Two Birds, One Stone: Microsecond Dark Excited-State Lifetime and
Large Cage Escape Yield afforded by an Iron-Anthracene Molecular
Dyad

Felix Glaser,** Simon De Kreijger* and Ludovic Troian-Gautiert¢*

{UCLouvain, Institut de la Matiére Condensée et des Nanosciences (IMCN), Molecular Chemistry, Materials and Catalysis
(MOST), Place Louis Pasteur 1/L.4.01.02, B-1348 Louvain-la-Neuve, Belgium

*Wel Research Institute, Avenue Pasteur 6, 1300 Wavre, Belgium
KEYWORDS. Cage Escape Yields ¢ Iron * Energy Transfer * Lifetime ¢ Earth Abundant

ABSTRACT: Iron photosensitizers represent a holy grail in photochemistry, but their widespread implementation is limited by their
short excited-state lifetimes and poor cage escape yields. Here, the introduction of an anthracene moiety appended to an iron(III)
complex allows to solve both limitations and generate a novel dyad exhibiting an extraordinary excited-state lifetime of 11.5 ps. The
key to achieve this remarkably long lifetime is the depopulation of the short-lived iron-centered emissive excited state to populate a
dark triplet state located on the anthracene-like moiety with a spin-forbidden deactivation. Population of the triplet anthracene only
occurs with ~10% efficiency in acetonitrile but still allows to expand the scope of reactivity accessible with iron-based photosensi-
tizers, which now encompasses energy transfer to *O,. In addition, in a proof-of-principle investigation with methyl viologen as
electron acceptor, the population of a triplet excited state allows a drastic 10-fold increase of the cage escape yield from 4.5% for the
unsubstituted complex, to 42% for the molecular dyad. Hence, this new iron-based dyad provides a complementary approach for
complexes based on first-row transition metals as alternatives to well-established analogues based on precious metals. We believe
that further spectroscopic investigations and synthetic modifications of the energy acceptor and linkage to the photosensitizer will be

key to use these innovative dyads for applications in the future.

INTRODUCTION

Photo(redox) catalysis established itself as a credible alternative
for catalysis to use light instead of heat as energy source. In-
creased efforts have been made towards the development of
photosensitizers based on earth-abundant metals as alternative
to those based on precious metals like [Ru(bpy)s]** (bpy = 2,2-
bipyridine) and fac-[Ir(ppy)s] (ppy = 2-phenylpyridine). Iron is
an obvious alternative, but due to the smaller ligand field
strength in 3d metal complexes compared to 4d and 5d ana-
logues, new concepts and ligand design strategies are needed to
achieve long-lived emissive excited states.>® In 2017, a strate-
gic change from Fe' complexes with metal-to-ligand charge
transfer (**MLCT) excited states to Fe" complexes with ligand-
to-metal charge transfer (**LMCT) excited states was pioneered
by Wirnmark and co-authors.” Using this strategy, Warnmark
and co-authors developed in 2019 a Fe™ photosensitizer
([Fe(L™),]",'® where L™ is phenyl[tris(3-methyl-imidazolin-2-
ylidene)]borate), Figure 1, that is outstanding not only because
of its 2 ns excited-state lifetime and photoluminescence quan-
tum yield, but also because diffusion-controlled excited-state
quenching became reachable, opening the door to applications
in photoredox catalysis.* ''* Nevertheless, the 2 ns excited-
state lifetime of >‘[Fe(L"™),]" is considerably shorter than octa-
hedral complexes based on second and third row transition met-
als. Hence, high concentrations with diffusion-limited quench-
ing rate constants (k) are often needed to use this

photosensitizer.'® Consequently, strategies to increase this ex-
cited-state lifetime are still highly sought after.> -2

Current strategies are either focusing on the adaption of con-
cepts that were successfully established with 4d and 5d metal
complexes and/or exploiting specific properties of the iron com-
plexes through a deepened understanding of the excited-state
landscape. Selected concepts to reach longer excited-state life-
times of iron complexes that were recently investigated for Fe!!
include, for example, the diastereoselective ion-pairing to ma-
nipulate spin-crossover dynamics,?' the introduction of a triplet-
triplet barrier to slow down deactivation processes,?? or the
modification of the second coordination sphere by protonation
to influence MC and MLCT energies.?

