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A new era of LMCT: leveraging ligand-to-metal
charge transfer excited states for photochemical
reactions
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Ligand-to-metal charge transfer (LMCT) excited states are capable of undergoing a wide array of
photochemical reactions, yet receive minimal attention compared to other charge transfer excited
states. This work provides general criteria for designing transition metal complexes that exhibit low
energy LMCT excited states and routes to drive photochemistry from these excited states. General
design principles regarding metal identity, oxidation state, geometry, and ligand sets are summarized.
Fundamental photoreactions from these states including visible light-induced homolysis, excited state
electron transfer, and other photoinduced chemical transformations are discussed and key design
principles for enabling these photochemical reactions are further highlighted. Guided by these
fundamentals, this review outlines critical considerations for the future design and application of
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1 Introduction

Charge transfer excited states drive most photochemical reac-
tions. Upon irradiation with light, these highly absorptive
transitions redistribute electron density across a molecule,
generating a chemical potential in the excited state capable of
initiating reactivity including electron transfer, proton transfer,
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coordination complexes with LMCT excited states.

bond homolysis, and more.”" Leveraging charge transfer
excited states provides a viable pathway to induce new reactivity
and harness solar energy to drive chemical reactions. Charge
transfer excited states are categorized into specific classes,
including metal-to-ligand charge transfer (MLCT), ligand-to-
metal charge transfer (LMCT), intraligand charge transfer
(ILCT) and ligand-to-ligand charge transfer (LLCT)."*® For
MLCT, ILCT, and LLCT excited states, donor orbitals populate
ligand-based acceptor orbitals. However, in LMCT excited
states, metal-based acceptor orbitals are populated and leave
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behind oxidized ligand-based orbitals, imparting unique prop-
erties to the excited state.

Transition metal complexes with LMCT excited states have
historically been underexplored compared to other charge
transfer excited states, namely due to their lack of photo-
luminescence, short excited state lifetimes, and/or propensity
for degradation in the excited state. Due to these challenges,
photoactive molecules with LMCT excited states were histori-
cally disregarded and photochemists turned to complexes with
MLCT excited states, like tris(2,2"-bipyridine) ruthenium(),
[Ru(bpy)s]**, for their attractive long-lived excited states,
reversible excited state electron transfer, and (photo)chemical
stability.">"”

Recently, a new era for LMCT excited states has begun. A
handful of transition metal complexes are now known to display
chemical and photochemical stability, exhibit nanosecond
lifetimes, and undergo photochemical reactions.>****>* Despite
these promising results, substantial work is still required for
LMCT excited states to become robust and versatile participants
in photochemical reactions. Inspired by this resurgence and
overall promise of LMCT excited states, this article aims to
highlight transition metal complexes with LMCT excited states
and understand the photochemistry accessible from these
states. This article will also highlight synthetic strategies to
design complexes with low energy LMCT transitions suitable for
photochemical reactions. Furthermore, strategies to enhance
transition metal complex stability and extend excited state
lifetimes will also be discussed, highlighting state-of-the-art
literature examples. Specific classes of reactions promoted by
LMCT excited states, including excited state electron transfer
(ES-ET), visible light-induced homolysis (VLIH), excited state
proton transfer (ES-PT), and photo-induced chemical rear-
rangements, will be presented.

2 Designing transition metal
complexes with low-lying LMCT
excited states for photochemical
reactions

LMCT transitions occur when light promotes an electron from
a ligand-based molecular orbital to a metal-based molecular
orbital. These excitations are facilitated by specific electronic
structures, where transition metal complexes exhibit electron-
deficient metal centers and have strongly donating ligand
scaffolds.”** Electron deficient metal centers provide vacant low
energy metal-based orbitals ripe for population. In result,
excitation from a ligand-based molecular orbital to an
antibonding metal-based d orbital (t;g or e;) is accessible at low
energies.>** Strong 7 donor ligands are known to promote weak
to moderate ligand field splitting, where bonding orbitals are
primarily ligand-based and antibonding orbitals are primarily
metal-based (Fig. 1, for O symmetry).>* Furthermore, their
anionic character supports highly oxidized metal centers.
Strong o donating ligands also give rise to coordination
complexes with low-lying vacant metal-based orbitals when
paired with electron deficient metal centers, albeit these metal-
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Fig. 1 Molecular orbital diagram of an octahedral transition metal
complex with 7t donating ligands.

based orbitals exhibit non-bonding (n.b.) character. Therefore,
to facilitate access to LMCT excited states, strongly © and o
donating ligands are commonly employed alongside electron
deficient metal centers.

Classic examples of such LMCT-containing complexes
include permanganate, [MnO,4] ", and iridium(iv) hexabromide,
[IrBrg]*~. For [MnQ,4], its strong 7 donating oxo ligands facil-
itate a low energy absorption within the visible region centered
at 550 nm, assigned to promotion of an electron from a ligand-
based t; non-bonding orbital to the metal-based e* orbital.>>>
Similarly, w donating bromide ligands facilitate two sets of
LMCT transitions in [IrBrg]*~, one in the visible (ranging from
500 to 900 nm) attributed to population of the t;g orbital and
a second in the UV (spanning 250 nm to 450 nm) attributed to
population of the e, orbital.*>°

While a large number of coordination complexes exhibit
LMCT transitions, very few undergo excited state reactivity from
their LMCT excited state, and thus only a handful have been
employed as photosensitizers or photocatalysts. When identi-
fying coordination complexes with LMCT excited states for
photochemical applications, there are several considerations.
The first consideration is excited state character. The nature,
geometry, and (de)localization of an excited state greatly
dictates its photoreactivity. For LMCT excited states, this reac-
tivity is dictated by a shift in electron density from the ligand
scaffold to the metal, producing a formally reduced metal
center and oxidized ligand(s). Careful consideration of a LMCT
excited states' donor and acceptor orbitals can further tune
excited state properties, such as excited state reduction poten-
tials and ligand lability.

The second consideration for enabling photosensitization
and photocatalysis is excited state energetics. The relative
energy of the LMCT electronic transition, with respect to other
optical transitions, is important. For most photochemical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reactions, photoreactivity stems from the lowest energy excited
state, necessitating the construction of complexes with low
energy LMCT excited states. This criterion is rationalized by
Kasha's rule which states that photoluminescence, and by
extension photoreactions, occur from the lowest energy excited
state of a given multiplicity — a result of fast internal conversion
to the lowest energy excited state upon photoexcitation.’"*
While there are exceptions to this rule (some of which will be
discussed herein), Kasha's rule is generally applicable to most
photochemical reactions and highlights a common design
criterion considered when designing photoactive molecules. To
meet this criterion, many complexes that exhibit low energy
LMCT excited states contain strong m donating ligands. The
anionic nature of 7w donating ligands supports high valent metal
centers, enabling low-lying, metal-based antibonding orbitals
that can be filled upon photoexcitation. Simultaneously, strong
7 donors raise the energy of the t,, orbitals, resulting in small
octahedral field (AO;) splittings, where both metal-based
orbitals are antibonding. In result, this pairing provides
ligand-based HOMOs and metal-based LUMOs (or SOMOs)
poised for low energy LMCT transitions.

