl CO, reduction catalyst, i.e., the
two-electron reduced complex, proceeds via one-electron reduction
and subsequent halide loss, followed by dimer formation and then
further reduction as shown in eqn (1) to (4) (L = o-diimine
ligand)."**>>* Rarely, two-electron reduction before dimer for-
mation by comproportionation (see eqn (5) and (6)) has also been
reported.>>>¢

Mn'(L)(CO)sBr + e~ = [Mn'(L*")(CO)sBr]” )
[Mn'(L*7)(CO);Br]” = Mn°(L)(CO); + Br~ (2)
Mn°(L)(CO); + Mn°(L)(CO); = [Mn°(L)(CO);].  (3)

[Mn°(L)(CO);s], + 2e~ = 2[Mn°(L*)(CO);]~ (4)

This journal is © the Owner Societies 2026
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Mn°(L)(CO);+ e~ = [Mn°(L*")(CO);]~ (5)

[Mn°(L*7)(CO);]” + Mn'(L)(CO);Br = [Mn°(L)(CO);], + Br~

(6)

Mn4ditert and Mn6dmb systems serve as reference cases in
this study due to their almost identical chemical behavior, whereas
the other two complexes (Mnémesb and Mn4dicarb) deviate from
the standard reaction pathway through modifications on the
bipyridine ligand. The following section is divided into parts
focusing on reactions before and after dimer formation.

2.1.1. Reduction, Br~ loss, second reduction: an electro-
chemical-chemical-electrochemical mechanism. TRIR data
obtained for the reference complexes, Mn4ditert and Mn6dmb
systems, suggests very similar reaction pathways (see Fig. 2).
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In the 2D contour plots of this work (for example Fig. 2b and e),
blue color is used to show a negative change in absorption
whereas red represents a positive one. That is, red bands belong
to new species that are formed over the course of reaction,
while blue bands, hereafter referred to as bleaches, indicate
depletion of the initial catalyst. The parent complex of each
catalyst belongs to the Cs point group and its 3 carbonyls
generate 3 normal modes: 2A’ (lowest and highest frequency
modes) and 1A” mode (in between the two). Of the three modes,
two with lower frequencies are close to each other and are not
well-resolved.

For a systematic analysis of the spectra we have employed the
so-called “lifetime distribution analysis”, a largely model-
independent technique that facilitates extraction of time constants
(via dynamical content plots) and subtle spectral variations that

Mn4ditert Mn6dmb
~ 1 ~ 1
% a 6 %
£ ) B [l (6] £
5 05 z 05
=
S o I
3 =
: g Y
5 05 5 —0.5
A(Abs.) z A(Abs.)
-1 —1-05 0 -1 -1 -05 0
| J \
1071 \\ c) 1071 “’E{ \\\ f)
_2 \. = [ \
10 \ 1072 \
1073 \ 1073 \
gy 0 \\\ 10+ \
e 105 \\\ = 10-5 \\
1076 \ 1076 \
\\
1077 1077 \
- | \
10-8 " 10°8 l
107° { 10-9 i
1800 1850 1900 1950 2000 2050 1800 1850 1900 1950 2000 2050
®/cm™t o/ cm-1
. I’Br PS” PS Br = PS~ PS
«CO -B {
Com O\ / CN | 00| Br e o co\_/ CN " c5|
N7 | co N7 NCo N"| co NT] NCo
Co 0 Co co
Hydrogen u
n evolution Br
CN ,,,,,,,, M‘ ,,,,,, o CNMII Co
n
N~ | \CO NT | \CO
Co Co

H*,

N
CN = 2,2’-dipyridyl-based ligand

break DMSO

+
DMSO
CNlMMnOJMCO N CN ,,,,, | : CO—I
DMSO N~ Sco TS o
Cco
Disproportionation

Fig. 2 TRIR difference spectra accompanied by spectral cuts at selected delays and time trace(s) for 2 catalysts - Mn4ditert (a—c) and Mn6dmb (d—f) - at
10 mM concentration with 10 mM PS, and 50 mM BNAH in DMSO. The reaction pathway is shown below, with structure colors matching the spectral cuts
that represent those intermediates. Additionally, the numbers in brackets assist in following the chronology of the major reaction pathway and point to

the relevant bands in the horizontal traces.
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could otherwise go unnoticed (via lifetime density maps).”’"** A
detailed description of the method is provided in the SI, Section S4.

