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Photo-induced oxidation-enhancement in biomimetic bridged
Ru(in)—Mo(vi) photo-catalyst is unexpectedly photo-activated in ps
timescales. One-photon absorption generates an excited state
where both photo-oxidized and photo-reduced catalytic centres
are activated simultaneously and independently.

Metalloenzymes often regenerate their active sites via efficient
electron transfer (eT) between spatially separated eT units."
Thus, the comprehension of electronic relays between these
components in bioinspired redox catalysts is attracting increasing
interest.>” Electrochemical approaches to mimic this process
include for instance the attachment of reversible eT components
to metalloenzyme mimics.*™®

Photo-induced eT processes have also been explored to harness
solar energy and to accelerate redox catalysis. For example,
ruthenium-based photosensitizers linked to manganese-based
photosystem II models were used to mimic the four-electron
oxidation of two water molecules by light-induced eT.” Similarly,
hydrogenase mimics with attached reversible photosensitizers have
been investigated with the aim of catalysing the light-driven
production of H,.*° Photoredox processes'’®™ have also been
used to catalyse oxygenation reactions with environmentally
benign O-atom sources, in particular >0, or H,0."* Enemark
and Kirk et al demonstrated that oxo-molybdenum(v)
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can be photoactivated via an antenna-mediated eT process
by covalently linking the oxo-Mo(v) unit to porphyrin-Fe(i)
or Zn(n) complexes.**"*?

Recently, Duhme-Klair et al. developed biomimetic molyb-
denum complexes'® with appended ruthenium-based photo-
active units to facilitate oxygen atom transfer (OAT) catalysis
via photo-induced eT (Fig. 1). They found that the attachment
of a bis(bipyridyl)-phenanthroline ruthenium complex to a cis-
dioxo Mo(vi) thiosemicarbazone allows the OAT from dimethyl
sulfoxide to triphenyl phosphine (PPh;) to be accelerated
upon irradiation with visible light. To explain their findings,

ReA+O

Fig. 1 Photo-induced oxidation-enhancing (PIOE) effect in a Ru(i)—Mo(vi)
dyad [Ru(bpy),(L)IMoO,(MeOH)I?*, as proposed in ref. 17: (1) the Ru() is
photo-oxidized to Ru(i) and one of the bpy is reduced upon excitation to
the lowest metal-to-ligand charge transfer excited state; (2) the photo-
reduced bpy~ is oxidized by a diffusion-limited reaction with an oxidizing
agent (OxA), (3) the Mo(vi) unit is activated by the back-reduction of Ru(in)
to Ru(i); (4) a reducing agent (ReA) is oxidized via oxygen atom transfer
(OAT) from the activated cis-dioxo molybdenum unit.
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specifically the photo-induced oxidation-enhancing (PIOE)
effect,’” they proposed the scheme illustrated in Fig. 1: the
Ru(u) is first photo-oxidized and one 2,2’-bipyridine(bpy) ligand
is photo-reduced (1); the latter is then oxidized by an oxidizing
agent (e.g. methyl viologen) (2), leading to the production of a
highly reactive, one-electron oxidized catalytic Mo(vi) unit via
an intramolecular eT toward the Ru(m) (3). Eventually a reducing
agent, as for instance PPh;, is oxidized via the OAT from the
activated cis-dioxo molybdenum unit (4).

Since the oxidative quenching process of the photo-excited bpy ™
is diffusion-limited, the production of a highly reactive one-electron
oxidized Mo(vi) unit is expected to happen on ps to ms timescale.

It is worth noting that the formal oxidation state of the
molybdenum is already 6+ and cannot increase further. Thus,
the eT following the oxidative quenching is most likely from the
non-innocent phenol-thiosemicarbazone ligand system on the
catalytic molybdenum unit, towards the photo-oxidized Ru(m)
unit. As this kinetic model was proposed based on catalytic
studies and steady-state measurements, a further validation
with time-resolved techniques is highly desirable. With this
motivation we carried out femtosecond (fs) transient absorp-
tion (TA) studies of the Ru(u)-Mo(vi) dyad upon photoexcitation
of the Metal-to-Ligand Charge Transfer (MLCT) states of the
ruthenium unit (for experimental details see ESIT). Addition-
ally, we investigated the reference system [Ru(bpy),(phen-
NH,)]** (see ESI} for the molecular structures) to disentangle
the dynamics of Ru(ur)-bpy /phen™ MLCT states from those of
the catalytic molybdenum unit, and ultimately to identify the
initial steps of the PIOE process (see ESIT).

