Oxidative Two-State Photoreactivity of a Manganese(IV) Complex using NIR Light
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Highly reducing or oxidizing photocatalysts are a fundamental challenge in the field of inorganic and
organic photochemistry. Only a few transition metal complexes with earth-abundant metal ions have
so far advanced to excited state oxidants, including chromium, iron and cobalt. All these photocatalysts
require high energy light for excitation and their oxidizing power has not been fully exploited due to
significant energy dissipation before reaching the photoactive state. Herein we demonstrate that the
complex [Mn(dgpy).]* based on earth-abundant manganese can be excited with low-energy NIR light
(850 nm, 1.46 eV) to yield a luminescent mixed 2LMCT/>MC excited state (1435 nm, 0.86 eV) with a
lifetime of 1.6 ns. The dissipated energy amounts to 0.60 eV. In spite of this energy loss, *[Mn(dgpy).]*
with its excited state redox potential Erq* of 1.80 V vs SCE outcompetes the strongest reported
precious metal photooxidant (iridium(ll1)). *[Mn(dgpy).]** oxidizes naphthalene (Eox~ 1.31—1.54 V vs.
SCE) to its radical cation giving the manganese(lll) complex [Mn(dgpy).]** in a clean outer-sphere
electron transfer process. Unexpectedly, mesitylene, toluene, benzene and nitriles with even
extremely high oxidation potentials up to Eo = 2.4 V provoke the [Mn(dgpy).]**/** reduction under
photolysis. A higher energy short-lived *LMCT excited state with a lifetime of 0.78 ps is made
responsible for these demanding oxidations, which proceed by static rather than dynamic quenching.
This dual excited state reactivity from 2LMCT/?MC and “LMCT states is linked to the ‘LMCT —
2LMCT/?MC intersystem crossing process. These unique findings demonstrate how the design of
manganese complexes (i) expands the absorption cross section to 400 — 850 nm, (ii) increases the
2LMCT/2MC state lifetime to the nanosecond range allowing luminescence and classical dynamic
photoredox processes and (iii) enables non-classical static quenching of an extremely oxidizing *LMCT
excited state by the solvent. This conceptually novel approach of static quenching by the solvent
minimizes free energy losses, harnesses the full photooxidizing power and thus allows even oxidation
of nitriles and benzene using earth-abundant elements and low-energy light.




The costs of light-harvesting materials represent a bottleneck for widespread implementation, so that
the search for novel organic and inorganic materials based on abundant elements is a highly active
research field.*! Accepted key requirements for materials in large-scale photochemical applications
are a sufficient abundancy on earth, the efficient absorption of visible or even near-IR light, a suitably
long excited state lifetime for dynamic quenching, a high photostability and a high stability in different
oxidation states both for charge injection at semiconductors or for generating reduced or oxidized
substrates in solution reactions.

Complexes of the precious metals fulfil most of these requirements, in particular high excited state
lifetimes and reversible redox chemistry. Consequently, photochemical and photovoltaic applications
are presently dominated by complexes of ruthenium(ll) and iridium(Ill).%** With respect to
photooxidizing properties, many strongly photooxidizing complexes operate as inner-sphere oxidants
in hydrogen atom transfer and M—X bond homolysis reactions, such as high valent oxido and halido
complexes of manganese(lV), tungsten(VI), cerium(IV), uranium(VI) and copper(ll),*>*° while strong
genuine single-electron outer-sphere photooxidants, which fully retain their coordination sphere, are
rare. Recent advances in the field of earth-abundant photocatalysts operating as strong single-electron
oxidants include zirconium(IV),2?! cobalt(l11),2 iron(l11)2>27 and chromium(lll) complexes®®*3! in their
respective excited states, which are of ligand-to-metal charge transfer character (LMCT)* for the
former and of spin-flip character for chromium(lll) complexes.33