However, incorporating strong m donors and high valent
metal centers does not always ensure low energy LMCT excited
states. The weak field splittings of these complexes promote
small AOy, splitting, and can favor low energy d-d transitions for
complexes with one or more d electrons. In addition, small AOy
splitting may also enable high spin configurations for some
complexes, similarly supporting low energy d-d transitions. To
combat these low-lying d-d transitions, strong ¢ donors can be
incorporated to stabilize the t,, orbitals and promote low spin
electronic configurations. This stabilization results in larger
AOy, splitting relative to 7 donors and the ligand field (metal
centered, d-d) excited states that commonly deactivate LMCT
excited states increase in energy relative to the charge transfer
transition.>" In addition to carefully tuning ligand identity and
electronics, metal identity and oxidation state can similarly
manipulate AOy, splittings, where AOy, splittings increase with
increasing oxidation state number and principal quantum
number, and change the energetics of metal-based acceptor
orbitals in LMCT transitions. As a result, careful consideration
of ligand and metal identities can enable the design of transi-
tion metal complexes with low energy LMCT excited states.

The third consideration for constructing effective photo-
sensitizers and photocatalysts is excited state lifetime. For some
reactions, ultrafast lifetimes are sufficient to enable photo-
chemistry, particularly when the photoreaction is unimolecular
in nature. However, lifetimes on the nanosecond timescale are
typically required for bimolecular reactions with substrates in
the millimolar concentration range, where excited states must
persist on the timescale of diffusion. A variety of factors play
into the lifetimes of these excited states, including excited state
spin multiplicity and accessible nonradiative decay pathways.
Metal complexes capable of intersystem crossing (e.g., from
singlet to triplet excited states) are generally more likely to
exhibit long-lived excited state lifetimes than complexes that
cannot. Furthermore, complexes comprised of second and third
row transition metals have larger ligand field splitting than first
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row metals. Large ligand field splittings can prevent deactiva-
tion of a charge transfer excited state through metal-centered
excited states. Similarly, ligand choice also impacts ligand
field splittings, as illustrated in Tanube-Sugano diagrams for
specific electronic configurations.

The fourth design criterion for constructing photosensitizers
and photocatalysts is (photo)stability. Most electronic transi-
tions result in the population of antibonding orbitals upon
photoexcitation. Therefore, in the case of many LMCT transi-
tions, the metal-ligand bond lengths elongate and can result in
ligand dissociation. For example, despite the short excited state
lifetime of [MnO,]~, this molecule is capable of undergoing
photoreactivity to unimolecularly produce O, and [MnO,]|”
upon irradiation.”® This ultrafast photodecomposition ratio-
nalizes why it is not commonly employed as a photocatalyst or
photosensitizer in photochemical reactions, as this irreversible
reaction will inherently compete with more complex photore-
actions of interest. Conversely, while the LMCT excitation of the
d® octahedral complex, [IrBrg]*~, also populates an antibonding
tyg orbital, it does not showcase photochemical instability.
Instead, [IrBrg]>~ is unstable in the ground state, where it is
known to undergo substitution with water molecules and is only
stable in the presence of excess bromide ions.”® Given the
challenges that arise from populating metal-ligand antibond-
ing orbitals and transiently oxidizing ligands, it is important to
employ ligands that are strongly coordinating and stable to
oxidation to access transition metal complexes capable of
photochemistry from low-lying LMCT excited states.

While the four criteria outlined above—excited state char-
acter, excited state energy, excited state lifetime, and photo-
chemical stability—appear as straightforward design
principles, designing transition metal complexes that possess
low energy LMCT excited states capable of photochemical
reactions is difficult. Targeting complexes with electron defi-
cient metal centers and strongly 7 and/or ¢ donating ligands
provides a sufficient starting point for designing complexes
with LMCT excited states capable of photochemistry, yet these
design principles are complex in practice. Molecular geometry,
ligand donor ability, metal identity, and oxidation state all
impact molecular orbital energetics, relative ordering of excited
states, and even the metal vs. ligand character of excited states.
In result, transition metal complexes that have low-lying LMCT
excited states and undergo photochemical reactions exhibit
diverse structures, as they have found design constraints that
balance each of the outlined criteria.

Motivated by the complexity of photosensitizer and photo-
catalyst design, we have chosen to briefly highlight trends
observed for complexes with low-lying LMCT excited states and
general precedence for engendering LMCT excited states
through coordination complex design. While only some of these
complexes have been employed for photochemical applications,
understanding ways to systematically design complexes with
low-lying LMCT excited states is a key first step in achieving
widespread photochemical reactivity. Below, we discuss general
ligand properties, then review trends within families of coor-
dination complexes with the same d-electron configurations.

Chem. Sci., 2024, 15, 6661-6678 | 6663
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A variety of ligands are well known to support LMCT excited
states, including 7 donating halides, oxos, sulfides, and alkoxy
ligands, as well as o donating diphosphines, pyr-
idinedipyrrolides, and N-heterocyclic carbenes.'®?%?*33-5¢
However, in addition to classically categorized o and 7 donors,
other ligands typically perceived as 7 acceptors have also been
reported to support LMCT excited states. For example,
complexes with cyanide and isocyanide ligands are known to
have low-lying LMCT excited states.*** Furthermore, in
a recent study polypyridyl nitrogen-based ligands, traditionally
viewed as 7t accepting aromatic ligands, were found to engage in
bonding as  donors when coordinated to first row transition
metals.®* This observation, in conjunction with other examples,
showcases the diversity of ligands that are known to support
complexes with LMCT excited states. It also further underscores
the opportunity to leverage TD-DFT to help identify and visu-
alize the ligand-based orbitals that participate in LMCT transi-
tions, and gain a deeper understanding of the ligand properties
needed to support low energy LMCT excited states.*>*”,5%63°63

The d electron configurations for complexes with LMCT
excited states are also diverse. In particular, d° complexes are
well known for low-lying LMCT excited states, resulting from
their vacant metal orbitals which can easily be populated by
filled ligand orbitals. When d orbitals are filled, d electrons are
capable of participating in their own excitation processes, such
as d-d transitions, metal-to-ligand charge transfer, and other
metal-based charge transfer processes (select d configurations
shown in Fig. 2). For d° complexes, these competing transitions
(and the resultant excited states) are absent, rationalizing their
abundance within the field of LMCT excited states. Quintes-
sential examples of low-lying LMCT excited states include d°
complexes, such as vanadate, chromate, permanganate, and
Group (IV) metallocenes.>*>%%¢-7

In addition to supporting low energy LMCT transitions, the
d° electronic configuration is also advantageous because the
absence of d-d transitions eliminates a common pathway for
excited state deactivation and simultaneously enables the
opportunity for intersystem crossing of a singlet excited state to
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a triplet excited state — two qualities that are known to increase
excited state lifetimes. However, despite these promising
features, only a few examples of long-lived excited states from d°
LMCT excited states have been reported, including pentam-

ethylcyclopentadienyltantalum(v)-based  complexes, tanta-
lum(v) imido complexes, scandocene derivatives, and
zirconium(v) bis(pyrroyl)pyridine-based complexes, high-

lighting an opportunity for further growth within the
field.*#+"7*7% Regardless, several d° complexes are known to
promote photochemical reactions, several of which will be
highlighted below.

