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The spectroelectrochemical behaviour of redox-active manganese salen complexes
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ABSTRACT: Salens are well-known for their ability to catalyse electrochemical transformations; however, despite
their rich history, the fundamental reduction chemistry of these systems remains relatively unexplored. This work
reports the design and synthesis of eight discrete, functionalised Mn(III) pyridyl salen metal complexes, in which
the diamine is varied. The electrochemical properties of the complexes were examined using cyclic voltammetry
(CV), spectroelectrochemical (SEC) techniques and Density Functional Theory (DFT) computational modelling to
explore the mechanisms that underly Mn salen reduction chemistry. We briefly examine the electrochemistry of
these complexes in the presence of CO;. These complexes represent potential ligands for incorporation into both

discrete and extended metallosupramolecular assemblies.
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INTRODUCTION

The ubiquity of salen ligands throughout organic and inorganic chemistry over the past eighty years has revealed
that they are candidates for many chemical transformations.! Since their first reported preparation in 1933 by
Pfeiffer,? these vibrantly coloured ligand systems have found extensive use in chemical catalysts,* electrochemical
conversions* and charge transfer complexes.’ The chemical mutability of the salen core leads to the systematic
generation of a library of compounds.® There is scope to modify the salen backbone to study the steric and electronic
influence of substituents (Figure 1). Appending pyridyl groups to the core serves three purposes: to extend the
aromaticity of the salen moiety, to endow a greater number of redox processes in the complex,’ and to anchor redox
activity into Metal-Organic Frameworks (MOFs)® ? for use in conductive materials'®!? and electrocatalysis.'* '
Incorporating a bridging diamine in a salen that supports a delocalised z-conjugated system can facilitate improved
electrochemical behaviour compared those with aliphatic diamines. In an electrochemical context, the extended
n-conjugation has lowered the overpotentials for Co(II) salen-type systems by an additional 0.05 V for the electro-
synthesis of 2-phenylacetic acid from CO» over their aliphatic components.* A recent study by Mazzanti and
co-workers has profiled a number of discrete Co(II) salen complexes and their chemically reduced species.!> The
chemical reduction of the complexes by different alkali metals could tune the reduction mechanism of the complex.
An important outcome of the work was the elucidation of the chemical reduction mechanism of the Co(Il) salen
core. The imine radical could reversibly form on the salen core after multiple reductions, resulting in the dimerisa-

tion of the complex. The chemically reduced species yielded multiple CO, reduction products in the presence of

CO..
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Figure 1. The structures of the eight salen complexes.

Despite the rich literature that exists on the oxidation chemistry of discrete salen metal complexes,' '%* there are
only a few examples of discrete salen metal complexes that have been explored for electrochemical reduction. The
impact of electron delocalisation on the electrochemical abilities of the salen core has not yet been studied system-
atically to the best of our knowledge. The electrochemical reduction of Co(Ill) containing salen complexes have
only been recently been profiled,** while Mn(III) complexes, which form the basis of a significant amount of liter-

25-34

ature for epoxidation reactions>~* are yet to be thoroughly investigated.
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An important part of electrochemical transformations is the identification of the electrogenerated species. The in
situ electrogeneration of an active species and its in situ spectroscopic characterisation can yield important dynamic
data about the active species. The combination of reaction-focused electrochemistry with species-focused spectros-
copy has led to the development of spectroelectrochemistry (SEC), which is a powerful tool for the in situ analysis
of any intermediate electrochemical species. The advantage of SEC is that the changes can be monitored in situ,
without the need to isolate the active species for its characterisation. The potential is applied directly to the cell,
and real-time changes are observed, including the formation of those species that are highly reactive or have a short
life span. SEC has been used extensively for probing electrocatalytic mechanisms. The application of IR-SEC to
the analysis of CO, reduction can be traced back to Chandrasekaran ef al. in 1987, where an IR band at 1680 cm’!
was observed during the direct reduction of CO; in acetonitrile. The peak was subsequently studied as a function
of potential by Pons and co-workers.** Since then, IR-SEC has been used extensively to study the electrocatalysis
of CO, by transition metal complexes that have diagnostic vc=o, ve=n and vpyrazine Stretches. SEC methods have been
applied readily to the study of [M(bipy)(CO);Cl] (M =Mn, Re, bipy = 2,2"-bipyridine) complexes.*® The diagnostic
M-CO stretches intrinsic to these metal complexes exhibit strong signals in the IR between 1800-2100 cm™!, which
makes them relatively straightforward to track upon the application of electrical potential. UV-Vis-NIR SEC has
been used to complement IR SEC studies on the family of [Re(bipy)(CO)sX] complexes.®” Information about the
changes in these complexes could be combined through both forms of SEC to yield a complete picture of the

reaction mechanism.®®

Herein, we describe the synthesis of eight Mn(III) pyridyl-terminated salen complexes in which the bridging
diamine is varied. The electrochemical and spectroelectrochemical properties of these complexes have been ana-
lysed to determine the mechanism of electrochemical reduction. We also examine the effect of the pendant group
(H or 'Bu) on the electrochemical stability of the salen core (Figure 1). We finally profile the electrochemical be-

haviour of these complexes in the presence of COa.