Photosensitizers possessing excited states with potentials more positive than +0.80 V vs. SCE (+0.42 V
vs. ferrocene)?* are considered as photosensitizers with extreme redox potentials.>® The strongest
iridium(IIl) containing photooxidant is [Ir(ppyF2(CFs)2(bpy(CFs3)2)]* with Ereq* = 1.65—1.68 V vs. SCE (1.27
—1.30 Vvs. ferrocene), yet blue LEDs are required for excitation.3>3® The hexacarbene iron(lll) complex
[Fe(phtmeimb),]* and various polypyridine chromium(lll) complexes realize potentials of Ereq™ = 1.25 —
1.84 V vs. SCE (0.87-1.46 V vs. ferrocene) (phtmeimb = [phenyl(tris(3-methylimidazolin-2-
ylidene))borate]”) with blue-green light excitation.3! The formally strongest reported photooxidant
based on a first row transition metal is [Co(dgpz)2]®* with Ereq® = 2.75 V vs. SCE (2.37 V vs. ferrocene),
yet its strong oxidizing power towards challenging substrates has not yet been exploited (dgpz = 2,6-
diguanidylpyrazine).?? Strong organic photooxidants encompass substituted acridinium salts,?” 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone®®* and the electrochemically generated trisamino-
cyclopropenium radical dication with Ereq* = 2.06—3.33 V vs. SCE (1.68-2.95 V vs. ferrocene).*0*!

To fully harness the photon energy for a redox process, i.e. to reduce the free energy losses after
excitation,* high energy photoactive states are required for the electron transfer process. Excited
states with the same multiplicity as the ground state are typically short-lived, for example organic
sensitizers or the iron(Ill) complex [Fe(phtmeimb),]*.3741232% Excited states with a multiplicity differing
from the ground state multiplicity, for example triplet metal-to-ligand charge transfer states (3MLCT),
possess higher excited state lifetimes but are typically at lower energies than the corresponding singlet
states (MLCT) leading to energy dissipation and consequently a loss of oxidizing/reducing power.
Furthermore, an intersystem crossing (ISC) process® is required to reach the long-lived 3MLCT states,
which is often fast and efficient for transition metal complexes, even for first row metals,**4® yet in
certain cases also slow and inefficient ISC processes have been reported.*”>3

In the present study we demonstrate that a mixed pyridine/guanidine complex with manganese(IV) as
earth-abundant metal ion can be excited with low-energy NIR light to give two photoactive states,
namely an unconventional, luminescent and long-lived mixed doublet ligand-to-metal charge
transfer/metal-centered (2LMCT/2MC) excited state with some spin-flip admixture at lower energy
capable of oxidizing moderately challenging substrates and a short-lived *LMCT excited state at high
energy capable of oxidizing even extremely challenging substrates.



Results and discussion
Ground state properties of [Mn(dgpy).]*

The purple-black manganese(lV) complex [Mn(dgpy).][PFsls (Fig. 1a) with a d* electron configuration
yielding a %A, ground state (term symbol given for octahedral symmetry) is a strong oxidant in the
ground state with Ex(Mn"/Mn") = +0.94 V vs. SCE (0.56 V vs. ferrocene) in acetonitrile (dgpy = 2,6-
diguanidylpyridine).>* One-electron reduction gives the yellow colored high-spin manganese(ll)
complex [Mn(dgpy).)** (Supplementary Fig. 5).>* [Mn(dgpy).]** even oxidizes chloride ions in CH3CN in
the dark (Supplementary Fig. 6), similar to the solid state material MnO,,*® while light-induced chloride
oxidation had been reported using designed ruthenium(ll) and organic photooxidants using one- and
two-photon excitation mechanisms.>®>8 Clearly, [Mn(dgpy).]* is highly oxidizing already in its ground
state and light excitation might even further enhance this oxidizing power.