Fig. 2A shows a representative selection of TA spectra of
the Ru(n)-Mo(vi) dyad. We observed, immediately after
excitation, the characteristic signatures of a Ru(u)-to-bpy MLCT
transition.'® In addition, at Apope > 500 nm we found a
picosecond (ps) dynamics which is absent in the reference
(Fig. S2, ESIt). To quantify the timescale of these dynamics
and to disentangle the spectral contributions from each dyad
moiety, we did global analysis using singular value decomposi-
tion; the outcome (decay associated spectra, DASs, and life-
times, 1) is reported in Fig. 2B (fittings of kinetics at
representative wavelengths are shown in Fig. S3, ESIf).

The comparison with the reference system [Ru(bpy),(phen-
NH,)]*" (see ESIY) indicates that both the Ru(m)-phen™ and the
Ru(m)-bpy  MLCT states are excited at 425 nm and that the
former is followed by a biphasic ligand-to-ligand charge trans-
fer from the phen™ to one of the neutral bpy in 130 fs and
1.74 ps (DASt; and DASt,). This implies that the final excited
state of the photoactive ruthenium unit is a [Ru(uw)(bpy™)
(bpy)(phen)]** state, regardless of the excited MLCT transition
and therefore of the excitation wavelength within the lowest OA
band. The long-lived ground state bleach (GSB) signal at 450 nm
in Fig. 2A and the DASt; with 15 ~ oo reveals that this state, and
accordingly the charge density on the bpy™ ligand, stays popu-
lated well beyond the investigated time window (0-200 ps), as
also observed in the reference (see ESIY).

The dynamics at /,rope > 500 nm is distinctive of the dyad,
and therefore of the catalytic Mo(vi) unit and the bridging
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Fig. 2 fs-TA spectroscopy of the dyad. (A) A representative selection of
TA spectra upon photoexcitation at 425 nm. The inverted steady-state
optical absorption (OA) of the dyad and of the reference [Ru(bpy).(phen-
NH,)]?* are also shown. (B) Time-spectrum decomposition analysis, decay
associated spectra (DASs) and the relevant decay time constants are
reported. The spectral range contaminated by pump scattering is masked
by a grey box. TA measurements and analysis of the reference compound
are reported in the ESL{

ligand. We can isolate their spectral signature by subtracting
the spectrum obtained at the earliest time (200 fs), which
primarily contains the signals from the photoactive ruthenium
unit only (Fig. 3A).

The difference TA spectrum “200 ps-200 fs” and the difference
spectrum obtained during spectro-electrochemical oxidation of
the catalytic control compound ([MoO,(LM)MeOH]),"” resemble
each other closely and over an extended spectral range, after
applying a shift of 0.65 eV (Fig. 3B). This spectral shift is justified
since the global charge of the electrochemically oxidized control
compound [MoO,(LV*)MeOH] and the photoexcited dyad are
different. Therefore, we can infer that (i) the early signals at /,ope
> 500 nm originate from transitions of the neutral catalytic
Mo(vi) unit, which are red-shifted by the strong electrostatic field
of the dipole photo-induced on the Ru moiety,'*?° and (ii) the ps
dynamics are due to an oxidative process of the chromo-
phoric part of the Mo unit, ie. the conjugated phenolate-
thiosemicarbazone ligand.>* The latter is due to a decrease of
the charge on the ligand, induced by the photooxidized Ru(i) in

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Fig. 3 (A) Difference TA spectra with respect to 200 fs TA at
different time delays. (B) Comparison of the spectrum from spectro-
electrochemical oxidation of the corresponding molybdenum complex
[MoO,(LM)MeOH]Y with 200 ps—200 fs differential TA spectrum and the
inverse sum of the ps components from global analysis —(DASt4 + DASt3).
To compare the two set of spectra a relative shift of 0.65 eV was applied in
the energy domain (Fig. S7, ESIt).

its proximity. Based on electrostatic argumentations we could
tentatively relate the corresponding reductive process to acceptor
orbitals on the non-innocent ligand close to the bridge, or on the
bridge itself. However, the molecule is not necessarily as flat and
stretched as in Fig. 1 since the linker is very flexible, and a folded
structure is possible. Therefore, we cannot exclude a (partial)
localization on the cis-dioxo Mo(vi) unit or on ruthenium unit,
but it does not cause any detectable distortion of the associated
TA spectra.

Also the inverted sum of the ps components from the global
analysis —-(DASt3 + DASt,) is similar at any wavelength (Fig. 3B).
Hence, DASt; and DASt, in Fig. 2B describe the rise of a signal
related to the oxidation dynamics of the Mo(vi)-coordinated
chromophoric ligand. As the DASt, component shows the same
behaviour at Zprope > 500 nm, although still dominated by the
phen™ — bpy~ eT (see also Fig. S7 (ESIt) and respective
discussion), we can infer that these oxidation dynamics
are multi-exponential and spanning from 2 to 60 ps (see
also Fig. S3C, ESIf). In addition, we performed the same

This journal is © The Royal Society of Chemistry 2021
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measurements and analysis but upon 450 nm excitation to rule
out that the observed dynamics could occur due to a direct
excitation of the molybdenum unit, since at 450 nm we excite
the photoactive unit even more selectively (Fig. S6A, ESIt). The
results are identical regardless of the excitation wavelength (see
Fig. S7 and respective discussion, ESI).