Coordination complexes with other d electron configura-
tions that have low energy LMCT excited states are also capable
of promoting photochemical reactions. While d° complexes are
by far the most common transition metal complex to exhibit
low-lying LMCT excited states, the second most common elec-
tronic configuration is likely d°, highlighted in Fig. 2. For many
d® complexes with low-lying LMCT excited states, strong o
donor ligands help deactivate ligand field states. In many cases,
this strong ¢ donation results in low spin configurations, such
as for iron(u) N-heterocyclic carbene complexes.>** However, it
is important to note that high spin configurations are also
possible for d°> complexes and can similarly facilitate photo-
chemical reactions, as showcased by the visible light-induced
homolysis of ferrioxalate. In addition to incorporating strong
o donors to destabilize ligand field states, another common
design strategy is to access low spin configurations by employ-
ing second or third row transition metals, which exhibit larger
ligand field splitting compared to first row counterparts.
Recently, this low spin d® electronic configuration has been
termed a “sweet spot” for designing complexes with LMCT
excited states and has shown great promise in enabling
photochemical reactions, several of which are highlighted
herein.? Notably, however, low spin d*> complexes have excited
states with doublet character. As such, intersystem crossing is
not accessible and these complexes often have short excited
state lifetimes.

T T T — ™ _— LMCT
— d-d
A Vi v SR v
t
= 1Lﬁ1 %ﬁ#%
ho ho ho ho [«\;T hv ho
s AL S
d° complex d° complex, d® complex, d’ complex,
high spin low spin low spin

Fig. 2 Examples of accessible excited states from d°, d°, and d” complexes, which most commonly exhibit LMCT. In addition, it is important to
note the bonding character of the metal-based t,4 orbitals depends on the nature of the coordinating ligands. Strong w donors facilitate
antibonding tq4 orbitals, ¢ donors promote non-bonding tx4 orbitals, and 7 acceptors facilitate bonding ty4 orbitals.
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In addition to d° and d® electronic configurations, LMCT
excited states are also possible from other electronic configu-
rations. Complexes with lower d electron configurations (i.e., d'-
d* electron configurations) are known to have LMCT
transitions;'®”°** however, most of these known complexes,
have low-lying d-d transitions that deactivate low energy LMCT
excited states and limit photochemistry from LMCT states. For
example, [Cr"'(ddpd),]*" (ddpd = N,N'-dimethyl-N,N'-dipyridin-
2-ylpyridine-2,6-diamine) and other complexes in the molecular
ruby family have recently gained notoriety for their long-lived
near-IR photoluminescence. However, it is important to note
that this luminescence stems from intersystem crossing from
metal-based or LMCT excited states to d-d excited states,
generating long-lived, spin-forbidden near-IR emissions.>*#8
Analogous emission has also recently been reported a Mn(v) N-
heterocyclic carbene complex.>® One notable exception to this
trend is a homoleptic Mn(wv) complex with 2,6-diguanidylpyr-
idine ligands which was recently reported to undergo excited
state reductions from its low-energy >LMCT and “LMCT excited
states.®® Other photochemical applications from low energy
LMCT excited states of d'-d* complexes are quite rare, and if
present result from anti-Kasha behavior.

LMCT excited states for complexes with higher d electron
configurations (i.e., d°-d°) are also reported, and a few have
been utilized as photocatalysts. Many of these complexes are
comprised of first row transition metals with strong 7 and o
donors and notable examples include cobalamin, cobaloxime,
tris(bipyridine)cobalt(m), bis(2,6-diguanidylpyridine)cobalt(im)
complexes, copper(n) phenanthroline-based complexes, and
a variety of metal halide complexes.®**®° Several of these
complexes, particularly metal halide complexes, have also
gained traction as photoredox catalysts to drive a variety of
organic transformations.**#>% Like d° complexes, these elec-
tronic configurations enable a variety of d-d transitions and
MLCT excited states, as illustrated in Fig. 2.**%>°*% Therefore,
careful control of orbital energetics is required to preferentially
enable low energy LMCT excited states.

Finally, it is worth noting that LMCT transitions are also
accessible from lanthanide-based complexes, where LMCT
transitions result in the population of low-lying f orbitals
instead of d orbitals. While this topic will not be directly covered
within this perspective article, several f-block metal complexes
are known to facilitate low-energy LMCT excited states. Exam-
ples include cerium(iv) hexachloride, cerium(iv) carboxylates,
cerium(iv) mixed-ligand guanidinate-amide complexes, ytter-
bocene complexes, europium(u) terpyridine-based complexes,
among others.”””'** Recent reports have also showcased their
role in dictating the luminescent properties of f-block metal
complexes and their utility in driving photoredox reactions via
VLIH, illustrating analogous applications to their d-block
brethren.'*>*%

Collectively, these examples showcase the diversity of
complexes known to support low energy LMCT excited states. d°
complexes are well-known to promote low energy LMCT excited
states, whereas d'-d° complexes rely on a careful balance of
metal identity, oxidation state, molecular geometry, and ligand
sets to support low-lying LMCT transitions. Accessing

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

photochemistry from these excited states is similarly complex
and requires careful consideration of each of these criteria to
enable desired photoreactivity. As such, we have chosen to
briefly review a selection of coordination complexes with LMCT
excited states and discuss the photochemical reactions that they
promote. This selection aims to demonstrate the breadth of
photochemistry accessible by LMCT excited states and provide
perspectives on opportunities to drive photochemistry from
LMCT excited states within a broader scope.

3 Photochemical reactivity from
LMCT excited states

Transition metal complexes with LMCT excited states are
known to undergo several types of photoreactions, including
visible light-induced homolysis (VLIH), excited state electron
transfer (ES-ET), and photoinduced chemical transformations.

3.1 Visible light-induced homolysis

One of the most common photoreactions that transition metal
complexes with LMCT excited states undergo is visible light-
induced homolysis (VLIH). In VLIH reactions, homolysis of
a metal-ligand bond is promoted by irradiation, producing
a formally reduced metal center and oxidized ligand radical.
While the net observed chemistry is bond homolysis of a metal-
ligand bond, the chemistry is best thought of as a two-step
process. First, light promotes intramolecular electron transfer
(ET) from a coordinating ligand to a metal center, producing
a formally reduced metal center and oxidized ligand radical.
Second, the ligand radical dissociates. VLIH reactions are
capable of forming a variety of reactive radical species,
including carboxylate, halogen, and azide radicals, among
others, and commonly initiate follow-up chemical reactions in
the ground state. Common applications of VLIH include acti-
nometry and photoredox catalysis."?"%*979%10%111 Herein, we
highlight two examples and discuss their mechanistic details.