[Mn(dgpy)2][PFs]a shows panchromatic light absorption throughout the visible spectral region (&s00-700
> 2700 M~ cm™; Fig. 1a) peaking at 514 nm (6860 Mt cm™) and 775 nm (sh, 3320 Mt cm™) and
extending into the near-infrared spectral region.>* On the other hand, the manganese(lll) complex
[Mn(dgpy).]?** absorbs only weakly in the visible spectral region with a weak absorption band at 450
nm (¢ =600 Mt cm™, Supplementary Fig. 5).>* According to time-dependent Density Functional Theory
(TD-DFT) calculations and charge transfer number analysis, the strong absorption bands of
[Mn(dgpy).]* arise from symmetry and spin allowed *LMCT transitions in particular from the guanidine
moieties of the ligands to the high-valent manganese center.>
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Fig. 1| Steady-state UV/Vis/near-IR and emission spectroscopy of [Mn(dgpy):][PFsls. a, Absorption
spectrum of [Mn(dgpy)2][PFs]s in CH3CN with the formula of [Mn(dgpy).]** indicated. b, Variable
temperature luminescence spectra of solid [Mn(dgpy):][PFsls after 730 nm excitation and DFT
calculated spin density of the lowest 2LMCT/?2MC state of [Mn(dgpy).]** at an isosurface value of 0.007
a.u. indicated; o and [ spin density in yellow and purple, respectively; hydrogen atoms omitted. c,
Absorption spectra of [Mn(dgpy)2][PFsla (50 uM) in CH3CN in the presence of naphthalene (0.3 M)
during 730 nm irradiation over 45 min; the final orange spectrum corresponds to [Mn(dgpy)2]** and
photographs of the cuvettes before and after irradiation.



Luminescence and excited state reactivity of the doublet state

Laser excitation (635 and 730 nm) of solid [Mn(dgpy)z][PFs]s resulted in a weak luminescence band
around 1470 nm (Fig. 1b, Supplementary Figs. 7,8). Cooling to 77 K lead to a hypsochromic shift of the
band of ca. 0.8 cm™ K™ to ca. 1435 nm (0.86 eV) and an approximately tenfold increase in intensity
(Fig. 1b). The band is quite sharp with a full width at half maximum (FWHM) of ca. 460 cm™ at 77 K.
The only other known luminescent manganese(lV) complex [Mn(phtmeimb)]?* displayed an emission
around 828 nm at 85 K with FWHM = 800 cm™ and a hypsochromic of ca. 0.8 cm™ K™ shift from 300
to 85 K.>° This emission was assigned to the 2E — “A; spin-flip luminescence,*® although low-energy
charge transfer states prevail in the visible spectral region and although the FWHM of the emission
band is comparably large.>® Genuine spin-flip emitters based on chromium(lll) exhibit FWHM of the
emission bands around 280 and 420 cm™ at room temperature.®%5!

In contrast to the spin-flip assignment of the [Mn(phtmeimb)]?* luminescence and the similarity of the
band characteristics, DFT calculations on the lowest energy doublet state of [Mn(dgpy)2]** support a
strong 2LMCT character with an admixture of metal-centered character (2MC, spin-flip) (Fig. 1b). This
mixed 2LMCT/?MC state is calculated at an energy of 0.78 eV above the ground state excellently
matching the emission energy of 0.86 eV at 77 K. In the mixed 2LMCT/?MC state, charge has transferred
from a coordinated guanidine nitrogen atom to the Mn center (Fig. 1b). Possibly, the admixture of the
2MC state into the 2LMCT state gives rise to a more nested, i.e. less distorted, state and thus a rather
sharp emission band. This 2MC admixture giving a weakly distorted excited state might also prolong
the doublet state lifetime as has been suggested previously for an oxido manganese(lV) complex.!?

With the excited doublet state energy of Eqo = 0.86 eV, the excited state redox potential can be
estimated as E*req(*2Mn"/Mn") = 1.80 V vs. SCE (1.42 V vs. ferrocene). This is significantly higher than
the excited state redox potential of the strongest reported iridium(lll) photooxidant (E* eq(*3Ir"/Ir") =
1.54 V vs. SCE, 1.16 vs. ferrocene)®>3® and suffices to oxidize naphthalene with Eox=~1.31—1.54 V vs.
SCE.'>*%? Indeed irradiation of [Mn(dgpy)2][PFe]s (50 uM) in CH3CN with 730 nm light in the presence of
naphthalene (0.3 M) gives the manganese(lll) complex according to UV/Vis/NIR spectroscopy (Fig. 1c).
The series of spectra during photolysis displays isosbestic points at 334 and 398 nm indicating a clean
Mn* to Mn3* reduction (Fig. 1c). The naphthalene radical cation is too short-lived to be observed under
these steady-state conditions. However, the naphthalene radical cation could be trapped by a
deactivated pyrazole (1H-pyrazole-4-carboxylic acid ethyl ester) in a Nicewicz-type oxidative
coupling.®3%* The naphthalenyl pyrazole C—H amination product was identified by mass spectrometry
(with a signal at m/z = 267 for Ci6H1sN,0,; Supplementary Fig. 9).