EXPERIMENTAL METHODS

General. All chemicals used were purchased from Aldrich, Alfa Aesar and Merck, and were used without further
purification unless stated otherwise. The fetrakis(triphenylphosphine) palladium(0) catalyst [Pd(PPhs)4] was syn-
thesised from palladium(II) chloride (Precious Metals Online) according to the literature procedure.* Solvents were
obtained from a PureSolv system or purchased and used without further purification. Detailed synthetic procedures

are outlined in the Supporting Information.

Cyclic Voltammetry. Solution state electrochemical measurements were performed using a Bioanalytical Sys-
tems BASi Epsilon Electrochemical Analyser at 298 K. A single compartment cell was used, consisting of a glassy
carbon working electrode (3.0 mm diameter), a platinum wire auxiliary electrode and an electrolysed Ag/AgCl wire
reference electrode separated from the solution by a CoralPor tip. Cyclic voltammograms were performed in the
analyte (1 mM complex in 0.1 M [(n-C4H9)4sN]PFs in either MeCN or DMF (10 mL)). The solution was first purged
with dried N, Ar, or CO; and Ferrocene (Fc) (1 mM) was used as an internal standard. All potentials are quoted in

V vs. Fc%/Fc*. Uncompensated resistance between the working and the reference electrodes was corrected by using

3
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iR compensation. Scan rate dependence studies were carried out for each complex between 50-1600 mVs™! to ensure

the homogeneity of the system (Figure S3, S5, Supporting Information).

Infrared Spectroscopy and Spectroelectrochemistry (IR SEC). FT-IR spectra were obtained using a Perki-
nElmer UATR 2 infrared spectrometer over the range 400—4000 cm™ with a resolution of 4 cm™. Samples were

mechanically compressed on the surface of a diamond crystal.

IR SEC experiments were performed to observe changes in the signature vibrations of the salen-backbone. The
experimental design of the IR-SEC cell has been previously reported by Kubiak e al.** A Pine Instrument Co.
Model AFCBP1 potentiostat controlled the cell potential, and was referenced to Ag/Ag". Thin-layer bulk electrol-
ysis was measured by reflectance IR off the electrode as a function of potential. All experiments were conducted in
0.1 M [(n-C4Ho)sN]PFs/MeCN/DMF (9:1) with known analyte loadings prepared under an inert atmosphere. FT-IR
spectra were recorded on a Thermo Scientific Nicolet 6700, with resolution of 4 cm™!, it was not possible to use
pure DMF in the IR SEC experiments, since the strong vc-o stretching vibration at 1740 cm™ can overwhelm the

comparatively weaker vcy stretch expected from the salen metal complex at ~1600 cm™.

Ultraviolet-Visible-near infrared Spectroelectrochemistry (UV-Vis-NIR SEC). Solution-state UV-Vis-NIR
SEC experiments were performed to examine signature changes in the Mn metal centre and electronic transitions.
UV-Vis-NIR SEC over the range 5000-35000 cm™! was performed using a CARY 5000 spectrophotometer inter-
faced to Varian WinUV software. In the case where no spectral features were observed between 5000-15000 cm™,
the spectra are only shown from 15000-35000 cm'. The absorption spectra of the electrogenerated species were
obtained in situ by using an Optically Semi-Transparent Thin-Layer Electrosynthetic cell, path length 0.685 mm,
mounted in the path of the spectrophotometer. Solutions for the spectroelectrochemical experiment contained 0.1
M [(n-CsHo)sN]PF¢/MeCN or [(n-CsHo)sN]PFs/DMF supporting electrolyte and ca. 0.4 mM of the compound for
analysis. Appropriate potentials were applied by using an eDAQ e-corder 410 potentiostat and the current was
carefully monitored throughout the electrolysis. The electrogenerated species were obtained in situ, and their ab-
sorption spectra were recorded at regular intervals through the electrolysis. The attainment of a steady-state spec-
trum and the decay of the current to a constant minimum at a potential appropriately beyond E., (for the redox

process) was indicative of the complete conversion of the starting material.