3.1.1 Ferrioxalate. Potassium ferrioxalate (ferric oxalate,
K;[Fe™(C,0,);]) is well-known for its use as a chemical acti-
nometer, which enables the measurement of photon fluxes and
quantum yields for a variety of applications. The photochemical
reaction of ferrioxalate to produce ferrous oxalate was first re-
ported by Allmand and Webb.** Its use as an actinometer was
greatly expanded upon by Hatchard and Parker, whom exten-
sively investigated ferrioxalate's quantum yields under a variety
of conditions and enabled its widespread use across the field of
photochemistry.*»'** In a prototypical actinometry experiment,
potassium ferrioxalate is dissolved in an acidic solution and
photolyzed with light (ranging from 254 to ~550 nm),
producing ferrous oxalate ([Fe(C,0,),]*>").**>*** This complex is
then typically “developed” in excess phenanthroline (phen)
within an acetate buffer to quantitatively yield [Fe"'(phen);]**
and ease quantum yield determination experiments, as the
absorption profile of [Fe''(phen);]** is more readily resolved
than that of ferrous oxalate."**>***

The photochemistry of ferrioxalate is promoted from the
irradiation of a broad absorption centered at Aj.x = 260 nm,

Chem. Sci., 2024, 15, 6661-6678 | 6665
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Fig.3 VLIH mechanism of ferrioxalate to form ferrous oxalate. Further decomposition of the C,O4"~ with a second equivalence of ferric oxalate
yields an additional equivalence of ferrous oxalate and two equivalents of CO,.

spanning toward the red (to ~550 nm)."** This feature exhibits
a molar extinction coefficient of ~6000 M~' em ™" consistent
with a charge transfer excited state.'*® Further visualization of
this excited state was provided by Ogi et al, who showed
through TD-DFT calculations that two ligands donate electron
density to an iron d orbital, albeit the visualized transition is
one of many that make up this absorption band."*® Other
natural transition orbitals are reported to have analogous LMCT
character and the calculated UV-vis absorption spectrum con-
structed from these identified transitions is consistent with the
experimental spectrum.'*® The broad absorption is ideal for
actinometry experiments and further showcases the widespread
utility of this compound.

Photochemical actinometry experiments exploit the LMCT
excited state of ferrioxalate to drive reactivity that forms ferrous
oxalate, CO,, and oxalate, as summarized in Fig. 3. Most
commonly, a bond homolysis mechanism is used to rationalize
this observed photochemical reactivity, where light promotes
electron transfer from the oxalate ligand to the Fe center, fol-
lowed by dissociation of an unstable oxalate radical anion
(C204°7), see Fig. 3.1'>117°119 Recent ultrafast time-resolved mid-
IR spectroscopy experiments showed that the C-C bond of
C,0, " rapidly cleaves to form CO, and CO, ", the latter is
capable of thermally reducing another equivalent of ferriox-
alate.”® Complimentary time-resolved X-ray absorption and
computational reports further support these claims."*® Similar
reactivity has been noted across a series of iron(III) carboxalato
complexes.”” This general photoreactivity showcases a pros-
perous route to form CO,~ and other potent radical
anions."” !

3.1.2 Nickel(m) trihalide complexes. Ni(IlI) trihalide
complexes supported by chelating diphosphines (Ni""X;(PP)
where X = Cl or Br and PP = diphosphine) are known to pho-
toeliminate halogen radicals through VLIH and are widely

6666 | Chem. Sci, 2024, 15, 6661-6678

applied within the field of photoredox -catalysis. These
complexes exhibit broad absorption features across the visible
spectrum, comprised primarily of LMCT transitions. Interest-
ingly, higher energy LMCT excited states primarily drive this
photochemistry, as supported by wavelength-dependent
quantum yields.” Time-resolved X-ray diffraction (TR-XRD)
measurements (photocrystallography) of a Ni""X;PP species
following irradiation with 365 nm light revealed that the apical
Ni-X bond has photochemical lability.” TD-DFT calculations
further rationalize these results, as low energy LMCT excited
states primarily populate a Ni(3d,2_,) antibonding orbital and
higher energy LMCT excited states populate a Ni(3d,2) anti-
bonding orbital.**** Therefore, LMCT transitions with Ni(3d,)
acceptor orbitals were determined to drive the photochemistry
observed via TR-XRD with high energy irradiation.

Nocera's original report of Ni"'X;(PP) photochemistry
investigated the stabilizing effect of the 1,2-bis(diphenylphos-
phino)ethane ligand (dppe) on the released halogen radical
(Fig. 4). Within <40 ns, transient absorption measurements of
NiCls(dppe) revealed a species with absorption maxima at
366 nm and 525 nm, assigned to an arene-to-chlorine atom
charge-transfer adduct.” Analogous signals have been observed
across a variety of aryl-containing NiX;(PP) analogues and

NG .
QL . Q
Fu, )l( "‘\\P\© P, SF

SN O/ Nl \©

Fig. 4 Irradiation of Ni”'X3(dppe), shown here, and other Ni''XszPP
complexes results in VLIH of the Ni-X bond, where the resulting
halogen radical is stabilized by arene substituents on the diphosphine
ligand.
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support that the photogenerated chlorine radical is stabilized
on the aryl substituents for up to several microseconds
depending on the diphosphine substituents.**** Furthermore,
the aryl groups significantly increase the quantum yield for
halogen release with aliphatic groups producing quantum
yields of 20% and aryl-containing groups exhibiting quantum
yields up to 96%.

While many complexes have been reported to liberate
halogen atoms following photoexcitation, including many
metal complexes with LMCT excited states, these nickel() tri-
halide complexes incorporate an important design principle not
described in other systems - halide radical stabilizing substit-
uents in the secondary coordination sphere. This finding
suggests that simple manipulation of ligand properties can
impart stabilizing interactions with halogen radicals and
improve photochemical outcomes. These interactions tune the
quantum yields of halogen radical production and increase the
lifetime of these halogen radical intermediates — parameters
critical for dictating the efficiency of photoredox catalysis
reactions.

3.2 Excited state electron transfer

One of the most fundamental photochemical reactions for
LMCT excited states is excited state electron transfer (ES-ET).
Excited states, regardless of their character, are inherently
better reductants and oxidants than their ground state coun-
terparts, as the chemical potential generated in the excited state
promotes reduction and oxidation at milder potentials. Due to
the higher chemical potential of the excited state, promoted
electrons (holes) can more easily transfer to (from) quenching
substrates. The potency of these excited state reduction poten-
tials is dictated by two factors: the ground state reduction
potential (E°) and the energy stored in the excited state
(AGgg).*** This relationship is summarized in eqn (1) and (2),
where E'(M"*Y'") is the reduction potential corresponding to
the oxidation of the photosensitizer and E”(M™"~Y) is the
reduction potential for the reduction of the photosensitizer. For
each case, these ground state reduction potentials are modified
by AGgs to yield the excited state reduction potentials relevant
for photoreductive and photo-oxidative processes (eqn (1) and
(2), respectively, where AGgg is in units of V).'*?