Ultrafast spectroscopy and the excited state reactivity of a quartet excited state

Unexpectedly, irradiation of the complexin the presence of mesitylene, toluene or benzene with much
higher oxidation potentials up to Eox = 2.36 V vs. SCE!?%2 and even in pure acetonitrile (Eox = 2.4 V vs.
SCE)®*% |eads to clean photoreduction, albeit with much slower rates (Supplementary Figs. 10-14).
Irradiation of [Mn(dgpy):][PF4]a at 730 nm in butyronitrile, nitromethane, 1,2-butylene carbonate or y-
valerolactone with similarly high oxidation potentials®? as acetonitrile cleanly gives [Mn(dgpy).]** as
well (Supplementary Figs. 15—18) confirming an extraordinary high oxidation power of *[Mn(dgpy).]*.
The excited state redox potential can be estimated as at least E*,eq(**Mn"/Mn"") = 2.4 V vs. SCE (= 2.0
V vs. ferrocene) based on the CH3CN oxidation potential. With the ground state redox potential given
(see above), the excited state energy must be around 1.46 eV. This energy estimation fits to the low-
energy tail of the absorption band around 850 nm (1.46 eV, Fig. 1a) and suggests a *LMCT excited state
at Ego = 1.46 eV as photoactive state. Indeed, analogous Mn* to Mn3* photoreductions by CHsCN are
observed with 850 nm LED illumination proving that this photoactive excited state of [Mn(dgpy).]** is
populated even with low energy light (Supplementary Fig. 19).



The proposed initially formed nitrile radical cation CH3CN®* in acetonitrile can be trapped by an arene,
e.g. benzene CsHs. Loss of a proton and a further electron yields the corresponding aryl nitrilium ion®®
as shown by ESI mass spectrometry (m/z = 118 for CgHgN; Supplementary Fig. 20). Isotopic labeling
using C¢Ds confirms the composition of the generated nitrilium ion (m/z = 123 for CgHsDsN;
Supplementary Fig. 21). Reaction of activated benzylic C-H bonds with CHsCN via nitrilium ions had
been reported by Lambert to give acetamides after hydrolysis with water using the electrochemically
generated photoexcited trisaminocyclopropenium radical dication as oxidant.®’

To probe the formation of arene radical cations either by direct oxidation with *[Mn(dgpy).]** or by
oxidation with the initially formed CHsCN®** as redox mediator we trapped the arene radical cation by
a deactivated electron-poor pyrazole in a Nicewicz-type oxidative coupling.®®*%* Electron-rich arenes
have been coupled using 9-mesityl-10-methylacridinium photocatalysts®*%* and the challenging
benzene itself has been coupled using the trisaminocyclopropenium radical dication.*® Given that
transition metal photocatalysts have not been reported to provoke such a transformation, we were
pleased to see that mesitylene and even benzene were oxidatively coupled with 1H-pyrazole-4-
carboxylic acid ethyl ester using [Mn(dgpy).]** under red-NIR light (730 nm) irradiation to give the
respective aminated arenes as shown by ESI mass spectrometry (m/z = 259 for CisH19N205; m/z = 217
for C12H13N20,; Supplementary Figs. 22-23). Deuterated benzene gave the isotopologous amination
product (m/z = 222 for C1,HsDsN,0,, Supplementary Fig. 24). Photolysis (730 nm) of benzene (1.3 M)
in CH3CN with 1H-pyrazole-4-carboxylic acid ethyl ester (30 mM) with [Mn(dgpy).][PFsls (2 mM) as the
limiting reagent gave 11 % of the coupling product by HPLC analysis (Supplementary Fig. 25).

Cleary, the lowest energy (LMCT/?MC state at Eqo(’LMCT/2MC) = 0.86 eV is thermodynamically
incompetent to oxidize these arene and nitrile substrates due to its too low excited state redox
potential. Consequently, a different excited state must be responsible for this extraordinary
photoreactivity, likely a *LMCT state at an energy Eoo(*LMCT) = 1.46 eV, i.e. 0.60 eV higher in energy
than the 2LMCT/2MC state. To elucidate the nature of this proposed photoactive *LMCT state and the
excited state dynamics, we performed femtosecond transient absorption (TA) spectroscopy and
further mechanistic experiments.