In addition to these approaches, the development of less com-
mon ligand designs, when compared to photoactive complexes
based on precious metals, was found to be beneficial for iron
complexes to reach nanosecond excited-state lifetimes. Such
strategy was used, for example, to introduce nested energy sur-
faces in a complex with a tetradentate macrocycle ligand and
additional cyanide ligands,"” to populate low-lying MLCT
states by chelating cyclometalated phenylphenanthrolines,'® >
or to stabilize the *MC excited state in an iron complex with
amido-based ligands.?*?¢ Following on the latter example, a re-
cent report on modification of the ligand structure also high-
lighted the ability to manipulate the excited-state decay path-
ways by intramolecular m-stacking to elongate the dark MC
state within the nanosecond time range.”’ Overall, these



strategies all helped to enhance the excited-state lifetime of iron
complexes, but were up to now also limited to reach at best a
few nanoseconds.

For precious metal complexes, the lifetime of the *MLCT ex-
cited states has been prolonged by introducing triplet energy ac-
ceptors as substituents in molecular dyads.”®** This concept,
also called “triplet-reservoir effect”, relies on an excited-state
equilibrium between a metal complex and an attached triplet
energy acceptor with an energy close to the emissive state of the
metal. ?®3 Previous attempts to use similar approaches with iron
complexes and attached polycyclic aromatic hydrocarbons
(PAH) were unsuccessful to significantly enhance the excited-
state lifetime of the bichromophore.*> This is likely due to an
energetic mismatch or a weak electronic coupling between the
energy donor and acceptor moieties. An alternative to a repop-
ulation of the MLCT state of the sensitizer has been investigated
for iron complexes substituted by a zinc porphyrin.*” While this
approach allowed to populate microsecond-lived dark states for
the chromophores based on Ru'" and Os" centers,*®* it only
lengthened the excited-state lifetime of the iron complexes
within the picosecond to short nanosecond timescale.”’

Another aspect to consider in excited-state reactivity is the cage
escape yield (Dck), i.e. the efficiency with which both radicals
escape the solvent cage following bimolecular electron trans-
fer.!> 4042 For [Fe(L™),]", it was shown that the reaction yields
correlated with @cg, that were much larger in dichloromethane
than in acetonitrile.'*'* Further studies indicated that this sol-
vent trend is more generally applicable to this Fe™ photosensi-
tizer. 4>

Herein, we introduced an anthracene moiety on the [Fe(L™"),]"
scaffold to harvest the excited-state energy from the iron sensi-
tizer via doublet-triplet energy transfer (DTET),** thereby
populating a dark triplet state of anthracene (**PhAn), expected
to be significantly longer-lived than [Fe(L™),]" itself (Fig-
ure 1). During the evaluation of our manuscript, the bimolecu-
lar energy transfer of [Fe(L™),]" and anthracene derivatives via
DTET was reported for application in sensitized triplet-triplet
annihilation upconversion, confirming that this energy transfer
is feasible.* Considerably, even with weak preaggregation be-
tween [Fe(L™),]" and anthracene derivatives detected at con-
centrations of 10 mM, less than 25% of the emissive >2’LMCT
excited state of iron are quenched, indicating that a bimolecular
approach is not sufficient to efficiently depopulate the excited
state of [Fe(L™),]".* On the other hand, this highlights again
that a dyad might be an attractive alternative to circumvent the
limitations set by diffusion and thus lead to excited-state depop-
ulation within the picosecond timescale.'® **! In contrast to
many approaches with 4d and 5d metal complexes that have
used reservoir effects to reach tens of microsecond excited-state
lifetime, we hypothesize that similar strategies for iron com-
plexes are currently limited due to the much larger decay rate
constant of the photosensitizer’s excited state. As such, control-
ling this reservoir effect using iron photosensitizers is currently
much more challenging to access significantly prolonged ex-
cited-state lifetimes. In our case, the developed strategy is to
create an irreversible energy transfer to lead to a microsecond-
lived dark state located on the energy acceptor. In addition, we
hypothesized that the change in spin state of the excited state in
a dyad through population of a *PhAn will also be beneficial
for ®cg. In fact, Olmsted and Meyer have shown that ®cg be-
tween methyl viologen and [Ru(bpy);]** could be drastically
improved by introducing an anthracene energy shuttle that