The assignment of the observed spectral features to specific
chemical intermediates was primarily guided by DFT-calculated
vibrational frequencies and intensities,®*”7° with assistance
from prior literature reports whenever possible. For more
detailed description of the computational methods the reader
is referred to Section S5 in the SI.

The first reduction is observed on the ~1 pus timescale (as
deduced from the dynamical content in Fig. S14 in SI) and is
assigned to the appearance of Mn’(L)(CO); (L = bpy-based ligand,
bands labelled [3] in Fig. 2 - red structure), which manifests
simultaneously alongside the bleaches (bands labelled [1] in
Fig. 2) of the parent complex. The spectrum of Mn°(L)(CO); is in
good agreement with the previous reports.***® We do not have
spectroscopic evidence for the very first intermediate along the
catalyst reduction pathway - [Mn'(L* ~)(CO);Br]~ (violet structure in
Fig. 2) - that would have carbonyl vibrations near ~1900 cm™*
(2 bands) and 2000 cm ', according to accompanying DFT
calculations, see Table 1. This is because the diffusion-limited
reaction between the reduced PS and the catalyst is slower than the
loss of the Br™ ligand.

The next spectral changes are assigned to rapid accumulation
of the doubly-reduced catalyst ([Mn°(L*)(CO);]"), which is the
active species for CO, reduction, appearing with ~13 ps time
constant for Mn4ditert and ~6 ps for Mn6dmb. This is evi-
denced by the bands near 1800 cm™ "' and 1900 cm ™", that align
well with the literature-reported values of the doubly-reduced
complex* (bands labelled [4] in Fig. 2, green structure). Con-
sidering the photon flux, beam spot size, and the extinction
coefficient of the PS at 532 nm, one can estimate a ~2 mM
concentration of the excited PS (PS*). Even if all the PS* were
reduced by BNAH, the resulting electron supply would still be
insufficient to reduce all of the initial complex twice. The oxidized
BNAH (BNAH®") is not reductive enough in this regard either
(one-electron reduction of Mn(bpy)(CO); Br is reported at
—1.56 V," and the deprotonated form of BNAH®*, BNA®, has
potential of —1.38”"7> versus Ag/Ag" in Acetonitrile). The most
plausible explanation is that the reduction potentials of Mn'
(L)(CO); Br and PS*~ are about the same so the first reduction
step is in fact incomplete and that Mn(L)(CO); has a more positive
reduction potential than the parent complex (Mn'(L)(CO);Br),
which leads to the preferential reduction of Mn°(L)(CO); by the
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PS*~ as shown in eqn (5). The described reaction pathway is a
typical example of an ECE mechanism, ie., electron transfer,
chemical reaction, electron transfer.”

2.1.2. Dimerization and proton attack. In the next reaction
step, the doubly-reduced catalyst attacks the remaining parent
complex and forms a dimer, see eqn (6). This is evidenced by
additional bleaching of the resting state species in the milli-
second window (see Fig. 2¢ and f). The dimer modes arise with
a time constant of ~6 ms for Mn4ditert and ~0.5 ms for
Mn6dmb (see Section S4 in SI). Notably this second reduction
kinetically competes with the dimerization process shown in
eqn (3). This rate constant for dimerization is significantly
slower than the one reported by Grills et al.?® This discrepancy
can be explained by the higher number of available electrons in
their experiment, causing that dimer formation proceeds via
eqn (3) instead of eqn (6).>>>°

The dimer has C, point group symmetry and 6 normal
modes (3A and 3B symmetries). Of these six modes, two can be
resolved at ~1925 (B) and ~1975 cm ' (A). The band at
~1925 cm™ ! is predicted by DFT to be the most intense one (see
Section S5 in SI), but appears around the same intensity as the rest
due to the partial cancellation from overlapping broad bleach
centered at ~1940 cm™'. The broad bands located between
~1840-1880 cm™ " originate from the remaining four CO modes
that are superimposed, two pairs of A and B symmetries,
respectively. The observed dimer spectrum is consistent with
prior studies.*>°