Laser excitation of [Mn(dgpy).][PFs]s in CH3CN at 730 nm yields positive excited state absorption (ESA)
bands below 420 and above 800 nm and a broad negative band between 430 and 800 nm peaking at
500 nm (Fig. 2a). The spectral evolution of the entire data set was fitted with a global fit comprising of
three components with lifetimes of 71,2,3 =0.78, 9.7 and 1600 ps (for evolution-associated difference
spectra EADS and decay associated difference spectra DADS see Supplementary Fig. 26).
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Fig. 2| fs-Transient absorption investigations of [Mn(dgpy):][PFs]s in Ar saturated CHs;CN revealing
the initial formation of the *LMCT state followed by the slow intersystem crossing to the 2LMCT/2MC
state. a, Transient absorption spectra after excitation with 730 nm laser pulses of ca. 200 fs duration
(800 nJ / pulse). b, Estimated ESA bands and evolution of an additional CT band in the visible range. c,
Time-dependent DFT calculated low energy spin-allowed transitions of the 2LMCT/?MC state of
[Mn(dgpy)2]* (shifted by 145 cm™ to lower energy) with the color code indicating the character of the
transition according to charge transfer number analyses (blue: LMCT, orange: MC; isosurface value of
electron difference density at 0.005 a.u., electron gain in purple, electron loss in yellow) and an
envelope band shape composed of Gaussians with FWHM of 80 nm.

In general, negative bands can be assigned to the ground state bleach (GSB), although the band shape
in most cases strongly deviates from the band shape of the corresponding part of the ground state
spectrum due to superimposed ESA bands. For [Mn(dgpy).][PFs]s, however, the initially observed
negative band (t < 300 fs) almost perfectly matches the theoretical GSB spectrum in a large spectral
range between 460 and 740 nm (Supplementary Fig. 27). Hence, the ESA of the initially populated
ALMCT state does not contribute significantly to the overall signal in this spectral region. The pure
excited state absorption can be estimated by subtracting the normalized theoretical GSB from the
normalized difference absorption spectrum. In the spectral region between 460 and 520 nm, the band
shape remains even unchanged at all time delays (Supplementary Fig. 27), such that the same method
can be employed for all spectra. Fig. 2b displays the resulting ESA spectra revealing the formation of
an additional positive band between 500 and 800 nm, which evolves within a few picoseconds and
persists, apart from minor band shape changes, until complete relaxation to the ground state. This
transition can also be observed in the decay trace at 680 nm, which shows a change of the sign in the



original TA data (Supplementary Fig. 28). The formation of this new band indicates a transition from
the initially populated *LMCT state to a new electronically excited state, likely the 2LMCT/2MC state.

Time-dependent DFT calculations of the DFT geometry optimized lowest energy 2LMCT/>MC state (Fig.
1b) find several allowed transitions with predominant LMCT character between 400 and 600 nm as
well as between 700 and 900 nm. The overall shape with two discernible absorption bands fits
reasonably well to the two ESA bands observed in the TA spectra (Fig. 2c). Thus, we assign this process
to the population of the 2LMCT/?MC state via slow ISC with 7, = 780 fs. Although ISC is often ultrafast
even for 3d transition metal complexes*, it can also be rather slow in the picosecond and even
nanosecond range.*’>3 After the population of the 2LMCT/2MC state is completed, the shape of the
spectrum remains basically unchanged, besides minor shifts and a small increase of the intensity of the
newly formed band (z = 9.7 ps), which we attribute to thermal relaxation and reorganization of the
solvent cage (VR, vibrational relaxation) due to the substantial change of the dipole moment during
the LMCT transition. Hence, the slow final decay to the quartet ground state (73 = 1.6 ns) occurs from
the thermally relaxed 2LMCT/2MC state. This assignment is also supported by the emission band found
at 1435 nm (77 K), which matches the calculated energy of the lowest-energy *LMCT/?*MC state (Fig.
1b, vide supra). Excitation at 350 nm gives the same spectra and lifetime for the long-lived component
(71 = 1.6 ns) as obtained with 730 nm excitation (Supplementary Fig. 29). Hence, the 2LMCT/>MC state
is populated at both excitation wavelengths showing that no branching occurs at higher energies.