accepted the energy of *‘[Ru(bpy)s]*", thereby creating a pure
¥An that led to spin-forbidden geminate charge recombina-
tion.” Herein, the proposed “two birds, one stone” approach is
expected to increase both the excited-state lifetime and ®cg,
thus efficiently expanding the applicability of Fe™ photosensi-
tizer.

Design Strategy
(/ previous work:
EA Warnmark and coworkers

w this work: A
ZLMCT

ir .
T e esble g
DTeT > —

i ~1.8eV

Tem : Tdark
ns range i us range
i yves | Y
N [Fe(L),I" PhAn )
@N
O »
bN Nd‘ (PF‘) L (PF¢)
[Fe(LP"),](PF¢) [Fe(LP"AM),](PFe)

obtained in 2 synthetic steps obtained in 3 synthetic steps

Figure 1. Energy scheme and structures of [Fe(L™),]* and
[Fe(*PhAm),]*. LMCT = ligand-to-metal charge transfer, DTET
= doublet-to-triplet energy transfer, GS = ground state.

RESULTS AND DISCUSSION

The synthesis of [Fe(L™A"),]" proceeded with only one addi-
tional step in comparison to the unsubstituted complex, namely
via a Suzuki coupling reaction between the brominated complex
[Fe(L™),]*, and 9-anthraceneboronic acid to generate the de-
sired [Fe(LP"),]" in 52% yield (Figure 1). The purity of the
compound was assessed by classical techniques that included
'H NMR, high-resolution mass spectrometry and elemental
analysis. In addition, UV-visible absorption spectroscopy (and
spectroscopic deconvolution thereof), steady-state and time-re-
solved photoluminescence, excitation spectra as well as electro-
chemistry were in good agreement with a pure complex, as fur-
ther detailed hereafter. The compound absorbed intensely in
the UV region with a molar absorption coefficient of 19000 M~
'em™' at 385 nm and appreciably at 503 nm with a molar ab-
sorption coefficient of 3500 M'cm™'. The UV-visible absorp-
tion spectra of [Fe(L™A"),]" (Figure 2a) was well modelled us-
ing a linear combination of the absorption spectrum of
[Fe(L™),]* and twice the absorption spectrum of 9-phenylan-
thrancene (PhAn). The modelling provided a better fit when
PhAn was used compared to unsubstituted anthracene (SI sec-
tion 3.1.1), indicative of poor electronic coupling between the
Fe-NHC scaffold and the phenyl ring.* This was also con-
firmed by electrochemistry where the reduction and oxidation
potentials of the iron center and the attached 9-phenylanthra-
cene are unaffected by the introduction of the energy acceptor
moiety (SI section 3.1.2). Indeed, electrochemical characterisa-
tion of [Fe(L™),](PFs), [Fe(L™"),](PFs) and PhAn revealed
only minor changes of the oxidation and reduction between the
dyad and the individual components (Table 1). Measurements
in acetonitrile and dimethylformamide indicate similar redox
potentials in both solvents, although the iron-based reduction
seems less reversible in acetonitrile than in dimethylformamide.



It is hypothesized that this is caused by the lower electrolyte
concentration in acetonitrile that could only reach 25 mM be-
fore the photosensitizer precipitated. Overall, all of these pho-
tophysical characterisations are in line with an essentially de-
coupled system between the iron scaffold and the attached pol-
yaromatic hydrocarbon.

Visible light excitation of [Fe(L™"),]" led to the prototypical
photoluminescence of the [Fe(L™),]" core, albeit with smaller
photoluminescence quantum yields, (1.17% vs 1.75%) as well
as shorter emission lifetime (1.33 ns vs 2.05 ns). This change in
emission properties is a first indication that the attachment of
PhAn influences the excited-state decay pathway of the
ZLMCT state, in line with the postulated energy transfer mech-
anism. However, the observation of photoluminescence remi-
niscent of [Fe(L™),]" also points towards an incomplete energy
transfer.