Ec/(M(n+])/n*) — Eo/(M(n+l)/n) _ AGES (1)

Eo,(Mn*/(nfl)) _ E"/(M”*/("fl)) + AGES (2)

While thermodynamics dictate the reducing and oxidizing
power of excited states, kinetic factors also drive the accessi-
bility of ES-ET reactions. In many cases, the lifetime of the
excited state dictates whether or not ES-ET can occur by
dynamic quenching before the excited state relaxes via radiative
or non-radiative pathways. If an excited state is too short-lived,
the photosensitizer is unable to accept (donate) an electron
from (to) a substrate. Furthermore, the stability of the oxidized
(reduced) photosensitizer is also essential to drive photo-
catalytic systems with photosensitizing compounds. If ES-ET
results in a chemically unstable photosensitizer product,
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degradation reactions will inhibit desired reactivity, reducing
quantum yields and preventing photosensitizer recyclability.?
While ES-ET is theoretically possible from all LMCT excited
states, some LMCT excited states exhibit sub-nanosecond life-
times at room temperature (including those that cannot
undergo intersystem crossing, such as low spin d° species with
doublet ground states) and/or promote metal complex degra-
dation via pathways like VLIH (see above), hindering their
widespread use as photosensitizers. While extended reaction
times and higher photon flux can enable photosensitization in
some cases, the utility of these short-lived excited states is still
limited compared to other state-of-the-art photosensitizers, like
[Ru(bpy)s]**. Despite these limitations, a handful of LMCT-
based photosensitizers are known, including rhenium(u) tris(-
diphosphine), zirconium(v) bis(pyrrolyl)pyridine, iron(m) N-
heterocyclic carbene complexes (Fig. 5).4%4712

3.2.1 Rhenium(u) tris(diphosphine) complexes.
[Re(dmpe);]** (dmpe = 1,2-bis(dimethylphosphino)ethane)
exhibits room-temperature luminescence® with a nanosecond
lifetime (11-14 ns depending on solvent) sufficient for bimo-
lecular electron transfer.”»** Computational studies identified
a >’LMCT excited state, consistent with fast, spin-allowed excited
state decay. Re and Tc derivatives supported by other chelating
diphosphine ligands also exhibit similar photochemical prop-
erties. 21244493 Holistically, this class of d°> compounds exhibits
highly oxidizing excited states with E°(M""") values ranging
from 2.06 to 2.63 V vs. Ag/Ag".*>* These complexes are more
oxidizing than [Ru(bpy);]*" and can oxidize traditionally recal-
citrant substrates, like anisole, toluene, and chloride ions.*>*>1>>
While their use as photooxidants is impressive, their ability to
act as photoreductants is quite limited, a result of ligand
dissociation upon oxidation. Cyclic voltammograms of rheniu-
m(u) tris(diphosphine) complexes show an irreversible Re"™"
redox couple, consistent with chemical reactivity upon oxida-
tion.* In addition, several mechanistic studies have proposed
solvent-assisted dissociation mechanisms upon oxidation of
Re", resulting in the loss of one diphosphine ligand and coor-
dination of solvent (S) to produce [Re(dmpe),S,]**.**** While
unfortunate, this oxidative instability is unsurprising, owing to
the electronic configuration of these Re™ species, and will likely
be difficult to overcome for this class of compounds.>®*4>1

Thorough studies of rhenium(u) and technetium(u) diphos-
phine complexes have illustrated their predilection for under-
going excited state reductions. However, their propensity to
undergo degradation upon (photo)oxidation exposes their
primary weakness: ligand loss. Unfortunately, this character-
istic is not isolated to rhenium(n) and technetium(u) tris(di-
phosphine) complexes, but instead is a recurring theme within
the field of LMCT photochemistry. In this specific case, ligand
flexibility permits solvent-assisted photodissociation of
a diphosphine ligand and prevents reversible excited state
oxidations to drive photoreduction reactions.>®*"*>'?* Other
examples of photoinstability are also well-reported, either via
VLIH reactions or dissociation pathways, typically from mono-
dentate ligands.»>*>** This predisposition emphasizes the
pervasive need to identify and/or design ligand scaffolds that
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Fig. 5 Structures of three classes of compounds known to facilitate ES-ET reactions (where M = Re or Tc). A summary of their role as pho-
tooxidants and/or photoreductants are included, alongside their respective excited state lifetimes.

facilitate oxidative stability and prevent dissociative pathways to
enable photosensitizing applications.

3.2.2  Zirconium bis(pyrroyl)pyridine complexes. Bis(pyr-
idinedipyrrolide)zirconium(iv) complexes, Zr(PDP),, first re-
ported by the Milsmann group, exhibit exceptionally long
emission lifetimes ranging from 190-576 ps at room tempera-
ture.?>*”'?> These d° complexes are one of the first examples of
an earth abundant metal-containing photosensitizer with life-
times comparable to complexes with MLCT excited states.***7*2¢
Very few complexes with emissive LMCT excited states are
known and of those, most are short-lived and/or only emissive
at low temperatures,>%*50:56,6670.7476,78:86,127-129 - Computational
studies propose their low energy emission stems from a mixed
*LMCT/’LLCT excited state where the ground state is entirely
ligand-based and the excited state exhibits mixed metal and
ligand character, consistent with the experimentally observed
long-lived excited state.***” Interestingly, spectroscopic studies
further deciphered the origin of this photoluminescence and
found Zr(PDP), complexes exhibit thermally activated delayed
fluorescence whereupon reversible intersystem crossing
enables emission from both the singlet and triplet states across
arange of temperatures.”” Manipulating the substituents on the
PDP ligands affects the absorption profile minimally, but
enables moderate electronic tuning. Across seven complexes,
ground state and excited state reduction potentials were tuned
by almost 600 mV, as absorption and emission profiles
remained constant.” Interestingly, the LMCT character of the
excited state varies with substituent, ranging from 25% to 40%,
where the remainder exhibits LLCT character.?>*"?

These complexes have been employed as photosensitizers
across a variety of photocatalytic reactions, including dehalo-
genation, trifluoromethylation of electron-rich arenes, and
atom transfer radical addition reactions. In these reactions,
Zr(PDP), undergoes ES-ET to (from) a substrate and follow-up
reactivity of the activated substrate in the ground state yields
targeted products.?*”7*>* Addition of mild reductants (or
oxidants) enables regeneration of Zr(PDP), and promotes cata-
lytic turnover. Interestingly, the PDP ligands not only serve to
direct electronics and tune the potency of excited state reduc-
tion potentials, but also to stabilize the complex itself. Early
studies showed the Zr(M°PDP™), derivative (M°PDP™" = 2,6-

6668 | Chem. Sci, 2024, 15, 6661-6678

bis(5-methyl-3-phenyl-1H-pyrrol-2-yl)pyridine) easily hydrolyzes
at its basic pyrrolide nitrogens.”” Furthermore, while this
complex exhibits reversible ground state reductions, the
oxidation of Zr(M°PDP™), is irreversible (reminiscent of rhe-
nium(u) tris(diphosphine) complexes).?> As such, excited state
reduction of Zr(*°PDP*™), to [Zr(™°PDP""),]” was accessible
with a E([Zr]°"~) = —0.07 Vvs. Fc'"°, but excited state oxidation
to form [Zr(M°PDP™"),]" was associated with decomposition and
prevented its use as a photoreductant.”® Interestingly, slight
modification of this ligand, where methyl groups on the pyrrole
rings replaced with mesityl groups (denoted
Zr(MePDP™),), resulted in a complex that was resistant to
hydrolysis and exhibited greater thermal and oxidative stabili-
ties. Unlike its predecessors, Zr(™®PDP™"), exhibits two
reversible redox features and, as such, both oxidative and
reductive quenching pathways for this class of compounds were
reported for the first time (E°([Zr]"°") = —1.41 V and E°([21]°"")
= —0.31 V vs. Fc'°, respectively).”

Zr(PDP), complexes are robust and powerful photoredox
reagents that promote oxidation and reduction of substrates
from their excited states. The absence of d electrons prevents
deleterious deactivation pathways from ligand field states to
support long-lived LMCT excited states. First generation
complexes experienced oxidative instability, but synthetic
tuning enabled a second generation of robust Zr(PDP),
complexes capable of supporting stable excited state charge
transfer products. This example showcases the importance of
ligand design in enabling photostable LMCT excited states
capable of undergoing ES-ET and serves as a direct testament
for targeting robust oxidizable ligands to support LMCT excited
states.