Computational details. Standard computational chemistry calculations were carried out with Gaussian 16*! and
geometry optimisations were carried out at the B-PW91/6-31G(d) procedure.*'** Calculations at the B3-PW91/6-
311+G(3df,2p) level® were conducted to obtain an improved description of the electron density for subsequent
NBO analysis.** These methods were chosen based on the consideration of a balanced and reliable treatment for
both the organic moieties and the transition-metal centre.*>*¢ All calculations were carried out with the inclusion of

a solvent continuum using the SMD model*’

and the parameters for DMF to reflect typical experimental conditions.
Tabulated relative energies for the various species at different redox states and optimised geometries are provided

in the supporting information.
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RESULTS AND DISCUSSION
Synthesis

The synthesis of 3-tert-butyl-2-hydroxy-5-(4-pyridinyl)-benzaldehyde (1') was achieved in two steps, involving
the electrophilic aromatic substitution of 3-tert-butyl-2-hydroxy-benzaldehyde, followed by a Suzuki coupling with
4-pyridyl boronic acid to give the desired product as a light yellow oil in good yield (Scheme S1A, Supporting
Information). The synthesis of 2-hydroxy-5-(4-pyridinyl)-benzaldehyde (1) was achieved under similar conditions
(Scheme S1B, Supporting Information).

The synthesis of the aliphatic and aromatic pyridyl-terminated salen complexes was achieved through the Schiff-
base condensation of either 1 or 1' with the chosen diamine (Scheme S1C, Supporting Information). The target
compounds were obtained in good yields (Figure S1, Supporting Information). Four unique bridging diamines were
chosen to underpin the electronic studies of the discrete complexes. The diamines (1,2-ethylenediamine, 1R,2R-di-
aminocyclohexane, o-phenylenediamine and 4,5-dimethyl-o-phenylenediamine) vary in size, aromaticity and alter

the electron delocalisation across the molecule, giving rise to interesting electronic properties.> #% 4

Salen complexes were metallated by the drop-wise addition of Mn(OAc),*4H,O (1.1 eq.) to a vigorously stirred
solution of the salen in EtOH under N, at room temperature. Following coordination of the Mn(II) centre has coor-
dinated, the reaction was exposed to air to chemically oxidise Mn(II) to Mn(III). The addition of LiCl yielded a
Mn(IIl) complex, with charge balance afforded by a chloride ion. (Scheme S1C, Supporting Information). The

syntheses of these Mn(III) metal complexes were achieved in good yields (Figure S1, Supporting Information).

Electrochemistry

Solution state CV experiments were performed on all Mn(III) salen metal complexes (Table 1 and Figure S2,
Supporting Information). For the aliphatic salen complexes, mostly irreversible processes were observed after the
initial reduction. The increased size of the aliphatic bridging diamine may inhibit charge transfer across the com-
plex, shifting the reduction processes anodically. An aromatic backbone does not significantly alter the reduction
processes, while the addition of an electron donating moiety cathodically shifts the redox processes. The salen
backbone has a rich electron density, making it difficult for the salen to accept any additional charge after a ligand-

based reduction.

Table 1. Redox features for Mn(IIl) salen metal complexes where R = H. Ferrocene (1 mM) was used as an internal
standard. Where available, the peak-peak separation (AE) and the current ratio (ipa/ipc) of reversible and

quasi-reversible redox features have been described. Ir-IlIr define the first-third reduction processes, respectively.

Complex Ir lr g
MnP1CI -0.69 VP -2.63 V2 -2.87 /P
MnP2CI —0.66 Vv —2.44 V2 -2.78 V2
MnP3CI —0.46 V¢ -2.23V* -3.01Vv2
MnP4CI —0.56 V@ -2.25V2

2irreversible Ep Pquasi-reversible Es, AE = 76 mV, (ipalipc) = 0.877 Fc: AE = 60 mV, (ipalipc) = 0.966 © quasi-reversible Es,
AE = 74 mV, (ipa/ipc) = 0583 FC AE = 59 mV, (ipa/ipc) = 0933
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The presence of the fert-butyl group on the salen core improves the reversibility of the first observable reduction
processes, suggesting that it provides a stabilising effect (Table 2 and Figure S4, Supporting Information). The
aliphatic complexes had improved stability compared to their non tert-butyl analogues, despite the slight cathodic
shift in their processes (expected from the more electron donating nature of the fert-butyl moiety). Moving from
ethylenediamine (MnP1Cl) to diaminocyclohexane (Mn‘P2Cl) led to a cathodic shift in the redox processes and
decreased their reversibility, as noted for the non fert-butyl analogues. Distinct differences were observed between
the CVs of the aromatic and aliphatic salen metal complexes. The first one electron processes of Mn‘P3Cl and
Mn'P4Cl were accessible at lower potentials and were more reversible than their aliphatic counterparts. Including

an electron donating methyl group to Mn'P4Cl cathodically shifted the initial reduction process.