The evolution of the newly formed band could in principle also be rationalized by two other
mechanisms, namely formation of low-spin [Mn(dgpy).]** and CHsCN®* via static hole transfer or by
spin crossover (SCO) yielding a .LMCT state (Supplementary Fig. 30). Hole transfer can be excluded as
neither low-spin [Mn(dgpy)2]** nor CHsCN®* show transitions above 450 nm (Supplementary Fig. 31).
Furthermore, excitation at 730 nm of [Mn(dgpy).][PFs]s in CH3NO; gives the same transient absorption
spectra (Supplementary Fig. 32) and similar lifetimes (71,23 = 0.70, 9.1, 1700 ps) illustrating that the
spectral evolution is independent of the solvent that is oxidized. SCO to give a ’LMCT state is also
unlikely to compete with the ISC as the SLMCT state is calculated to display merely a single broad
absorption band instead of two bands which are experimentally observed. Furthermore, the formation
of the ’LMCT state would be accompanied with an elongation of the Mn—N(pyridine) bonds by 0.15—
0.26 A due to the high-spin character of the formal Mn3* center endowing substantial structural
reorganization and large barriers.

The suggested sequential relaxation pathway *LMCT — 2LMCT/2MC (hot) — 2LMCT/?MC (relaxed) —
A, nicely fits to the observed reactivity. Challenging substrates like benzene or nitriles must be
oxidized before ISC takes place as the 2LMCT/2MC state is not sufficiently oxidizing to enable these
reactions (vide supra). Indeed, ISC was found to be comparably slow, such that the static hole transfer
to the solvent can compete with the population of the 2LMCT/>MC state. On the other hand, ISC is fast
enough to render the hole transfer rather inefficient, which explains the low reaction rate for these
substrates. Moreover, the lifetime of the long-lived component remains unaltered when the solvent is
changed from CH3CN to CH3NO, pinpointing the “LMCT state as the highly reactive excited state.
However, the 2LMCT/2MC state combines sufficient oxidative power for less challenging substrates as
naphthalene with a nanosecond lifetime that suffices for bimolecular reactivity. The switch from *LMCT
to 2LMCT/2MC reactivity changes the mechanism from a solvent mediated process to direct substrate
oxidation.

To confirm that neither dissociated dgpy ligand nor the [PFs]” counter ions are potentially reacting with
this *LMCT state we performed several test reactions. Partial ligand dissociation and consequently the
presence of traces of dgpy in the solution as potential substrate could be excluded as [Mn(dgpy).]*
would oxidize uncoordinated dgpy already in its ground state in the dark (Supplementary Fig. 33). 1F
and 3P NMR spectroscopy before and after photolysis confirm that the [PFs]” counter ions are not
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photooxidized as the NMR spectra remain unchanged after photolysis (Supplementary Figs. 34, 35). To
further support the redox innocence of the [PFg]” counter ions, the perchlorate salt [Mn(dgpy)2][ClO4]4
has been prepared and investigated additionally (Supplementary Information). Irradiation of
[Mn(dgpy)2][ClO4]s at 730 nm in CHsCN leads to photoreduction of [Mn(dgpy).]** as well, even slightly
faster than with [PFg]” counter ions (Supplementary Figs. 36, 37). The molar conductivity of
[Mn(dgpy)2][PFels in CH3CN is with 640 S cm™ M comparably high (Supplementary Fig. 38), although
not many 1:4 electrolytes have been investigated so far hampering comparisons.®®% A molecular
dynamics simulation of [Mn(dgpy).][PFs]a in CH3CN over 1 ps resulted in shells of counterions with
Mn~[PFe] (center-of-mass) distances peaking at 4.1, 6.1, 7.3 and 8.5 A suggesting ion-pairing with [PFs]
ions (Supplementary Fig. 39). Similarly, the molar conductivity of [Mn(dgpy)2][PFs]s in CH3CN (560 S
cm™ M) is high for a 1:3 electrolyte (Supplementary Fig. 38).5%% To probe the effect of ion paring on
the photoreduction and cage escape,’ [Mn(dgpy):][PFs]s was photolyzed in CHsCN in the presence of
increasing amounts of [n-BusN][PFg] (0, 50, 100 and 200 mM; Supplementary Figs. 40—-42). The reaction
is significantly slowed down with increasing [PFs]~ concentration suggesting a slower photooxidation
of CH3CN or a slower cage escape at high ionic strength (Supplementary Fig. 43). As the ultrafast
dynamics observed by TA spectroscopy are unaffected by the presence of 100 mM [n-BusN][PFs]
(Supplementary Fig. 44), we suggest that the initial static quenching is not hampered but rather the
cage escape reaction at high ionic strength. A similar retarding effect on the photoreduction, likely also
affecting the cage escape rate, occurs when diluting the acetonitrile solution with redox-inert ortho-
dichlorobenzene in 1:1 and 1:2 v/v ratios (Supplementary Figs. 45-47).