Further information was garnered through the measurement of
excitation spectra of both [Fe(L™),]" and [Fe(L™'"),]*, that
were in good agreement with the molar absorption coefficient
of the ground state absorption spectrum in acetonitrile (Figure
S5). In addition, when the excitation of [Fe(L™"),]" occurred
at 355 nm, i.e. in a region where >90% of the absorption is dom-
inated by the PhAn moiety, the resulting detected anthracene-
based emission around 400 nm is very weak and mainly iron-
based emission is detectable (Figure S5). This presumably oc-
curs via fast Forster Resonance Energy Transfer (FRET) and/or
excited-state electron transfer quenching. Nevertheless, the
weak emission around 400 nm is in perfect agreement with the
emission of PhAn. This not only confirms that the iron core and
the attached 9-phenylanthracene are electronically decoupled
via the tetrasubstituted boron atoms, but also confirms the pu-
rity of [Fe(L"™"),]" as the resulting emission is similar to PhAn
and not similar to anthracene impurities.

Table 1. Electrochemical and Photophysical Data of [Fe(L"),](PFs), [Fe(L""A"),](PFs) and PhAn.

PS Eox(PSYD) Erea(PSY™D) Aem,max D em,air @ emar 0, air 0. Ar Foo (eV)
(V vs SCE) (V vs SCE) (nm) (%)*® (%)*® (ns) (ns)
[Fe(LM™),]" +0.68 -0.72 656 1.66 £0.04 1.75 £0.07 2.05 2.05 2.15°
[Fe(LPm),]" +0.70, +1.35 ¢ -0.74,-2.00 655 1.14 +0.02 1.17 £0.01 1.33 1.33 2.15°
PhAn +1.33°¢ -1.98°¢ 393,415 -d -d -d -d ~1.8¢

a) Photoluminescence quantum yields of iron complexes were determined relative to an aerated solution of [Ru(bpy)3](PFg), in acetonitrile
(¢ =0.018).54 b) The energies of the doublet excited states (for iron complexes) (Eo,0) were estimated based on the energy at the intersection
of the normalized emission and absorption spectra. ¢) Non-reversible reduction or oxidation potential under these conditions. d) Not deter-

mined in this study. ) The triplet energy of PhAn was estimated based on the triplet energy of 9,10-diphenylanthracene (Er ~1.77 eV).>
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Figure 2. a) UV-vis absorption (solid) and emission (dashed)
spectra of [Fe(L™™),]* (blue), [Fe(L*"A"),]* (red) and PhAn
(green) recorded in acetonitrile at room temperature. The sim-
ulated spectrum of the dyad by the sum of its components is
shown in grey. Normalized excited-state lifetime of b)
[Fe(L™),]* (blue, measured via time-resolved emission spec-
troscopy) and c) [Fe(L""A"),]* (red, measured via time-resolved
transient absorption spectroscopy) under air (light colors) and
argon (dark colors). Spectroscopic details are presented in the
supporting information in section 3.1.

The excited-state behavior of [Fe(L™"),]" was investigated in
comparison to the unsubstituted [Fe(L™),]". First, the excited-
state quenching of [Fe(L™),]" was investigated with increasing
concentrations of PhAn in acetonitrile. Stern-Volmer analysis