Table 2. Redox features for Mn(I1I) salen metal complexes where R = fert-butyl. Ferrocene (1 mM) was used as an
internal standard. Where available, the peak-peak separation (AE) and the current ratio (ipa/ipc) of reversible and

quasi-reversible redox features have been described. Ir-Vr defines the first-fifth reduction processes, respectively.
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Complex Ir IIr IIr IVr Vr
Mn'P1Cl -0.69 V®° —2.24V? -259v* | -289Vv* | -3.11V*
Mn'P2Cl -0.74 v¢ -2.52 v? -2.80Vv* | -3.11Vv®

Mn'P3Cl -0.53 v¢ —2.23V° —2.60 v*

Mn'P4Cl -0.55 Vf -2.35V? —2.49 V?

ajrreversible Epc °reversible E.,, AE =63 mV, (ip/ipc) = 0.958 Fc: AE =61 mV, (ipa/ipc) = 0.977, ‘quasi-reversible Ey, AE =
86 MV, (ipalipe) = 0.701 Fc: AE = 59 mV, (ipafipe) = 0.988 quasi-reversible Ey, AE = 69 mV, (igafipc) = 0.862 Fc: AE =67 mV,
(ipafipc) = 0.941 equasi-reversible Ey, AE = 82 mV, (ipalipe) = 0.427 Fc: AE = 67 mV, (ipafipc) = 0.941 'quasi-reversible Ey, AE
=81 mV, (ipalipc) = 0.810 Fc: AE =59 mV, (ipalipc) = 0.957

Evidence for the mechanism of reduction for Mn(III) salen complexes containing an aliphatic bridging dia-

mine (based on Mn'P1Cl)

The CV of Mn'P1Cl revealed one quasi-reversible process and four irreversible processes. The proposed elec-
trochemical reduction is based on a detailed study of the IR and UV-Vis-NIR SEC obtained from the complex
(Scheme 1). Only the first three reduction processes have been examined, as spectroelectrochemical data suggest
that subsequent reductions occur on degraded species. DFT computations for the representative Mn‘P1Cl complex
were performed to further validate the proposed mechanism. The SEC data for other salen metal complexes con-

taining aliphatic diamines is discussed in the Supporting Information (Figures S6-S10).
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Scheme 1. Proposed mechanism for the reduction of Mn'P1Cl in the absence of DMF after one, two and three

electron reductions.

The starting spectrum of Mn'P1Cl contained bands at 15860, 20610, 23330, 27320, 30810 and 33100 cm™ while
the starting IR spectrum contained an imine stretch at veex = 1597 em™ . The UV-Vis-NIR spectrum of the Mn(III)
salen core without the pyridyl groups has been previously reported by Zidane ef al., showing similar bands.*® For
this core, charge transfer bands appeared at 16000, 20410, 25000 and 30770 cm’!, respectively. The Ir redox process
of Mn'P1Cl at E,, = -0.69 V vs. Fc%Fc* (Figure 2) was investigated by UV-Vis-NIR SEC and was ascribed to a
Mn(1II/IT) reduction. New charge transfer bands were observed at 23740 and 28180 cm™!, which were accompanied
by a decrease in the band at 33100 cm!. There were no significant changes observed in the ligand based vibrational
frequencies using IR SEC. The present spectra are therefore consistent with an increase in the LMCT and n-rn*
transitions upon reduction. The presence of clear isosbestic points indicates that there is only one process occurring,

with no chemical decomposition, supporting the quasi-reversible nature of the process observed in the CV.

25000

20000+
~ 15000
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Figure 2. Solution state UV-Vis-NIR SEC of Mn'P1Cl (0.38 mM) upon changing the potential from +0.4 to —0.3
V vs. Ag/Ag" (0.1 M [(n-C4Ho)sN]PF¢/DMF as the supporting electrolyte).

The Il process of Mn'P1Cl was assigned to the reduction of the imine moiety of the salen complex (Figure 3A,

4C). Upon the application of a potential at E,c = —2.59 V vs. Fc?/Fc*, the IR SEC revealed a shift of the imine peak
7
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to lower energies, consistent with a ligand-based redox process.’! The change in the IR spectrum upon reduction
was accompanied by significant changes in the UV-Vis-NIR spectra, where the growth of bands at 23740 and 28180
cm’! indicate a change in the electronic interactions across the complex associated with the LMCT and n-z* tran-

sitions. The maintenance of the isosbestic points indicates that there is only one transformation occurring.
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Figure 3. Solution state IR SEC of Mn'P1Cl (4mM) upon increasing the potential from A —=1.1t0-1.7 V vs. Ag/Ag"
and B —1.8t0 —2.4 V vs. Ag/Ag". Solution state UV-Vis-NIR SEC of Mn‘P1Cl (0.38 mM) upon increasing the
potential from C —1.1t0 1.7 V vs. Ag/Ag" and D -1.8 t0 —2.4 V vs. Ag/Ag’. IR SEC was measured in 0.1 M [(n-
C4Ho)sN]PFs/MeCN/DMF (9:1) as the supporting electrolyte, while UV-Vis-NIR SEC was measured in 0.1 M
[(n-C4H9)sN]PFs/DMF as the supporting electrolyte.