Thus we can conclude that upon photoexcitation of the MLCT
transitions of the photoactive ruthenium unit (regardless if Ru —
bpy or Ru — phen) we observe the spectroscopic signature of the
oxidation of the catalytic Mo(vi) unit (specifically of the coordinated
non-innocent phenol-thiosemicarbazone ligand), which rises with a
distribution of rates spanning from 2 to 60 ps, with ca. half of the
€T occurring within 2 ps. The quantum yield of this process is
unitary as proven by the complete bleaching of the signature of the
neutral Mo(vi) unit at Aygne > 500 nm (Fig. 2, Fig. S5, ESIT).

In conclusion, our study reveals that the initial step of the
PIOE effect in a molybdenum oxotransferase model Ru(u)-
Mo(vi) dyad is due to an oxidative process of the chromo-
phoric part of the Mo unit, ie. the conjugated phenolate-
thiosemicarbazone ligand, that occurs immediately after
photo-oxidation of Ru(u) to Ru(m). This oxidative process spans
from few ps to tens of ps and leads to the catalytic activation of
the Mo(vi) moiety. These dynamics are not accompanied by any
recovery of the ground state population of the photoactive unit,
meaning that the dynamics in the Ru(u) and Mo(vi) units are
not coupled within our time window. We can also explain why
the lifetime of the bi-activated dyad is ~1 us:'” since the
lifetime of *MLCT states in [Ru(bpy)s]”" is ~1 us,>> whereas
the subsequent back eT toward the Mo(vi) unit should happen
on similar timescales as the forward one (i.e. sub-ns), we expect
that the lifetime of the bi-activated dyad is ultimately deter-
mined by the Ru(m)-bpy~ *MLCT relaxation.

Hence, we propose a revised mechanism of the PIOE effect,
which is sketched in Fig. 4. Beside ruling out any diffusion-limited

N,
¥ N \I//S
MeOH O ) Mo
MHOH\O
7
A
20
Nl S H
t~130 fs,2 G ey oY
~ s,2ps (L i \o ¥
0V
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MeOH O

Fig. 4 Proposed mechanism for the initial steps leading to the photo-
induced activation of the catalytic molybdenum-containing unit.
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process, the simultaneous presence of both photo-activated states
in the Ru(m) and the Mo(vi) unit revealed an unexpected scenario
where both photo-activated sites coexist in the same system.
Moreover, the charge from the Mo(vi) coordination sphere is not
transferred to the ruthenium unit but rather to the acceptor
orbitals close to the bridging ligand or on the cis-dioxo Mo(vi) unit.

This novel and ultrafast photocatalytic trigger on such a
small supramolecular dyad system has not been reported
before and therefore it will have an important impact on
modelling photocatalytic processes in bimetallic dyads, not
only regarding the fs to ps range, but also on longer timescales,
such as ps and even ms to s, namely on timescales longer than
the expected lifetime of the bi-activated dyad. For instance, one
of the first implications is that both the neutralization of the
bpy  ligand by an oxidizing agent and the reduction of the
catalytic molybdenum-based unit by a reducing agent can
potentially proceed in parallel (Fig. S8, ESIf). On the other
hand, the OAT reactions of Mo complexes can be very slow
(even seconds to minutes®?), while the oxidative quenching by
MV>" of the bpy ™ ligand is mainly diffusion-limited (typically
us). Indeed, in the experiments using MV>" and PPh; as
oxidizing and reducing agents, respectively, the catalytic rate
enhancement was observed only upon irradiation in the
presence of MV>" and the OAT to the PPh; was an extremely
slow process (~ minutes)."” This points to the conclusion that
the oxidative quenching by MV>" prolongs the lifetime of the
oxidized Mo unit beyond ps timescale, preventing the charge
recombination at the Mo unit before the very slow OAT process
occurs. Conversely, faster catalytic events at the Mo unit could
lead to a different reaction path. Remarkably, despite the slow
catalytic activity at the Mo unit cannot be directly correlated to
the ultrafast dynamical processes bringing the systems to the
bi-activated state, the formation of this state and the dynamical
processes at the Ru units are crucial for the catalytic function.

While this study revealed the formation of a photo-activated
bi-reactive state and its dynamics, it raises yet more questions
relating to the role of the solvent or specific nuclear coordinates
in modulating the sequence of eT events, and to the electronic
and structural changes involved in the process. In particular,
how the charge of the Ru(ur) and Mo(vi) units differ at early
times, and how the local geometry of the non-innocent ligand
in the Mo(vi) unit changes. In perspective it will be crucial to
carry out a study with structure sensitive techniques, such as
ultrafast X-ray and polarization-resolved optical spectroscopies.
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