The decay of the dimer bands is observed for both Mn4ditert
and Mn6dmb samples coupled to the appearance of positive
features at ~1955 cm™ "' and ~2040 ecm™" (bands labelled [6] in
Fig. 2a and d). For Mn6édmb, the new bands are temporally well
separated from the dimer modes, emerging with a time constant
of ~200 ms, whereas for Mn4ditert they appear nearly simulta-
neously, ie., at ~6 ms. These frequencies likely originate from a
Mn' species. Possible candidates include the meridional isomer
of the catalyst and the solvent-coordinated fac-isomer (a and b,
respectively in Fig. 3). The DFT calculated frequencies of the two
candidates (see Table 1) indicate that both the meridional isomer
- mer-Mn' (L)(CO); Br - and the solvent-coordinated species can be
responsible for these new peaks. However, since in the mer-
isomer two of the carbonyls face opposite directions, the totally
symmetric stretch mode becomes very weak, which does not
match the observed intensity profile. Hence it is more reasonable

Table1l DFT-calculated frequencies of the carbonyl modes of the discussed species for each complex. The modes are listed in the order from lowest to
highest frequency. Modes in italic are for the theoretically possible but unobserved species. A more detailed version which includes intensities and free

energies can be found in S|

Chemical species Mn6dmb Mndditert Mné6mesb Mn4dicarb
MnlgL)(CO)3Br 1927/1936/2019 1931/1935/2023 1925/1942/2016 1940/1943/2026
[Mn'(L*7)(CO)3Br]~ 1900/1908/1997 1905/1908/2001 1900/1915/1996 1914/1917/2008
MnO(L)(CO)3 1851/1856/1955 1860/1861/1961 1856/1862/1952 1903/1905/1978
[MnO(L'f](CO)‘;]* 1803/1816/1887 1817/1823/1900 1827/1831/1900 1862/1862/1940
[Mn°(L)(CO)s], 1862/1866/1881 1868/1873/1881 N/A 1900/1908/1917
1888/1920/1969 1888/1925/1973 1920/1958/1995
[Mn'(L)(CO);(DMSO)]" 1940/1954/2038 1948/1951/2042 1943/1952/2032 1955/1959/2044
Mn'(L)(CO);H 1892/1893/1987 1893/1900/1992 1894/1899/1984 1906/1913/1995
Mer—MnI(L)(CO)3Br 1924/1946/2041 1921/1949/2042 1931/1942/2035 1932/1962/2046
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Fig. 3 Two possible options to assign bands labelled [6] in Fig. 2a, the
most likely option is highlighted.

to assign the bands to [Mn'(L)(CO);(DMSO)]" (yellow structure in
Fig. 2 and 3). The solvato-complex is most plausibly generated
through proton attack on the dimer, a reaction that would
necessarily proceed via the hydride intermediate. However, direct
observation of the hydride is challenging, because it can form H,
and dimerize with another metal hydride (see Fig. 2, hydrogen
evolution pathway). Although Mn'(L)(CO);H is not detected dur-
ing the dimer re-oxidation, its spectroscopic evidence emerges in
another process, which is discussed later on in Subsection 2.1.3.

The source of the proton is BNAH®", which is quite acidic*®
and in the absence of a base the protons could attack the
electron-rich Mn°~-Mn° dimer which would produce the Mn'
(L)(CO);H and [Mn' (L)(CO),]" according to:

[Mn°(L)(CO);], + BNAH*" — Mn'(L)(CO);H + BNA® + [Mn(L)(CO);]"

(7)

The latter would re-coordinate Br~ or a solvent molecule to
either form the original complex or a solvent-coordinated one
(IMn'(L)(CO);(DMSO)]"), whereas the BNA® can either dimerize
with another radical (eqn (8)) or reduce BNAH®' to BNAH

(eqn (9))-

AG=-19.3 kcalmol~!
-

BNA® + BNA* BNA, (8)

AG=—39.4kcalmol~!
JymoTAReAme

BNAH*" + BNA® BNA' +BNAH  (9)