The IIr redox process for Mn'P1Cl at E,. = —2.89 V vs. Fc"/Fc¢* corresponds to a ligand-based process (Figure
3B and 4D). In the IR SEC, two broader bands appearing at 1610 and 1555 cm™ are tentatively assigned to processes
from the phenoxy ring®* and the pyridyl ring,> respectively, and are consistent with a radical anion forming on the
salen. The preservation of the radical vc—y band indicates that the dianionic system is asymmetric and is likely to
have a radical on either side of the core. The irreversibility of both processes indicates that the singly and doubly
reduced species may dimerise, and is further supported by the inability to retrieve the starting spectrum. Minor
changes in the charge transfer bands from the UV-Vis-NIR SEC data implies that the second radical may not be
near the Mn(Il) centre. The unstable product from the Illr process was reflected in the complexity of the CV at

higher cathodic potentials, so further processes were therefore not examined spectroscopically.

Computational Evidence for the reduction of Mn‘P1Cl
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DEFT calculations on the model systems (Table S1, Supporting Information) indicate that Mn'P1Cl is likely to
exist in DMF solution as a quintet complex with relatively labile CI- and DMF ligands. The complete dissociation
of the system is still energetically unfavourable, costing approximately 40 kJ mol™!. Comparatively, the singly re-
duced species results in an almost thermoneutral dissociation of the two ligands from the resulting quartet complex.
Calculations on model systems suggest that further reductions increasingly favour dissociation of the two ligands,
but more importantly lower their spin states. These observations on the model systems are kept in mind when
computing the full species. Therefore, the focus is on the complexes excluding the ClI" and DMF ligands, i.e.,
Mn'P1. An analysis of the spin distribution within the quintet [Mn'P1]*! state reveals essentially four unpaired
electrons at the Mn centre (Figure 4), with an NBO a-spin of 3.83, and some small spins distributed to nearby
atoms. In comparison, for the singly reduced quartet [Mn‘P1]°, the a-spin at the Mn atom is 3.14. This is consistent
with a metal-centred reduction process for Ir, with the additional () electron essentially paired with an a-electron
on Mn. It is observed that the additional electron also has a spill-over effect of causing small spin polarisation in

nearby atoms and at the Mn centre itself (such that the spin is still in excess of 3).

A

Figure 4. Colour representation of spin distribution with a range of —0.25 to +0.25 in A [Mn'P1]°, B [Mn'P1CI]?,
C [Mn'P1]%, and D [Mn'P1]2. Green represents excessive o-spins (up to 5), red represents (to different magni-

tudes) B-spins (up to —0.5), and black represents close to neutral states.

Analysis on the NBO spin density of the doubly reduced species (i.e. IIr — [Mn‘P1]") shows that the Mn atom
maintains a net a-spin of 3.36, which implies that the additional () electron from Ilr is absorbed mostly by the
ligand in a delocalised manner, which can be seen visually (Figure 4C). Detailed inspection of the spin distribution
pattern indeed shows an even distribution between the two sides of the ligand. As the two parts are “supposedly
insulated” from one another with the alkyl linkage, the delocalised nature of the radical anionic ligand suggests a

through-metal communication mechanism.

Computational studies with model compounds after three reduction processes (i.e. I1lr— [Mn'P1]) suggest that

[Mn'P1]2 has two low-lying spin states (doublet and quartet) that are close in energy. For the doublet, the Mn

9
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centre has a net NBO a-spin of 2.65, implying that the additional  electron is mostly ligand based. Likewise, for
the quartet (Figure 4D), the additional electron in going from [Mn'P1]* to [Mn'P1] can be seen in the ligand. In
this case, the excess a-spin in [Mn'P1]2 at the Mn is 3.29. The nature of the [Mn'P1]2 species is fully consistent
with the experimental observations. It can also be seen that the additional a-spin on one pyridine causes, as one
would anticipate, certain subtle spin polarisation, such that the excess B-spin that was originally distributed evenly

between the two sides in [Mn'P1]* is now somewhat concentrated on one side of the ligand.