revealed a kq of 1.0-10'° M!s™!, i.e. close to the diffusion limit
0f2.0-10'° M's™'.%® Evidence for energy transfer was gained by
nanosecond transient absorption spectroscopy where the ab-
sorption spectrum of **PhAn was unambiguously observed (SI
section 3.3). This species had a natural excited-state lifetime of
~50 ps under argon and 160 ns under air due to efficient energy
transfer to *0,. Population of **PhAn by bimolecular energy
transfer is in agreement with the recent report by Wang and co-
workers.* However, our quenching rate constant, measured in
acetonitrile by time-resolved spectroscopy, is close to the diffu-
sion limit, whereas the one reported by Wang and co-workers,
measured by steady-state photoluminescence in DMSO, is
above the diffusion limit by factors of ~25. This marked differ-
ence probably stems from ground-state pre-association in
DMSO that were not disentangled from the steady-state
quenching experiments. In our case, the dynamic excited-state
lifetime quenching provides access to the diffusional quenching
rate constant. Evaluation of static contributions indicated only
a very small static quenching constant Ks of ~12 M in acetoni-
trile (SI section 3.3.1), implying a small relevance of static con-
tributions for the quenching with PhAn in acetonitrile.

Importantly, when [Fe(L™A"),]* was investigated, similar tran-
sient absorption spectra were observed, confirming once again
the population of the **PhAn moiety with an excited-state life-
time of 11.5 ps (Figure 2¢). This lifetime was also sensitive to
the presence of oxygen and shortened to 165 ns in aerated ace-
tonitrile, resulting in kq ~3-10° M's™" with 30, and an energy
transfer efficiency >98%. It is important to note that the AAbs
value of the **PhAn signal in [Fe(L"™"),]" is smaller than in the
case of the bimolecular quenching and actinometric measure-
ments indicate only ~10% of triplet state formation. This is
probably caused by the incomplete triplet state population due
to inefficient electronic coupling, in line with the remaining



photoluminescence disclosed previously, or to ultrafast reduc-
tive electron transfer from PhAn to **[Fe(L™"),]" that is ther-
modynamically feasible (SI section 3.6). Indeed, excited-state
quenching via both energy or electron transfer are possible. En-
ergy transfer from 2*[Fe(L™)2]" (Epousie: = 2.15 €V) to 9-phenyl-
anthracene (Erpie: = ~1.8 €V) is exergonic by about 0.35 eV.
The exact triplet energy of 9-phenylanthracene is to the best of
our knowledge not known and the value is estimated based on
the triplet energy of the structurally closely related 9,10-diphe-
nylanthracene (Egipie: =~1.77 €V).> Alternatively, based on the
ground-state reduction potential (E;/.« = +0.68 V vs SCE) an
excited-state reduction potential of "Ej/2 s = ~+1.47 V vs SCE
is calculated. This state would thus also allow an exergonic ex-
cited-state oxidation of PhAn (E;z. = +1.33 V vs SCE) by
~0.15 eV. From the bimolecular quenching studies for the ex-
cited-state quenching of *[Fe(L™),]" by 9-phenylanthracene
(Figure S13) no photoproducts corresponding to reduced com-
plex and/or oxidized 9-phenylanthracene were detected. Hence,
contributions by an unproductive pathway with low cage escape
yields and/or recombination below the nanosecond time-resolu-
tion of our instrument are possible and currently cannot be ruled
out.

Juglone Formation via ' O, Generation
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Figure 3. Green-light mediated !0, production assessed via the
conversion of 1,5-dihydroxynaphthalene (DHN) to Juglone (de-
tected by UV-vis spectroscopy, Aabs,max =427 nm). The proposed
mechanism and tabulated observed rates for the different sys-
tems using [Fe(LR®);] (250 nM) with different conditions (top)
and the UV-vis traces after different irradiation times for
[Fe(L"™),]* (blue) and [Fe(LF"A™),]* (red) measured in 2-mm cu-
vettes are provided (bottom, see also SI section 4 for further
details). DTET = doublet-to-triplet energy transfer, TTET =
triplet-to-triplet energy transfer.

To exploit the long excited-state lifetime, the photosensitized
generation of 'O, was evaluated using the 'O,-mediated oxida-
tion of 1,5-dihydroxynaphthalene (DHN) to the corresponding
5-hydroxy-1,4-naphthalenedione (Juglone)®’-*® under LED irra-
diation (Amax = 525 nm) (SI section 4). Due to its short excited-
state lifetime, [Fe(L™),]" was unable to significantly produce
'0, and thus the conversion of DHN to Juglone is inefficient
(Figure 3). [Fe(L™"),]* was able to generate Juglone more

efficiently with an observed rate that is one order of magnitude
larger (Figure 3). When [Fe(L™),]" and PhAn were used in 1:1
ratio at a concentration of 250 uM, the observed rate of Juglone
formation was about 4 times faster compared to the system
without anthracene, but also significantly slower than the dyad.
The production of 'O, could be increased when [Fe(L™),]* was
used with 10 mM of PhAn (Figure 3). Thus, despite a ~10%
triplet excited-state formation, the [Fe(L™"),]" dyad was still
very competitive for !0, formation.