These combined experiments support the conclusion that the redox partner of the *LMCT excited Mn**
complex is the solvent itself. Solvent molecules are already present in the vicinity of the Mn** complex.
Two short Mn~N(CHsCN) distances of 4.91 and 5.73 A are present in the solid state structure (CCDC-
2171816).>* The molecular dynamics simulation of [Mn(dgpy)2][PFs]s in CH3sCN over 1 us resulted in
shells of CH;CN molecules around the tetracation with Mn~[CH;CN] (center-of-mass) distances peaking
atca. 3.9, 6.0, 8.5, 12.3 and 16.8 A (Supplementary Fig. 48). The first peak up to 4.25 A corresponds to
0.9 CH3sCN molecules, i.e. approximately one CHsCN molecule is present close to the Mn center. This
allows for static quenching of the short-lived *LMCT state competitive with ISC, while a purely dynamic
quenching on the short time scale of the *LMCT lifetime would be highly unlikely. Consequently, the
reactivity of [Mn(dgpy)2]* in its excited *LMCT state relies on the extremely high excited state potential
sufficient for solvent oxidation by a static quenching mechanism.

Quantum chemical calculations and mechanistic picture

Optical excitation of [Mn(dgpy).]* from its *A; ground state yields *LMCT excited Franck-Condon states
at energies from to 1.4 to 3.0 eV (Fig. 1a). The lowest-energy absorptions are assigned to the “LMCT
transitions calculated at 656 and 637 nm shown in Fig. 3a with their electron difference densities. In
these LMCT states, electron density has been transferred from the guanidine ligands to a d, orbital
(tzg in On notation) of the manganese center, i.e. forming a guanidine radical cation and a
manganese(lll) ion in its low-spin electron configuration.



Fig. 3]Quantum chemical calculations of excited states of [Mn(dgpy):]** and the products of the
photoinduced electron transfer reaction. a, Difference electron density of the two lowest spin-
allowed *LMCT transitions at 656 and 637 nm (green = electron density loss; orange = electron density
gain) displayed at an isosurface value of 0.006 a.u.. b, DFT optimized geometry of the
2[Mn(dgpy).2]**/naphthalene®*}** pair with spin densities after the electron transfer showing the low-
spin [Mn(dgpy)2]®* complex and the naphthalene radical cation. ¢, DFT optimized geometry and spin
density of the high-spin [Mn(dgpy).]** complex. Spin densities at an isosurface value of 0.012 a. u.; o
and [ spin density in yellow and purple, respectively. Hydrogen atoms omitted.
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Fig. 4|Jablonski diagram and electron configurations of the involved excited states and redox states.
a, Jablonski diagram including photoinduced redox processes from the “LMCT and 2LMCT/?MC excited
states with acetonitrile and naphthalene, respectively, including data from luminescence and TA
spectroscopy; ISC = intersystem crossing, VR = vibrational relaxation. b, Electron configurations of the
4A, ground state (purple), *LMCT (blue) and 2LMCT/*MC (red) excited states and the low-spin (black,
3T;) and high-spin (orange, °E) manganese(lll) complexes illustrated by the occupation of metal 3d
orbitals and a ligand 7 orbital (L;) (SCO = spin crossover).