Evidence for the mechanism of reduction for Mn(III) salen complexes containing an aliphatic bridging dia-
mine (based on Mn'P3Cl)

The CV of Mn'P3Cl revealed two quasi-reversible processes and one irreversible process. Evidence for the pro-
posed electrochemical reduction was elucidated from the IR and UV-Vis-NIR SEC data (Scheme 2). DFT compu-
tations for Mn'P3Cl were performed to validate the proposed mechanism. A comparison to the SEC data for other
aliphatic salen metal complexes is provided in the supporting information (Figure S11-S14, Supporting Infor-

mation)
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Scheme 2. Proposed mechanism for the reduction of Mn‘P3Cl in the absence of DMF after one, two and three

electron reductions.

Literature reports for the UV-Vis-NIR spectrum of the neutral aromatic Mn(IIl) salen core show a d-d band at
21280 cm™! and n-z* transition at 27620 cm™.>* In the solution state UV-Vis-NIR SEC experiments, Ir at E,,=—0.53
V vs. Fc%Fc¢" was characterised by the appearance of bands at 21880, 23930 and 29330 ¢cm™!, while the bands at
20540, 27320 and 32910 cm™! disappeared (Figure 5). The loss of the weak d-d band at 20540 cm™! is consistent
with the change from high spin Mn(III) to Mn(II) (d* to &) transition, supporting the assignment as a Mn(I1I/II)

reduction process.

10
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Figure 5. Solution state UV-Vis-NIR SEC for process Ir of Mn'P3Cl (0.36 mM) upon changing the potential from
0.4Vto-0.1Vvs. Ag/Ag" (0.1 M [(n-C4Ho)sN]PFs/DMF as the supporting electrolyte).

The IIr process in the CV of Mn'P3Cl at E,. = —2.32 V vs. Fc%Fc" was analysed by IR and UV-Vis-NIR SEC
(Figure 6). The vcn stretch at 1594 cm™ in the IR disappeared completely upon the application of the potential,
while the charge transfer bands at 22500 cm™ and 27000 cm™ in the UV-Vis-NIR increased. This differs slightly to
the observations made for Mn'P1Cl, which are consistent with the aromatic nature of the backbone facilitating
delocalisation of charge across the bridging diamine and imines. The presence of isosbestic points indicates that
only one species is appearing upon electrochemical reduction. There was a significant difference between the spec-
tral responses for the bands associated with IIr for the aromatic Mn'P3Cl and aliphatic Mn'P1Cl complexes. The
incorporation of the aromatic bridging moiety facilitates delocalisation of the radical formed upon reduction across
the backbone of the salen, and is consistent with the disappearance of the ve=n stretch in the aromatic systems.

The 11 redox process at Epe = —2.60 V vs. Fc"/Fc* in the CV of Mn'P3Cl is tentatively ascribed to the generation
of a salen-based radical anion. The IR SEC experiment reveals the appearance of a broad band at 1550 cm™!, con-
sistent with literature reports for a pyridyl-type radical anion.’® Further evidence for this is provided by the
UV-Vis-NIR SEC experiments, where moderate changes in the charge transfer bands were observed and somewhat

more noticeable changes appear in the z-z* region.

11
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Figure 6. A Solution state IR SEC of Mn'P3Cl (4 mM) upon increasing the potential from —1.3 to —1.7 V vs.
Ag/Ag"and B-1.8t0-2.1V vs. Ag/Ag". C Solution state UV-Vis-NIR SEC of Mn'P3Cl (0.36 mM) upon increas-
ing the potential from —1.3t0 1.7 V vs. Ag/Ag" and D -1.8t0 -2.4 V vs. Ag/Ag". The supporting electrolytes were
0.1 M [(n-C4H9)sN]PFs/MeCN/DMEF (9:1) for IR SEC or 0.1 M [(n-C4Ho)sN]PF/DMF for UV-Vis-NIR SEC.

Computational Evidence for the reduction of Mn'P3CI

DFT calculations for Mn'P3ClI suggest that the Iz process for [Mn'P3]*! is a metal-centred process akin to that
observed for the aliphatic [Mn'P1]*%, but they also reveal differences stemming from the aromatic linker (Figure
7). The excess a-spin at the Mn centre within quintet [Mn'P3]** is 3.84, which is almost identical to the correspond-
ing value of 3.83 in [Mn'P1]*%. Upon reduction, however, the Mn a-spin in the quartet [Mn'P3]° species becomes
3.27 (compared with 3.14 for [Mn'P1]°). The use of an aromatic linker, therefore, leads to a somewhat larger spill-
over spin polarisation. This is presumably due to the delocalisation and/or electron-withdrawing effect of the bridg-

ing phenyl ring, which can be expected to facilitate the accommodation of an excess electron.
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Figure 7. Colour representation of spin distribution with a range of —0.25 to +0.25 in A [Mn'P3CI.DMF]°, B
[Mn'P3CI]?, C [Mn'P3]?, and D [Mn'P3]2. Green represents excessive a-spins (up to 5), red represents (to dif-
ferent magnitudes) B-spins (up to —0.5), and black represents close to neutral states.