We then turned to the investigation of ®cg, i.e. the efficiency
with which radicals escape the solvent cage following bimolec-
ular electron transfer.*’ For this, the model reaction of the oxi-
dative quenching by methylviologen (MV?*) was chosen. In ac-
etonitrile, >"[Fe(L™),]" was dynamically quenched by MV
with a kq of 2.3-10° M 's"|(Figure 4a). Despite a large quench-
ing rate constant, ®@cg in acetonitrile only reached 4.5%, in line
with the initial report by Warnmark(Figure 4f and SI section
3.5.1).1% Strikingly, when [Fe(L™"),]" was used, a k, of 1.4-10°
M!s! was determined (Figure 4b) with drastically increased
Ocg to reach values of 42(+1)%, i.e. a one order of magnitude
increase compared to the case of [Fe(L™),]" (Figure 4f and SI
section 3.5.2). A comparison was then performed with **PhAn
that was first generated by energy transfer from 2"[Fe(L™"),]". A
concentration of 10 mM of 9-phenylantracene was used to reach
a steady-state concentration of *PhAn that was afterwards
quenched by MV?* via bimolecular electron transfer with a k,
0f4.3-10° M"!s™!. ¢ associated with the electron transfer from
SPhAn to MV?*" reached 92(+2)% (Figure 4f and SI section
3.5.3). Thus, it appears that ®@cg are drastically improved when
an energy shuttle is introduced, either as a bimolecular arrange-
ment, of via the formation of a dyad.

The difference in ®¢g can be rationalized as follows (Figure 5):
in the case of [Fe(L™),]", the geminate radical pair
2{Fe'V;MV""} exhibits a doublet character, and thus geminate
charge recombination is spin-allowed leading to small ®cg.'"*
In the case of bimolecular reactivity between [Fe(L™),]" and
PhAn that subsequently reacts with MV?*, the geminate radical
pair *{PhAn"";MV"*} exhibits a triplet character (Figure S24),
and thus geminate charge recombination is spin-forbidden,
leading to a dcg of 92(£2)% (Figure 4f and SI section 3.5.3 and
3.6.3). In the case of the dyad, ®cg is 42(x1)% and this was
counterintuitive as identical ®cg were expected.®® A closer look
at the transient absorption spectra indicates however that, in the
case of the dyad, the hole on the oxidized PhAn moiety is effi-
ciently transferred to the iron core (Figure 4e). Thus, three pos-
sible electronic configurations of the geminate radical pair can
be represented (right part in Figure 5). Immediately after elec-
tron transfer, the electronic configuration of the iron core is
back to its ground state configuration and the geminate radical
pair more closely resembles a triplet configuration between the
oxidized anthracene moiety and reduced methylviologen, i.e.
3{[Fe"-PhAn""];MV""}. Spectroscopically, the formation of
Fe' is observed as this hole transfer is energetically favorable
by 0.6 eV (Figure 4e). In fact, two electronic configurations
with an oxidized iron (Fe') in the dyad can be proposed. Im-
mediately after hole transfer, the electronic configuration re-
sembles a doublet, i.e. *{[Fe'V-PhAn];MV"*}. Hund’s rule stip-
ulates that all of the unpaired electrons must have the same spin,
and thus, this doublet electronic configuration would rearrange
into the corresponding quartet, i.e. *{[Fe'V-PhAn];MV"*} (Fig-
ure 5). Amongst the three potential electronic configurations,
both the triplet and quartet would lead to spin-forbidden



recombination, whereas recombination from the doublet elec-
tronic configuration would be spin-allowed. This combination
of potential spin-allowed and spin-forbidden recombination
could explain the smaller ®cg observed for [Fe(LP"),]" and