At first glance, it is surprising that the solvato-complex
(vellow structure in Fig. 2) forms, rather than regeneration of
the initial catalyst. Given the long timescale of the final process,
one might expect establishment of equilibrium conditions that
favor Br~ re-coordination over solvent binding. However, the
experimental results suggest that solvent binding is thermo-
dynamically preferred. This was confirmed by FTIR control
experiments (Section S2 in SI). The solvolysis of Mn-Br bond
for similar complexes has been described in literature
before,”*”> however, it is a slow reaction (an hour timescale).
Without the proton attack on Mn°~-Mn° dimer - which results in
the re-oxidation of Mn° to Mn' - the solvato-complex would not
be detected in this temporal window.

None of the reaction steps discussed so far account for the
pronounced additional depletion of the parent complex
observed on the same timescale as the formation of [Mn'(L)-
(CO);(DMSO)]" (see Fig. 2f), a phenomenon we only observed
for the Mn6dmb system. To account for this, we propose a
dimer disproportionation into [Mn°(6dmbpy® ")(CO);]™ (i.e., the

This journal is © the Owner Societies 2026
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two-electron reduced catalyst, green structure in Fig. 2) and
resting state [Mn'(6dmbpy)(CO);]* that binds DMSO (see

eqn (10)).

[Mn°(L)(CO);], + DMSO — [Mn°(L* )(CO);]” + [Mn'(L)(CO);(DMSO)]*
(10)

The [Mn°(6dmbpy*® )(CO),]~ could reduce the resting state
catalyst again, repeatedly regenerate the dimer, and ultimately
lead to more solvent-coordinated Mn' species. These reactions
are also included in the Fig. 2 (disproportionation pathway), and
are quite similar to the ones reported for analogous Ru-based
system in the literature.”®”’® Although this is putative, we
propose that the bending of the bpy ring system in Mn6édmb
favors the disproportionation reaction and this is the reason
why it is not observed in the case of Mn4ditert experiments. DFT
results show that Mn-Mn bond distance is 2.98 A for Mn4ditert
dimer, whereas for the Mn6dmb one it is 3.12 A.

2.1.3. Suppressing the acidic break pathway with base.
Ishitani and colleagues®® utilized TEOA as a base in their experi-
ments in order to suppress charge recombination of the reduced
PS with the oxidized electron donor. To mimic their conditions,
we added 1 M TEOA to our standard samples. The resulting TRIR
spectra are shown in Fig. 4. Even though the added TEOA (pkK, of
7.77 in water’?) did not completely suppress protonation of the
dimer (eqn (7)), its net effect was unambiguous. Firstly, addition
of base efficiently prevented the back-electron transfer from
reduced PS to oxidized BNAH, by deprotonating the latter, which

107
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Fig. 4 TRIR difference spectra of 10 mM Mn4ditert (a) and Mnédmb (b),
with 10 mM PS, 50 mM BNAH and additional 1 M TEOA.
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in turn improves the quantum yield of the overall reduction and
thus the signal size in the difference spectra. Secondly, due to the
reduction of the acidic proton concentration the dimer decays
significantly slower, as evidenced by its persisting bands even at
the end of the measured temporal window. For this reason, it can
be regarded as the major product of the reaction under the basic
conditions. Another re-oxidation pathway depleting the dimer
can be electron back-transfer to PS, which has more positive
potential than the dimer, but we don’t have spectroscopic
evidence of this reaction.

Addition of the base enhanced the detectability of another
process that had previously gone unnoticed. Specifically, a new
band appears near 1980 cm ™', most apparent for the Mn6dmb
spectrum (Fig. 4b), while its lower frequency counterpart is
obscured by the ~1900 cm ™" mode of the [Mn°(L* )(CO);] . We
have considered two reasonable options to explain this feature,
which is discussed in greater detail in SI, Section S4.1. First, a
different conformation of the dimer that forms earlier and then
rearranges to the one we see in the millisecond regime. However,
only one, pseudo-eclipsed conformer with respect to equatorial
carbonyls, fits the observed intensity profile of the dimer. Second,
considering the fact that the presence of the corresponding species
is affected by base addition, it should be related to a metal hydride
complex. We hence propose that Mn(L)(CO); can receive hydro-
gen atom transfer from BNAH®* and form Mn'(L)(CO);H, which
would recombine with another hydride and lead to formation of
the Mn°-Mn° dimer:

—23.7kcalmol ~!