NBO analysis on the second reduction process (i.e. IIx — [Mn‘P3]"') shows a build-up of excess B-spins in
[Mn‘P3]"! upon reduction from [Mn‘P3]° (Figure 7), which is consistent with experimental observations. Closer
inspection of the a- and B-spin values reveals a spill-over to the Mn centre, such that its excess a-spin is changed
from 3.27 to 3.47. In comparison, for the alkyl analogues [MnP1]° and [Mn'P1]"!, the Mn o-spin values change
little from 3.14 for the former to 3.36 for the latter. This yet again demonstrates that the aromatic linker maintains

a channel for communication that seemed less prominent for the alkyl analogue.

For the [Mn'P3]! to [Mn'P3] reduction, i.e., IIIg, the almost identical pictures shown in Figure 7C and D suggest
that the nature of the species do not change substantially. For this process, the Mn excess a-spin goes from 3.47 to
1.00 (doublet) and 4.11 (quartet), which are quite different from those for [Mn'P3]2. It also implies that the addi-
tional electron is shared by both the Mn centre as well as the ligand, and that the spin is distributed quite evenly
between the two sides. This in part accounts for the subtle spectroscopic changes observed experimentally (Figure
6D). At this point, we again highlight the subtle differences in the nature of redox processes for a complex with an
alkyl-linked (Figure 4) versus an aryl-linked (Figure 7) ligand, and that the reduction becomes increasingly ligand-
based, for both Mn'P1 and Mn'P3.

Electrochemical behaviour in the presence of CO,

Solution state CV experiments were performed for all salen complexes in the presence of CO,. A solution of
analyte (1-2 mM) and proton source (2,2,2-trifluoroethanol [TFE]) in 0.1 M [(n-C4Ho)sN]PFs/DMF was purged
with CO, until gas saturation was reached (ca 0.28 M in MeCN and 0.23 M in DMF).>® Representative aliphatic

(Mn‘P1Cl) and aromatic (Mn'P3Cl) complexes are profiled in depth.
13
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Mn'P1Cl did not show any significant electrochemical activity in the presence of CO; (Figure 8A); however, a
number of gaseous and solution phase products were observed under a CO, atmosphere. There was no shift outside

of experimental error in the Iz redox process (corresponding to the Mn(III/II) redox process).
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Figure 8. Solution state CVs showing the electrochemical response of A Mn'P1Cl (1 mM) under saturation condi-
tions of N> (black), CO; (red) and CO, with TFE (8 mmol) as a proton source (blue) and B under saturation of N»
(black), CO; (red) and CO- with TFE (0.7 mmol-light blue, 1.4 mmol-green, 2.1 mmol-light pink, 2.8 mmol-yellow,
3.5 mmol-dark blue, 4.2 mmol-brown, 4.9 mmol-dark pink, 5.6 mmol-green and 6.3 mmol-orange). Return sweeps
are not shown for clarity (0.1 M [(n-CsHos)sN]PFs/DMF as the supporting electrolyte, scan rate: 0.1 V s!, F¢ (1 mM)

was used as an internal standard).

Electrolysis of a bulk solution of MnP1Cl complex (1.12 mM) resulted in the generation of CO and formic acid,
as measured from the first 1.25 turnovers of the analyte after the passing of 1.2 C. Over 210 min, the production of
both H; and CO began to plateau, indicating that the salen metal complex was reaching the end of its lifetime. The
analyte also sustained current densities of approximately 0.24 mA/cm? during the experiment, with evidence of the
density declining towards the end of the measurement. The bulk electrolysis solution was also analysed for addi-
tional liquid phase products via solution state 'H NMR experiments, which revealed a peak at § = 8.00 ppm corre-
sponding to the generation of formic acid. Upon time-course measurements, this peak continued to grow (Figure
S18, Supporting Information). A blank bulk electrolysis experiment in the absence of both CO, and Mn'P1Cl was

undertaken, demonstrating that no formic acid peaks were observed.