Stern-Volmer Analysis

MV?*. Nevertheless, it should be emphasized that the use of
[Fe(L™m),]" still allows to substantially increase ®cg of iron-
based photosensitizers.
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Figure 4. Diffusional excited-state quenching of a) [Fe(L"),]* and b) [Fe(LL""")]* by methyl viologen (MV?*). C) Simulated quenching
efficiencies (n) for diffusional excited-state quenching of different iron-based systems with MV?* (blue and red) and PhAn (ocker).
d) Nanosecond transient absorption spectroscopy of [Fe(L*'A")]* in the presence of 500 uM of methyl viologen and e) comparison of
the transiently generated photoproducts with electrochemically generated reference spectra. f) Apparent cage escape yield (®) for
the excited-state quenching by methyl viologen with respect to the excited-state quenching efficiency (n). All spectra were recorded
under argon in acetonitrile at room temperature. Further details are provided in the SI.
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Figure 5. Photophysical scheme associated with the oxidative quenching of [Fe(L™"),]* (left) and [Fe(L"A"),]* (right) alongside the
electronic configurations of the relevant species. Note that the electronic configuration between the geminate radical pair and the
solvated species is simplified based on Hund’s rule. The analogue scheme for the stepwise bimolecular reactivity with PhAn as

mediator is presented in section 3.6.2 of the SI.

CONCLUSIONS

In conclusion, we report here the straightforward synthesis of
[Fe(L™"),]", i.e. a dyad composed of a [Fe(L™),]" core that is
further decorated with an anthracene energy acceptor. This “fwo
birds, one stone” approach allows not only to extend the ex-
cited-state lifetime over three orders of magnitude, but also to
drastically improve ®@cg of bimolecular quenching reactions by
one order of magnitude. Whereas a solution composed of the
individual components, [Fe(L™),]" and 9-phenylanthracene, led
to an appreciable &y and large ®cg, it still relied on large con-
centration of energy acceptor to sufficiently quench the short
lifetime of **[Fe(L™™"),]*. On the other hand, [Fe(LP""),]* pro-
vided incomplete energy transfer, where only ~10% of the ex-
cited state is transferred to the energy acceptor. The origin of
this small energy transfer efficiency is still under investigation
and represents a key aspect to improve. Nevertheless, this en-
ergy transfer allowed, to the best of our knowledge, for the first
time to significantly generate 'O, using Fe" photosensitizers
and to drastically increase ®cg. Thus, this report represents a
key development on the way to place iron photosensitizers as
true alternatives in the current photochemical and photophysi-
cal landscape.®""®* Future work will focus on applications as
well as investigating the limits of such approach using different
energy acceptors with different electronic coupling together
with studying the ultrafast dynamics associated with the intra-
molecular energy transfer processes.

EXPERIMENTAL

Synthesis of [Fe(L"),](PFs). L™(PFs), (1.24 g, 1.95 mmol,
2.1 eq.) was added to a 100 mL Schlenk flask and dried under
vacuum at 80°C for 20 hours. Dry THF (40 mL) was added un-
der Argon and the reaction mixture was cooled to —78°C. A so-
Iution of LIHMDS (1.09 g, 6.50 mmol, 7.0 eq.) in THF (13 mL)
was added slowly and the solution was stirred for 15 minutes
and then allowed to warm to room temperature over 30 minutes.
A solution of FeBr, (200 mg, 930 umol, 1.0 eq.) in THF
(35 mL) was sonicated for 20 minutes under Argon and then
added slowly to the clear solution of the deprotonated ligand.
The reaction mixture was stirred for 20 hours in the dark. Then
the solution was exposed to air, inducing a fast color change
from black to bright red. The solvent was removed and the res-
idue dissolved in dichloromethane, filtered through a filter frit
(POR 3) and the solvent was removed to isolate the crude prod-
uct. The pure product was isolated after flash column chroma-
tography (neutral ALOs, DCM - DCM/MeCN 5/1) as a dark
red solid (248 mg, 927 umol, 30 %).