Mn®(L)(CO),+BNAH*" 2% Mn!(L)(CO),H+BNA*
(1)
Mn'(L)(CO);H + Mn'(L)(CO),H
| (12)
AG=—4.9 kcal mol [MHO(L)(CO)3]2+H2

The metal hydride decomposition into a dimer has been
reported to take place even in the solid state.®® DFT calculations
suggest that the hydride has carbonyl bands near ~1890 cm™*
(2 modes) and ~1990 cm ' (see Table 1), which closely
matches the observed spectrum, as well as experimental reports
on similar hydrides.®>®"

2.2. Non-dimerizing activation pathway

In order to understand the activation pathway of a non-
dimerizing catalyst we investigated Mn(6,6’-dimesityl-2,2'-
bipyridine)(CO);Br, designed by Kubiak and coworkers®**>
utilizing the ligand first made by Schmittel et al.*® The TRIR
spectrum of the compound is shown in Fig. 5b. The first
observable intermediate, Mn°(L)(CO); (compound [3] in
Fig. 5a), is not clearly resolved since its higher frequency band
overlaps with 1940 cm ™" bleach and cancels out. Similarly, the
higher frequency band of the doubly-reduced complex,
[Mn°(L)(CO);]” (compound [4] in Fig. 5a), partially coincides
with the same bleach. Nevertheless, Mn°(L)(CO); can be seen
with a faint positive feature at 1955 cm ™" evolving at ~1 s
timescale, whereas [Mn°(L)(CO);]” is clearly observed at
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Fig. 5 TRIR difference spectra of 10 mM Mn6mesb, 10 mM PS, and
50 mM BNAH in DMSO (b), accompanied by spectral cuts at selected
delays (a), and time trace(s) (c). The reaction pathway is shown on top of
the figure, boxed by blue dashed line. Mn-H denotes the hydride complex.

1810 cm ' and 1919 ecm ' at ~32 ps. Hence, up to the
formation of the doubly-reduced catalyst the reaction mecha-
nism for Mné6mesb is similar to the one described above for
Mn4ditert and Mn6dmb.

The mesitylene substituents in Mn6mesb efficiently prevent
dimerization after the formation of [Mn°(L)(CO),]". Instead,
the 2-electron reduced complex undergoes a comproportiona-
tion reaction with the parent complex to form Mn°(L)(CO);:

[Mn(L*)(CO),] +Mn'(L)(CO);Br
(13)
AG=—7.8 kcalmol~! ZMHO(L) (CO)3 + Br-
The equilibrium of this reaction seems to be on the side of
the one-electron reduced intermediate since its population
maximum arises later than that of the doubly reduced species,
developing with a time constant of ~130 ps. This outcome is pre-
dictable based on the DFT-calculated energy of —7.8 kcal mol ™"
for the reaction (eqn (13)), that favors two Mn°(L)(CO); over
[Mn°(L*)(CO);]” and Mn'(L)(CO);Br. Another pathway depleting
the doubly-reduced species could be a proton attack on the

[Mn°(L* )(CO)s] :

—39.5 keal mol ™!

[Mn®(L*")(CO);] +BNAH** 2= Mn'(L)(CO),H

+BNA*
(14)

Moreover, the reverse reaction of two Mn°(L)(CO); radicals
regenerating [Mn°(L*")(CO);]” and [Mn'(L)(CO);]" (reverse of
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eqn (13)) preferentially yields [Mn'(L)(CO);(DMSO)]" (com-
pound [6] in Fig. 5a).