The lifetime of the populated *LMCT state depends on the rates of the static quenching by a CHsCN
solvent molecule and of the ISC to the doublet manifold (Fig. 4a). With the above interpretations
resulting from the TA spectra, the ISC process is rather slow in this Mn* complex. Still, only static
quenching by the solvent accounts for the excited state reactivity of the *LMCT state. Hole transfer
gives the acetonitrile radical cation and the low-spin manganese(lll) complex (3T, Fig. 4b). The latter is
only weakly distorted compared to the manganese(lV) complex suggesting only a small kinetic barrier
to hole transfer. The low-spin complex can then undergo spin-crossover (SCO) to the
thermodynamically favored high-spin complex (°E, Fig. 4b).>* The here suggested oxidation of the
solvent as initial photoredox step likely also occurs with other extremely strong photooxidants (which
short excited state lifetimes) such as the electrochemically generated trisaminocyclopropenium radical
dication in CHsCN.*%41 Yet, this static quenching scenario of short-lived strongly oxidizing excited states
by the solvent had not been considered so far.

The 2LMCT/2MC excited state resulting from ISC and vibrational relaxation is at lower energy by 0.60 V
(Fig. 4a). Hypothetically pure 2MC excited doublet states (*E/*T1 spin-flip states) neglecting charge-
transfer admixtures as assigned in the reported carbene manganese(lV) complex [Mn(phtmeimb),]?**
%9 are expected around 572 and 540 nm for [Mn(dgpy).]* according to CASSCF/NEVPT2 calculations
comprising only the d orbitals.>* Clearly, these putative pure spin-flip states are too high in energy to
be the lowest energy doublet states in [Mn(dgpy).]** but these spin-flip states can obviously mix with
the 2LMCT state. Hole transfer from the mixed 2LMCT/?MC state to a naphthalene substrate was
modelled by DFT calculations generating the manganese(lll) complex and the substrate radical cation
(Figs. 3b, 4a). Spin conservation requests that the d* Mn"' complex forms in its low-spin state (Svn = 1,
3T1) with the radical cation spin (Sradical = 1/2) antiferromagnetically coupled to give a spin-correlated
pair with Stotal = 2/ (Fig. 3b). The Mn—N bond lengths increase only slightly from 1.95 — 1.98 A in the
2LMCT/?MC state to 2.00 A in the highly symmetric low-spin [Mn(dgpy).]>* complex. This small
elongation suggests only a minor reorganization energy stemming from the photooxidant for the hole
transfer reaction. The initially formed low-spin manganese(lll) complex finally undergoes SCO to yield
the high-spin complex with Sun, = 2 (°E, Fig. 3¢, 4b). The Mn—N(pyridine) bonds are significantly
elongated to 2.20 A in the high-spin configuration, and hence a larger structural reorganization likely
occurs in the SCO step only after the actual hole transfer.

Conclusions

The high-valent manganese(IV) complex [Mn(dgpy):]** constitutes the prototype of a new class of
extremely potent outer-sphere photooxidants. The panchromatic absorption, the high ground state
redox potential, the small reorganization energy of the [Mn(dgpy).]**/low-spin [Mn(dgpy).]** couple
and the unique dual excited state reactivity of a 3d transition metal complex resulting from static
quenching of a short-lived highly oxidizing *LMCT state and from dynamic quenching of a long-lived
luminescent strongly oxidizing 2LMCT/2MC state allow for oxidations including challenging substrates
such as nitriles and benzene, using low-energy red to near-infrared light (730 nm, 850 nm). The novel
key aspects of this unique system are the exploitation of the earth-abundant, non-noble metal
manganese instead of precious metals such as iridium, the usage of red to near-infrared light instead
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of the typically used UV to green light for oxidative transformations, the minimal dissipative energy
loss and the resulting extremely high excited state redox potential sufficient for solvent oxidation as
the primary hole transfer step. Future studies will explore adapted and tuned *Mn*/Mn3* couples as
photo(electro)catalysts in challenging transformations e.g. via ion pairing and as sensitizers for suitable
p-type semiconductors close to the thermodynamic and kinetic limits.
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