'H-NMR (400 MHz, CD;CN): 14.94 (d, J = 5.2 Hz, 4H), 10.48
(t,J=5.5Hz,4H), 9.81 (t,J= 7.3 Hz, 2H), 4.87 (s, 18H), 1.58
(s, 6H), -12.72 (s, 6H) ppm. These analytical data is in agree-
ment with previously reported characterization data for this
compound.' 12

Synthesis of [Fe(L"5"),](PF). L™ (PF¢), (1.51 g, 2.15 mmol,
2.2 eq.) was added to a 100 mL Schlenk flask and dried under
vacuum at 80°C for 20 hours. Dry THF (45 mL) was added un-
der Argon and the reaction mixture was cooled to —78°C. A so-
Iution of LIHMDS (1.21 g, 7.25 mmol, 7.3 eq.) in THF (15 mL)
was added dropwise and the solution was stirred for 15 minutes

and then allowed to warm to room temperature over 30 minutes.
A solution of FeBr (215 mg, 1.00 mmol, 1.0 eq.) in THF
(40 mL) was sonicated for 20 minutes under Argon and then
added slowly to the clear solution of the deprotonated ligand.
The reaction mixture was stirred for 20 hours in the dark. Then
the solution was exposed to air, inducing a fast color change
from black to bright red. The solvent was removed and the res-
idue dissolved in dichloromethane, filtered through a filter frit
(POR3) and the solvent was removed to isolate the crude prod-
uct. The pure product was isolated after flash column chroma-
tography (neutral ALOs, DCM - DCM/MeCN 5/1) as a dark
red solid (696 mg,682 umol, 34 %).

'H-NMR (400 MHz, CD;CN): 14.83 (d, J = 5.2 Hz, 4H), 10.61
(d, J = 5.3 Hz, 4H), 4.90 (s, 18H), -12.65 (s, 6H) ppm. These
analytical data is in agreement with previously reported charac-
terization data for this compound.> 6

Synthesis of [Fe(L""4"),](PFs).2H,0. A 25 mL ACE pressure
tube was charged with 9-anthraceneboronic acid (65.0 mg,
294 umol, 3.0 eq.) and [Fe(L™"®"),](PFs) (100 mg, 98.0 umol,
1.0 eq.). THF (2.25 mL) was added under Argon and the sus-
pension was purged with Argon for 5 minutes. Then [Pd(PPhs),]
(11.3 mg, 9.8 umol, 0.1 eq.) and pre-purged aqueous sodium
carbonate solution (2 M, 0.75 mL) were added. The reaction
mixture was purged with Argon for another 10 minutes, sealed
under Argon and heated to 90 °C for 40 h. The reaction mixture
was cooled to room temperature, diluted with water (20 mL),
extracted with dichloromethane (3x 50 mL) and the organic
phase was dried over anhydrous sodium sulfate. After filtration,
the solvent was removed under reduced pressure and the crude
red product was filtrated through a short Al,O3 column (MeCN
- MeCN/water 20/1) and then purified by column chromatog-
raphy (SiO,, MeCN/water/sat. aq. KNO; 20/1/1) and reprecipi-
tated from an aqueous solution with KPFs to obtain the desired
product (62.3 mg, 51.3 umol, 52%).

'"H NMR (600 MHz, DMSO-ds) & 15.13 (s, 4H), 10.54 (s, 4H),
9.95 (d, J= 8.9 Hz, 4H), 9.40 (s, 2H), 8.80 (d, /= 8.9 Hz, 4H),
8.41 (dd, J=9.0, 4.7 Hz, 4H), 8.15 (dd, J = 8.7, 5.3 Hz, 4H),
5.17 (s, 18H), 1.29 (s, 6H), -12.31 (s, 6H). High resolution ESI-
MS m/z calculated for [CesHssB2FeNj2]" = 1070.42809; found
1070.43006. Elemental  Analysis: Anal. Caled for
CesHs6B2FeN2PF¢.2H,0: C, 61.41; H, 4.83; N, 13.43. Found:
C, 61.53; H, 4.66; N,12.79
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