To asses the effect of lowering proton concentration, the
TRIR experiment was also carried out under additional 1 M TEOA
(see Fig. 6). Although the final formation of [Mn(L)(CO);(DMSO)]"
was not suppressed, the reaction rate was noticeably slower (note
the shift of the relevant bands to slower timescales). Consequently,
[Mn°(L*")(CO);]” also “survives” much longer. Remarkably, the
metal hydride intermediate, whose observation was regarded as
challenging,® builds up to a detectable concentration (see Fig. 6b,
boxed bands). Although these faint bands are quite close to the
noise level, their presence can be confirmed by inspecting the
respective lifetime distribution map, see Fig. S17 in SI. This might
seem counterintuitive since the solution contains a base, however,
1 M TEOA is not basic enough to prevent hydride formation
completely. Instead, since in the absence of protons each metal
hydride decays by reacting with another hydride, the base-induced
decrease in its total concentration delays also this bimolecular
reaction, and Mn'(L)(CO);H becomes detectable. This hydride
complex decay pathway by hydrogen evolution reaction is slightly
different from the one shown in eqn (12), as dimer formation:

Mn'(L)(CO);H + Mn'(L)(CO);H
(15)

B . -1
AGHOSImSl, HMn®(L)(CO); + Ha

is excluded. The two Mn°(L)(CO); can again disproportionate
leading to the solvato-complex ([Mn'(L)(CO);(DMSO)]") and
[Mn°(L*7)(CO),] ™ that re-enters the cycle. Besides these reactions,
the hydride complex can be converted to [Mn'(L)(CO);(DMSO)]" by

(=}
13

Normalized A(Abs.)
o

t/s

2050

o/cm™t

Fig. 6 TRIR difference spectra of 10 mM Mn6émesb, 10 mM PS, 50 mM
BNAH, and 1M TEOA in DMSO (b), accompanied by spectral cuts at
selected delays (a), and time trace(s) (c). Dashed boxes depict regions of
calculated bands for the hydride species.
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donating H™ to BNA', regenerating BNAH:
Mn'(L)(CO;);H + BNAT + DMSO

A= I3kl (g1 (1)(CO),(DMSO)] *+BNAH

(16)

BNA" could originate in the system as previously shown in
eqn (9), or by another type of hydrogen evolution reaction:

Mn'(L)(CO);H + BNAH""
17)

—_ . -1
AG=—15.3 kcalmol BNA~ +H,+ Ml’lo(L) (CO)3

Although the precise occurrence of these reactions cannot
be confirmed, the spectroscopic evidence strongly supports re-
oxidation to the solvato-complex. We need to stress that the reactions
(14)~(17) are presumptive, based only on the evidence obtained for
two previous complexes, as well as DFT calculated reaction free
energies. We propose them herein as possible pathways to explain
the re-oxidation of the reduced complex to the final product, ie.,
[Mn'(L)(CO);(DMSO)]". As CO, reduction is not taking place in this
study, the electrons are either directed toward the aforementioned
hydrogen evolution pathways or regeneration of the electron donor.

2.3. Influence of electron-withdrawing substituents on the ligand

All of the catalysts discussed so far contain electron-donating
groups on the bipyridine ligand. A complex with the opposite type
of substituent is Mn(CO);Br(4,4"-dimethylester-2,2'-bipyridine),
abbreviated as Mn4dicarb, with methyl ester substituents in 4,4’
positions on the bpy. The Bocarsly group® studied a similar
complex with a (2,2'-bipyridine)-4,4’-dicarboxylic acid as diimine
ligand and reported diminished catalytic activity of the complex.
They attributed this to the greater localization of the HOMO of the
doubly-reduced complex on the ligand side rather than the metal
center. They also predicted a slower dissociation of the axial Br~
ligand, a process we can potentially probe directly with TRIR to
obtain additional insight into the activity of such complexes.