3.2.3 Iron N-heterocyclic carbene complexes. A class of
iron(m) homoleptic complexes employing facial tridentate
scorpionate ligands, [Fe'(phtmeimb),]" (phtmeimb = phenyl
[tris(3-methylimidazol-1-ylidene)]borate), has recently been re-
ported to exhibit nanosecond lifetimes from LMCT excited
states.*” These Fe(ur) complexes exhibit exceptionally long-lived
excited states for both iron-based complexes and doublet
excited states. In comparison, their record-breaking prede-
cessor, an Fe™ complex with bidentate N-heterocyclic carbene
ligands, [Fe(btz);]*" (btz = 3,3'-dimethyl-1,1'-bis(p-tolyl)-4,4'-

were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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bis(1,2,3-triazol-5-ylidene), exhibits a 100 ps LMCT lifetime.>*
In both classes of iron(m) N-heterocyclic carbene complexes, the
strongly ¢ donating N-heterocyclic carbene ligands are suffi-
cient to raise metal-centered states above the >LMCT excited
state and enable unprecedentedly long photoluminescence
lifetimes for an iron complex.***%*3¢

Due to the nanosecond timescales required to access bimo-
lecular reactions at modest substrate concentrations and reac-
tion length, only [Fe™(phtmeimb),]" complexes have exhibited
ES-ET reactivity. In fact, [Fe" (phtmeimb),]” was the first known
iron complex with a charge-transfer excited state to undergo
excited state quenching.****° This complex is both potent as
a photo-oxidant and photoreductant (E([Fe]V™") = —1.9 Vv
and E°([Fe]™"™) = 1.0 V vs. Fc'’°). Since the seminal report,
several studies have further investigated this class of
compounds for ES-ET reactions, including photocatalytic
dehalogenation reactions.*>***** Follow-up synthetic studies by
Wwiarnmark and coworkers have attempted to further tune the
excited state reduction potentials and identify structure-(photo)
functional relationships through modulation of the 4-position
of the phenyl group within the scorpionate ligand with electron-
donating and electron-withdrawing groups. However, the
excited state reduction potentials and lifetimes were extremely
similar, suggesting that the modification at this position was
not impactful in modulating the excited state.’** While this
observation did not provide synthetic strategies for improving
its photophysical properties, it does showcase that the 4-posi-
tion of the scorpionate's phenyl substituent can be exploited as
an attachment point to construct molecular or hybrid assem-
blies, a strategy commonly invoked for photosensitizing
architectures.

The photostability of substituted [Fe(phtmeim),]" complexes
have also been investigated within a visible-light-mediated
dehalogenation catalysis reaction of 4-bromobenzyl-2-chloro-2-
phenylacetate. [Fe(phtmeim),]” was employed as a reductive
quencher to facilitate the dehalogenation reaction of 4-
bromobenzyl-2-chloro-2-phenylacetate and compared to
a prototypically employed photosensitizer, [Ru(bpy)s]**. Signif-
icant ligand loss was observed for [Ru(bpy);]**, whereas
[Fe(phtmeim),]" showed no noticeable degradation.*® Collec-
tively, these studies highlight a transition metal complex that
exhibits a lifetime on the nanosecond timescale, a tailorable
ligand scaffold, and photochemical stability - three character-
istics that have been historically difficult to simultaneously
achieve for complexes that exhibit LMCT excited states. There-
fore, future studies within the field of LMCT should greatly
consider the design features implemented within this scaffold
to inspire next-generation photosensitizing and photocatalytic
systems.

3.3 Photochemical transformations

VLIH and ES-ET reactions from LMCT excited states enable
routes to generate reactive species, such as electron rich radi-
cals or oxidized/reduced analytes. However, a less explored
strategy to exploit LMCT excited states is to promote chemical
transformations at the light absorber itself. Enabling these

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

reactions is essential to access photocatalytic transformations,
where the metal center can bind substrates, chemically trans-
form them into value-added products, and release these prod-
ucts to enable catalytic turnover. Two such reactions, excited
state protonation and photoinduced reductive elimination, are
highlighted herein. While simple in nature, these proton
transfer and reductive elimination steps are central to a variety
of catalytic reactions and when coupled to light absorption
could revolutionize our approaches to chemical synthesis.

3.3.1 Excited state protonation of octahalodimolybdates.
While excited state electron transfer is well known for several
complexes that have LMCT excited states, there is currently only
one known example of excited state proton transfer involving
a LMCT excited state. Upon UV irradiation, octahalodimo-
lybdates, [Mo,Xg]*~ where X = Cl or Br, are known to undergo
excited state protonation in dilute mineral acids. Growth of
a UV-vis absorption feature at 415 nm confirmed the formation
of a bridging metal hydride, [Mo,(u-H)(1-X),(X)s]>~ (Fig. 6).**
Over time, this metal hydride gradually reacts in aqueous acids
to yield an aquated molybdenum species and a stoichiometric
equivalent of H,, as supported by synthetic isolation of the
hydride intermediate and associated isotopic labelling
Studies‘18,132,133

While excited state protonation and associated ground state
reactivity was observed for [Mo,Xg]*", it is important to note the
conditions of this photolysis experiment. Under dark condi-
tions, ground state protonation for [Mo,Xg]*~ is known, where
reaction kinetics to form [Mo,(u-H)(1-X),(X)s]>~ are sluggish at
low mineral acid concentrations and fast at high concentra-
tions. Therefore, photolytic conditions employed low acid
concentrations to minimize competitive protonation in the
ground state, due to the irreversibility of these photoreactions.
By irradiating aqueous solutions of [Mo,Xg]*~ with UV light, the
formation of [Mo,(u-H)(u-X)»(X)s]>~ occurred much faster than
in the dark, suggesting a new light-driven mechanism was
operable.’® These observations are consistent with the forma-
tion of an excited state that is more basic than its ground state
analogue and the more facile generation of [Mo,(p-H)(p-
X)2(X)6]>~ with UV irradiation.

Gray and coworkers attributed this change in basicity to the
nature of the irradiated state.'® They assign an UV absorbance
feature at 270 nm (320 nm) for [Mo,Clg]'~ ([Mo,Brg]’'") as
a LMCT excited state, where halide (7) ligand orbitals populate
a Mo-Mo &* orbital.*®*** This electronic transition significantly
shifts the electron density toward the Mo-Mo centers and
increases their relative basicity in the excited state.'** Surpris-
ingly, photochemistry from this charge transfer excited state

X X j‘l— X X 3-
X&= S X Z N
\;\AOEM;)/ ho, H™ X\" ;‘X
x\\\\\\\l o \,'””’x / ,// y \

X X

Fig. 6 Excited state protonation of [M02X8]4* yields [Moa(p-H) (-
X)2(X)el*~.
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disobeys Kasha's rule, as photochemical [Mo,(u-H)(1u-X),(X)e ]~
formation was only observed upon irradiation of the high
energy LMCT features, not at optical features observed at lower
energies. Control photolytic studies showed no photochemical
[Mo,(u-H)(1-X),(X)s]*~ formation from lower energy & —
3* transitions (centered at 510 nm and 518 nm for [Mo,Clg]*~
and [Mo,Br;]* ", respectively).*® This uncommon photochemical
occurrence was rationalized by slow internal conversion rates to
metal-centered orbitals. While several follow-up studies have
further investigated these complexes (e.g,, ground state
protonation and electronic structure via TD-DFT),"*>**® many
questions still remain, including the geometry of the orbitals
involved in the excited state protonation and exact mechanism
of protonation to form the metal hydride (i.e., protonation to
a bridging or terminal position). This example illustrates the
unique reactivity of octahalodimolybdates in driving excited
state protonation by LMCT and further showcases the promise
of these excited states to enable fundamental photochemical
reactivity, like transition metal hydride formation, and pursuit
of more complex photocatalytic schemes.