The aromatic Mn(III) salen metal complexes demonstrated improved electrochemical behaviour over the ali-

phatic systems. Mn'P3Cl showed favourable reduction activity in the presence of CO; (Figure 8B). Only small
14
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changes in the position of the Ir redox feature were observed. For the IIr ligand-based process, the peak increased
and shifted anodically under CO, compared to under N, saturation. The anodic shift became greater with increasing
concentrations of TFE, indicating CO, association. The IlIr ligand reduction of Mn'P3Cl only becomes significant
upon the addition of TFE and indicates that a proton source is necessary for improved electrochemical activity. The
absence of a current increase in this particular peak under N> with the Bronsted acid indicated that the process is
not solely related to proton reduction to form H, but is more likely due to the reduction of CO». The reversibility
of the first processes means that it is possible to calculate meaningful kinetics data for the interaction of the salen
complex with CO, from reversible reactions (Equations 1-4, Supporting Information). An average Kco» of
22.9 + 5.3 M! was calculated for Mn*P3Cl (Figure 8B). This value decreased upon the addition of electron donat-
ing groups to the backbone (Figure S16, Supporting Information). Finally, a chemical reduction was performed to

validate the electrochemical observations (Figure S23, Supporting Information).

A bulk electrolysis experiment was performed on Mn'P3Cl (1.15 mM) in 0.1 M [(n-C4Ho)sN]PFs/DMF/MeCN
(8:2) with TFE (0.63 M) at E,c = —2.25 V vs. Fc%Fc*, which was the limit of the solvent window (Figure S24,
Supporting Information). As a result, the full IIIr redox feature at E,. = —2.64 V vs. Fc"/Fc¢* could not be accessed.
Applying a potential anodic of the IlIz feature but cathodic of the IIr process resulted in CO and H» formation, as
measured from the first 4.19 turnovers of the analyte over 3 h. Throughout the experiment, a linear relationship in
the production of CO was maintained, indicating that the lifetime of the active species may be longer. The plateau
in H» production cannot be attributed to the depletion of the proton source; if it were, there would be a corresponding
decrease in CO production from the process, since the proton source is necessary to enhance the electrochemical
activity. If the reduction could be shifted to a more accessible reduction potential, it may be possible to convert CO;
at a faster rate. Over the course of the bulk electrolysis experiment on Mn'P3Cl, the analyte sustained current
densities of 0.29 mA/cm? with evidence of declining current density towards the end of the experiment. The Fara-
daic Efficiency for the conversion of CO; into CO was measured for all complexes (Table S2, Supporting Infor-

mation).

CONCLUSIONS

This work has investigated the design and synthesis of a series of Mn(IIl) pyridyl salen-based metal complexes
to examine their electrochemical behaviour under an inert atmosphere and in the presence of CO.. Eight salen metal
complexes incorporating both aliphatic and aromatic bridging moieties were synthesised in good yields and the
variation in the salen backbone was explored to understand the factors that modulate the redox behaviour. Compre-
hensive characterisation was conducted using CV, IR and UV-Vis-NIR SEC experiments in tandem with DFT com-
putations to examine the electrochemical properties of the complexes and the mechanism of reduction. Differences
in the SEC experiments indicated that the aromatic bridging moiety facilitates electron delocalisation and a more
stable radical upon reduction, since the aliphatic bridging moiety appears to inhibit electronic communication
across the backbone. Finally, kinetic and electrochemical studies were performed where possible on the complexes

in the presence of CO», revealing the generation of small quantities of CO and formic acid in trace amounts. The
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intrinsically high reduction potentials that these complexes require precluded analysis of the electrochemical pro-
cesses responsible for conversion, since they were limited by the available solvent windows and the solubilities of

the salen metal complexes.

Two important conclusions can be drawn from the study of these complexes. Firstly, the backbone of the salen
complex plays a vital role in its overall stability. The incorporation of the aromatic bridging diamine and the fer#-bu-
tyl functional groups (i.e. Mn‘P3Cl and Mn‘P4Cl) are the most favourable for complex stability. The aromatic
bridging moiety is superior to an aliphatic one, since the aromatic group facilitates electronic communication across
the entire ligand. This said, the presence of electron donating groups reduces the stability of the complex as extra
potential is required to access reduction processes. Modulating the functional groups on the aromatic bridging moi-

ety tunes the potential of the reduction processes, which has previously been observed in work on one-electron

57, 58 59, 60

oxidised species by Ottenwaelder and coworkers,*® Shimazaki and coworkers, and Storr and co-workers.
The tert-butyl functional group provides electrochemical stability to the salen backbone as it is reduced. Although
some of the salen metal complexes were unstable upon reduction, a number of the aromatic, tert-butyl stabilised
complexes demonstrated the potential to be electrochemically active in the presence of CO; and efforts are under-

way to stabilise their backbones for CO» reduction.
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A series of discrete, functionalised Mn(III) pyridyl salen metal complexes with varying aliphatic and aromatic

bridging diamines have been evaluated and their spectroelectrochemical properties probed.
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