The TRIR spectrum of Mn4dicarb is shown in Fig. 7. Besides
the expected intermolecular electron transfer reaction, the spec-
trum also contains a contribution from a photo-degradation of the
catalyst, which is discussed in Section S3.1 of SI. As predicted by
Bocarsly et al,** the Br~ ligand is not immediately lost upon one-
electron reduction of the complex, instead the negatively charged
intermediate [Mn'(L*)(CO);Br]” is observed (compound [2] in
Fig. 7, violet structure, also shown in Fig. 2) on a ~100 ns
timescale. The reduction rate of Mn4dicarb is noticeably faster
than that of the other three complexes, which is due to higher
potential difference between this complex and PS™. The stronger
localization of electron density on the ligand results in higher
vibrational frequencies of the [Mn'(L*~)(CO);Br|~ carbonyls as the
back-bonding effect from the metal center is suppressed. The
subsequent radical with Br~ released is effectively a transition
state with an energy of ~+2.5 kecal mol ™. It is not observed, as
its build-up is slower than the subsequent decay into the 2e-
reduced [Mn°(L* )(CO);]~ within ~8 ps (compound [4] in Fig. 7,
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green structure). Of the modes of [Mn°(L* ")(CO);]~, the highest
frequency one is completely canceled out by the superimposed
bleach close to 1950 ecm ™%, but its presence can be inferred from
the time trace at this frequency (Fig. 7c), which shows a positive
slope. Furthermore, the time trace at the higher frequency bleach
also shows a positive slope at approximately the same timescale of
~ 8 ps. Two plausible explanations can be considered. First, there
may be a solvent-coordinated intermediate that is in between Br~
loss and the second electron acceptance by the Mn® species. Since
solvent coordination shifts the electron density towards the ligand,
which however is not desirable when there are electron-donating
substituents on the bipyridine,>> when electron-withdrawing
groups are present, it becomes thermodynamically more favorable.
This explains the calculated solvent binding free energy of only
+0.5 keal mol ™" for DMSO coordination to Mn°(4dicarbpy)(CO)s
versus +12.0 keal mol™" for Mn°(6dmbpy)(CO);. The second, and
more sound, hypothesis is back-electron transfer reaction from
[Mn'(L*7)(CO);Br] ™ to PS, which would recover the parent complex
and thus reduce the bleach. The latter is more probable in the case
of Mn4dicarb than, for example, Mn6dmb, where a chemical
reaction follows directly after electron transfer.

3. Conclusions

In summary, we have elucidated the activation pathway of Mn(a-
diimine)(CO);Br-type catalysts employed in CO, reduction. Thus
far, only a few mechanistic studies have investigated the
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reaction dynamics using transient IR spectroscopy, and none
have done so using a standard three-component chemical
system. We provide a time-resolved spectroscopic perspective
that follows the reaction pathway in such systems, while also
revealing how modifications to the o-diimine ligand direct the
selection of distinct reaction mechanisms.

In total four catalysts have been examined: Mn(4,4’-ditertbutyl-
2,2'-bipyridine)(CO);Br, Mn(6,6'-dimethyl-2,2"-bipyridine)(CO),Br,
Mn(6,6'-dimesityl-2,2’-bipyridine)(CO);Br, and Mn(4,4"-dimethyl-
ester-2,2-bipyridine)(CO);Br. Each was chosen to exemplify a
particular structural feature expected to influence catalytic beha-
vior - whether by imposing steric constraints that suppress dimer
formation or modulating electronic properties through electron-
donating or electron-withdrawing substituents. These variations
allowed us to systematically probe how specific ligand modifica-
tions translate into distinct mechanistic pathways, thereby provid-
ing a comparative framework for rational catalyst design.

A common feature among the four catalysts is that the
intermediate formed after initial reduction and Br~ dissocia-
tion, i.e., Mn°(L)(CO);, possesses a higher reduction potential
than the resting state, which leads to a second reduction by
PS*™ (see Fig. 8, pathway from compound [1] to [4]). It has been
known in the literature that the second reduction should either
be at the same or higher potential than the first one based on
cyclic voltammetry data of non-dimerizing catalyst - Mn(6,6'-
dimesityl-2,2’-bipyridine)(CO);Br - which exhibits a single peak
towards [Mn°(L* ")(CO);]".** Using our time-resolved approach,
we were able to directly capture this process and confirm the
prediction. Furthermore, in systems where dimer formation is
not sterically hindered, the second reduction proceeds substan-
tially faster than dimerization between two Mn° radicals. The
dimer, [Mn°(L)(CO);],, still forms, but only after all the PS*~ is
exhausted in the system and proceeds via a symproportionation
reaction between the parent complex and the doubly-reduced
one (see Fig. 8, pathway from compound [4] to [5]).