3.3.2 Photoinduced reductive elimination of titanium and
zirconium-based complexes. Group IV diarylmetallocene
complexes are well known for their photoinduced reductive
eliminations. This photochemical reaction was first reported by
Erker in 1977, where irradiation of diarylzirconocenes with
a mercury bulb resulted in quantitative isolation of biphenyl
derivatives (Fig. 7, see concept below).>* Further inspection of
this system noted a bright purple bridging dihydride fulvalene
complex (and known dimerization product of zirconocene),
supporting a photoinduced reductive elimination mecha-
nism."” Since this first reaction was reported, several titanium
analogues that produce comparable C-C coupled photoprod-
ucts have also been reported.®®7>**$'** Detailed mechanistic
studies have revealed that these complexes preferentially
undergo a reductive coupling step to yield C-C bonds over M-C
bond homolysis, whereas other Cp,MR, type complexes (such
as dialkyltitanocenes and dicarbonyltitanocenes) and are
known to selectively undergo M-C bond homolysis upon
irradiation.®”"*>1*

Since these original reports, the photophysics and photo-
chemistry of Cp,TiR, complexes (where R = arylethynyl ligands)
have been extensively studied.'**'** Wagenknecht and
coworkers employed TD-DFT studies to computationally ratio-
nalize the observed photoreactivity and discovered the lowest
energy transition for these complexes is a LMCT transition
dominated by donation from the arylalkynyl ligands to the Ti

d;_,» orbital.'® Photo-induced population of the Ti d-_,

2R

Fig. 7 lIrradiation of Cp,MR, complexes (R = Ar) results in photo-
induced reductive elimination to form biphenyl derivatives.
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antibonding orbital weakens the bond between the Ti metal and
arylalkynyl 7 orbitals and facilitates the experimentally
observed reductive elimination of the arylalkynyl ligands.
Interestingly, for this class of Cp,TiR, compounds, the major
product is not a diyne (the anticipated reductive coupling
product), but instead an enyne. Control studies revealed the
resulting titanocene by-product is non-innocent following the
photo-induced reductive elimination. Accounts from Brint-
zinger and Bercaw show that titanocene is not stable and readily
undergoes dimerization to yield a strongly reducing, bridging
dihydride fulvalene complex (Fig. 8).*** Upon formation of the
diyne, it is proposed to undergo rapid reduction to the enyne by
the fulvalene complex either through a stepwise or concerted
pathway, and has since been shown to occur across several
synthetic derivatives.'?*%14!

Further derivatization of these Cp,TiR, complexes supports
that the LMCT excited state is responsible for driving the
reductive photochemistry observed. When ferrocene moieties
are appended to the alkynyl ligands of Ti, the lowest energy
excited state exhibits metal-to-metal charge transfer (MMCT)
character (instead of LMCT character), as the donor orbitals are
primarily localized on the ferrocene moiety. As a result, this
complex does not undergo photoinduced reductive elimination
of its arylalkynyl ligands.™* These examples support the
assignment that photoinduced reductive elimination from
Cp,TiR, and Cp,ZrR, is promoted by LMCT.

While many accounts report the photoreductive elimination
of Cp,MR, complexes as decomposition pathways, Chirik and
coworkers describe the utility in harnessing this reactivity to
access a reactive intermediate capable of activating N,.*® UV
irradiation of [(n°-Cs;Me,H),Zr(Tol),] (Tol = 4-Me-CsH,, depic-
ted in Fig. 9A) under N, atmosphere resulted in quantitative
conversion to 4,4’-dimethylbiphenyl and [{(n’>-CsMe H),Zr}s(-
H2,m*M>N,)], a complex known to undergo hydrogenation and
CO-induced N, cleavage.®®'** Carbon monoxide and bis(-
trimethylsilyl)acetylene can similarly be trapped by this reactive
synthon to form [(n’*-CsMe,H),Zr(CO),] or [(n*-CsMe H),Zr(n?-
Me;SiCCSiMes)], respectively. Detailed mechanistic studies
support this photoreaction follows a photoinduced unim-
olecular, two-electron reductive elimination to produce 4,4’
dimethylbiphenyl and [(n’-CsMe4H),Zr]. The resulting 4,4'-
dimethylbiphenyl photoproduct then likely associates to [(n°-
CsMe, H),Zr], forming a stabilizing Zr-arene interaction, and
enabling facile displacement by strong 7 donors. In the absence
of m donors, like N,, these Zr-arene complexes react further
with the biphenyl photoproducts or aromatic hydrocarbon

%\5

Fig. 8 Irradiation of arylalkynyl titanocene complexes results in
photo-induced reductive elimination to form an enyne product.
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Fig. 9 Summary of reactions for (A) [(n°-CsMe4H),Zr(Tol),] and (B)
(MepmPpMe),ZrBn,.

solvents via oxidative addition of the C-H bond to stabilize the
undercoordinated metal center.®®

The Milsmann group recently reported a similar photoin-
duced reductive elimination from (M*PMP"),ZrBn, (MPMP™*
= 3,5-dimethyl-2-(2-pyridyl)pyrrol-ide and Bn = benzyl), illus-
trated in Fig. 9B.**¢ Upon irradiation to populate a LMCT excited
state, this complex releases an equivalent of 4,4"-biphenyl as the
only byproduct, akin to the reactivity observed in Cp,MR,
complexes described above. Interestingly, in the presence of
diphenylacetylene, the resulting (M°PMPM®),Zr species was
shown to form a rare n*-cyclobutadienyl zirconium complex,
(MePMP™*),Zr(n*-C,Ph,)."*® Such reactivity is reminiscent of
Chirik's work,*® as it showcases the stabilizing effect of a =
donating ligand which binds to the Zr center following photo-
induced reductive elimination. However, unlike the prototyp-
ical Cp,MR, case, mechanistic studies within this work suggest
that (M*PMP™€),ZrBn, does not undergo concerted reductive
elimination but instead follows a stepwise pathway, where it is
proposed that Zr-C bond homolysis occurs to liberate a benzyl
radical and accompanying Zr'" intermediate.’*® Subsequent
ground state reactivity yields the observed 4,4’-biphenyl prod-
ucts, although the mechanistic details are still under investi-
gation. This work showcases the intricacies of photoinduced
reductive elimination steps. In each of these highlighted
examples, similar reactions occur, yet their mechanistic details
and accessible follow-up reactivity are different. This known
disparity emphasizes the fundamental need to continue
exploring the operative mechanisms for photochemical trans-
formations promoted by LMCT.

4 Conclusions and outlook

While LMCT excited states once received a forlorn reputation of
instability and degradation, their redemption is underway. Over
the past several decades, a range of reactivity has been seen for
complexes with LMCT excited states, including photoinduced
bond homolysis, excited state electron transfer, excited state
proton transfer, and photoinduced reductive eliminations. This
diverse reactivity offers a wide variety of opportunities to
leverage the energy stored in excited states for complex, energy-
intensive transformations and enable new photochemical and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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photocatalytic reactions with broad applications. Some exam-
ples have already achieved widespread notoriety, such as fer-
rioxalate with its widespread use as a chemical actinometer and
halogen radical-generating complexes with their roles in pho-
toredox catalysis. However, a variety of other photoreactions are
known and the applications for these reactions have not been
realized.

Challenges in the widespread adoption of LMCT-based
photocatalysts and photosensitizers primarily stem from the
absence of design principles for complexes with LMCT excited
states. The structures of these LMCT-containing metal
complexes are typically disparate and difficult to rationalize,
making it difficult to design new photosensitizers and photo-
catalysts for niche applications. Some ligands are well known to
support LMCT excited states, such as oxos and halides, whereas
many other ligand scaffolds can facilitate a variety of charge
transfer processes depending on the metal center identity,
metal oxidation, and coordination geometry. As such, it is
important to consider what factors are important in designing
complexes to facilitate LMCT, but simultaneously consider the
desired applications of these complexes for designing systems
from the top-down.

First, the metal center identity, oxidation state, and coordi-
nation geometry are key to enabling LMCT excited states.
Complexes must exhibit electron deficient metal centers that
can easily be reduced upon photoexcitation. As a result,
complexes with LMCT excited states are often d° and d°, as their
low energy t,, orbitals are fully or partially unfilled. Other
examples with higher d electron configurations, such as d” Ni'™"
and d° Cu", are typically supported by strongly ¢ donating
ligands which lower e,; orbitals sufficiently to enable LMCT.
However, in addition to preferentially tailoring these excited
states to promote photochemistry, additional factors must also
be considered. For example, d electron configurations are
extremely important in dictating accessible photoproducts and
photocatalytic intermediates generated from follow-up ground
state reactivity. Photosensitizers must exhibit stability in their
singly reduced and oxidized forms to enable turnover in pho-
toredox catalytic reactions. Furthermore, if more complex
photochemical transformations, like ES-PT and photoinduced
reductive elimination reactions, are integrated into photo-
catalytic architectures, additional oxidation states must be
accessed, as both processes result in oxidation states that
decrease/increase by two, respectively. In addition to d electron
configuration, the metal identity and oxidation state also
impact ground state reduction potentials, and in turn excited
state reduction potentials, enabling yet another synthetic vari-
able to modulate photochemical reactivity. Absorption profiles
and excitation energies of LMCT excited states may similarly
change, allowing access to a breadth of photochemical
applications.

The geometry of the orbitals that facilitate LMCT must also
be considered. For photoinduced bond homolysis reactions,
studies showed that charge transfer to a d,: orbital liberates an
apical ligand due to perturbation of a o-interaction in the
excited state. However, this observation is extremely dependent
on the geometry of the complex, its d-orbital splitting,
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orientation of the coordinating ligands, and energy of the
incident photon. For applications targeting photoinduced bond
homolysis, complexes that facilitate population of a d,» orbital
would be more attractive and rationalizes the commonality of d”
and d® complexes in facilitating photoinduced bond homolysis
of apical ligands (as d,> orbitals are common SOMOs/LUMOs for
these complexes). The metal complex geometry must also be
considered for photocatalytic applications, as substrate binding
to a metal is likely required. Therefore, complexes must either
(1) exhibit an open coordination site in the ground state or (2)
generate an open coordination site upon photoexcitation.
Finding a balance between each of these design criteria is
critical for enabling more complex photochemical and photo-
catalytic reactions. In many cases outlined herein, the transi-
tion metal complexes with known photochemistry from LMCT
excited states were studied via TD-DFT to rationalize the orbitals
involved in the electronic transitions. While many of these
studies retroactively determine the nature of the excited state,
the converse approach is also feasible. TD-DFT calculations can
provide essential predictive power in understanding a com-
plex's electronic structure, specifically the ordering of excited
states and orbital character, without synthesis or experiment.
These calculations are especially useful when targeting unex-
plored and/or complex photochemical reactions, where TD-DFT
calculations can expedite the design of complexes that will
exhibit low-lying LMCT transitions and exhibit electronic
structures that promote photochemical reactivity of interest. As
such, TD-DFT calculations should be added to every chemist's
toolbox prior to designing novel complexes with LMCT excited
states and targeting specific photochemistry from those states.
In addition to tailoring the metal center identity, ligand
scaffolds are also critical for dictating the reactivity of LMCT
excited states. Complexes with LMCT excited states must exhibit
oxidizable ligands, as they transfer electron density from
ligands to the metal center upon irradiation. However, this
irradiation may result in bond homolysis or reductive elimina-
tion. For some applications, this photoreactivity is advanta-
geous. For other applications, like ES-ET reactions, this
reactivity is deleterious. In these cases, stable chelating ligands
that donate electron density in the excited state should be tar-
geted. However, it is important to note that not all chelating
ligands are stable, as highlighted by the chemical actinometer
ferrioxalate which undergoes bond homolysis and further
decomposes, due to the instability of the carboxylate radical
anion. Similarly, diphosphines are known to dissociate from
rhenium(u) tris(diphosphine) complexes. Therefore, chelating
ligand scaffolds that are donating, oxidizable, and stable are
required to enable routes to photostabilize metal complexes.
Finally, the excited state lifetime and reaction quantum
yields must be considered. Many coordination complexes with
LMCT excited states are known to have short-lived excited
states, often due to the lack of accessible intersystem crossing to
long-lived excited states and/or fast deactivation by metal-
centered states, as in the case of d® complexes with doublet
ground and excited states. Short excited state lifetimes can limit
bimolecular reactivity, such as ES-ET and ES-PT reactions,
where excited molecules must diffuse to their co-reactants.
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Conversely, intermolecular processes, such as photoinduced
bond homolysis and reductive elimination reactions, are not
limited by diffusion. Instead, these reactions typically occur on
the femtosecond to picosecond timescales, rationalizing their
proclivity within the reactivity arena of LMCT excited states.
However, it is important to note that while these reactions occur
on a fast timescale, the lifetime of these excited states is still
important. Many of these reactions are proposed to occur on the
vibrational timescale, such that if the excited state is longer-
lived, a higher probability of a successful photoreaction is
anticipated.

Overall, the design principles presented above must
harmonize to enable the orchestration of complex photo-
chemical reactions from LMCT excited states. Metal centers and
their coordinating ligands must delicately balance one another
to foster molecular geometries and electronic structures that
enable low-lying LMCT excited states. From these excited states,
a wealth of photochemical reactions are possible. Common
photochemical examples include VLIH, ES-ET, ES-PT, and
photoinduced reductive eliminations, but many other chemical
transformations could also be envisioned. Driven by these
prospects and the guiding synthetic design principles outlined
herein, complexes with low energy LMCT excited states are
poised to overcome their proposed shortcomings and enable
a new era of LMCT-driven photochemistry.
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