Moreover, for complexes that form a dimer, its re-oxidation
was documented in the millisecond regime, caused by acidic
proton attack from BNAH*" forming a metal hydride - Mn'(L)(-
CO);H and solvato-complex [Mn'(L)(CO);(DMSO)]" (Fig. 8, path-
way from compound [5] to [6]). This process is, as expected,
influenced by the concentration of base in solution, that was
confirmed by introducing TEOA in the experiments. For a non-
dimerizing pathway, the re-oxidation takes place by the proton
attack on [Mn°(L*")(CO);]~ species (Fig. 8, compound [4] via
eqn (14)), or by hydrogen atom transfer from BNAH®" to
Mn°(L)(CO); (Fig. 8, compound [3] via eqn (11)), both reactions
leading to Mn'(L)(CO);H. The latter again decays by hydride
transfer to BNA', regenerating the electron donor and produ-
cing the solvato-complex (Fig. 8, eqn (16)). While the other
metal hydride depletion pathways are via hydrogen evolution
reactions (Fig. 8, eqn (15) and (17)), both of which lead to
Mn°(L)(CO);, whose disproportionation also populates the final
solvato-complex (compound [6] in Fig. 8).

The evidence presented here indicates that in the absence of
CO, reduction, the available electrons are instead diverted
either into H, evolution pathways or back toward regeneration
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Fig. 8 A summary of important pathways discussed in this study.

of the electron donor. Among the reported intermediates, both
[Mn°(L* ")(CO);]” and hydride complexes, Mn'(L)(CO);H, have
been proposed as catalytically active species, preferentially lead-
ing to CO or formate, respectively,”"***” while some studies even
show the evidence of the dimer’s involvement.***® However, DFT-
calculated hydricities®® of the hydride species investigated herein
all exceed that of the formate anion in DMSO (~29.0 kcal mol %,
see Section S5.1 in SI), indicating that these hydrides cannot
reduce CO,. Consequently, suppression of the hydride pathway is
necessary for achieving efficient CO, reduction. This can be
accomplished by introducing a suitable base into the solution.
Moreover, since Mn-based catalysts require the presence of
Bronsted acids to promote catalysis,> the choice of base becomes
critical. Ideally, the base should be sufficiently strong to depro-
tonate the oxidized electron donor, yet not so strong as to also
deprotonate weaker acids present in solution. TEOA is a good
starting choice, as in addition to being a relatively weak base, it
reportedly promotes CO, binding.>*

In future work, we plan to investigate the pathway of CO,
reduction itself in greater detail. The experiments discussed herein
were intentionally conducted in the absence of CO, in order to
disentangle the intrinsic electron-transfer processes of the
complex 3-component system from substrate-specific reactivity.
Establishing such a baseline understanding is essential before
introducing CO,, as its presence can significantly alter the mecha-
nistic landscape by opening new reaction channels. The spectra,
which are already convoluted without the presence of CO,, will
only become more complex. The mechanistic insights gained from
the present study therefore serve as a crucial reference point for
interpreting the subsequent catalytic behavior under CO,-redu-
cing conditions and for rationally designing experiments that
more effectively probe the full photo-catalytic cycle.

The findings presented herein allow us to distill several key
conclusions. It will be important to avoid dimerization by
symproportionation to prolong the lifetime of the doubly-
reduced species. This will be achieved by using BIH as electron
donor, instead of BNAH, as BI"® is strong enough to reduce even
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the dimeric species.’® Moreover, a Bronsted acid will also be
introduced to provide protons needed for the CO, reduction,
but it should be rather weak to avoid protonation of the metal
center that would lead to competing hydrogen evolution path-
ways. Quite a few studies have focused on designing catalysts
with intramolecular acidic hydrogen source near the catalyti-
cally active site.®*®>°°%® In order to increase the probability of
detecting all the important intermediates, we plan to use such
local hydrogen bond donor ligand in our future works.

Overall, the present study establishes a foundation for future
investigations of the complete CO, reduction catalytic cycle
using time-resolved spectroscopy. Such studies will be instru-
mental in identifying the key conditions that must be consid-
ered when designing or deploying new catalysts.
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