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Abstract: Luminescent rhenium complexes continue to be the focus of growing scientific interest for catalytic,
diagnostic and therapeutic applications, with emphasis on the development of their photophysical and photo-
chemical properties. In this short review, we explore such properties with a focus on the biological applications
of the molecules. We discuss the importance of the ligand choice to the contribution and their involvement
towards the most significant electronic transitions of the metal species and what strategies are used to exploit
the potential of the molecules in medicinal applications. We begin by detailing the photophysics of the mole-
cules; we then describe the three most common photoreactions of rhenium complexes as photosensitizers in
H, production, photocatalysts in CO, reduction and photochemical ligand substitution. In the last part, we de-
scribe their applications as luminescent cellular probes and how photochemical ligand substitution is utilized in
the development of photoactive carbon monoxide-releasing molecules as anticancer and antimicrobial agents.
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1. Introduction

The use of luminescent transition metal complexes is of great
scientific importance for the development of various sensors,!!!
probesi?l and catalysts[3! that allow the community to address
very different bio/chemical questions and problems. Due to their
photophysical and photochemical properties, diimine species of
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rhenium tricarbonyl complexes are among the most widely stud-
ied metal-based luminophores in biological applications.!*l Such
complexes show intense emission at moderate temperature, photo-
chemical stability and easy adjustability of their photophysical
properties by altering the electronic properties of the supporting
ligands in their coordination sphere.5! In addition, due to their
synthetic flexibility and stability, as well as their long-lived ex-
cited states and strong photoluminescence, these rhenium-based
complexes generate suitable electron-transfer sensitizers.[©l
These compounds combine diagnostic and therapeutic purposes
and show promising anticancer and antimicrobial potential.l*.7]
Several such rhenium diimine complexes are efficient photosen-
sitizers producing singlet oxygen under physiological conditions
and are investigated in photodynamic therapy (PDT) alongside
other metal ions like ruthenium.®! Moreover, the presence of the
carbon monoxide ligands can lead the complexes, if suitable pho-
to and chemical conditions are met, to CO release and delivery to
selective locations within organs and tissues, and the molecules
are often evaluated against malignant neoplacias in the everlasting
fight against cancer.[®!

In this short review, we address the basic photophysical prop-
erties of the rhenium(1) diimine complexes molecules, highlight-
ing the most significant electronic transitions of these complexes,
the orbitals involved, and the contribution of each ligand in deter-
mining both the luminescence features, the cellular localization
and the photo-reactivity of the molecules. We start with basic in-
organic principles to develop a discussion leading to their appli-
cations as luminescent cellular probes and, in particular, to the
photochemical ligand substitution (PLS) reactions and how this
reactivity is currently being investigated as an alternative strategy
for the preparation of new therapeutic rhenium ‘pro-drugs’. We
also briefly describe the other two most common photoreactions
of rhenium complexes as photosensitizers in H, production and as
photocatalysts in CO, reduction.

2. Photophysical Properties of Rhenium(i) Diimine
Complexes

Diimine rhenium(1) tricarbonyl complexes may undergo
several electronic transitions, of which the most relevant for
their photophysical properties (and photochemistry) are simply
referred to as the metal-to-ligand charge transfer (MLCT) and
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ligand field (LF) transitions.[!0] In reality, these transitions are
mixed, with other states and each other, by configuration inter-
actions. It is, however, useful in our discussion to refer to them
in terms of the virtual pure state that has the largest contribution
to the specific excited state properties. We will use this simplified
terminology throughout the text. Typically, for complexes of for-
mula fac-[Re(CO),(diimine)X]" (where diimine = most frequently
2,2'-bipyridine or 1,10-phenanthroline, X = monodentate ligand
and n = 0 or +1, Fig. 1), the highest occupied molecular orbital
(HOMO) is of >50% metal d-orbital character. The CO and X
ligands (when X = halide) contribute equally for ca. 20% each of
the remaining HOMO character. In complexes where X is not an
halide, but a 6-donor or a weak m-acceptor (e.g. pyridine), only the
CO ligands contribute ~20% to the HOMO character. In all cas-
es, the lowest unoccupied molecular orbital (LUMO) is of >80%
character in diimine ligand mt*-orbital.l'!]

‘mLcT
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Fig. 1. Representative structure of a fac-[Re(CO),(diimine)X]" complex
and corresponding MLCT model of the Jablonski diagram for the same.
The k and k_, are the radiative and nonradiative decay constants from
the excited state to the ground state. The k, and k , are respectively the
forward and backward thermal activation rate.

In an octahedral environment, the metal d-orbitals split in the
canonical t,,—e, set, with the latter at relatively high energy due
to the strong LF induced by the CO’s, resulting in a low-oxida-
tion state of the central metal. The energy of the empty diimine
m*-orbital is low due to the conjugated m-system. The diimine
m*-orbital is, therefore, at a lower energy than the empty d orbital,
making the '"MLCT state (more precisely the singlet metal-ligand
to ligand charge transfer, 'MLLCT) the lowest excited state in
the vast majority of cases (Fig. 1).'21 The "MLCT transition is
optically allowed, it does not violate selection rules and has a
relatively large transition moment. Since it formally involves only
population of an orbital that is antibonding in the diimine ligand,
but not in terms of the metal-ligand bonds, the complexes are
photostable. The large spin—orbit (SO) coupling associated with
the third-row metal ion allows for efficient intersystem crossing
(ISC),131 allowing the '"MLCT to decay via vibrational relaxation
to the excited triplet MLCT state, !4 which is emissive (Fig. 1).
This state is in thermal equilibrium with the *LE[!5] which is re-
sponsible for the reactivity of the complexes if specific conditions
are satisfied (vide infra). The emissive processes (related to the
radiative constant k_in Fig. 1) is strictly spin-forbidden (going to
a singlet ground state), and the k_value for emitters from triplet
states depends on the SO coupling according to Eqn. (1):11
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where '@, and *¢, and 'E, and *E, are the wavefunctions and energies,
respectively, of the singlet excited states S, and of the lowest triplet

excited state T, 'f. is the oscillator strength of the singlet-singlet
excitations, and H is the spin—orbit coupling operator.

The photophysical and photochemical properties of the com-
plexes are largely determined by the nature of the diimine ligand
acting as the electron pool via the w*-orbitals. In solution, the com-
plexes are often highly luminescent, exhibit relatively long lifetimes
of emission (10 ns to 1 ps), large Stokes shifts and resistance to pho-
tobleaching. The complexes have also been described as showing
a large hypsochromic shift of their emission maxima in more rigid
media or environments, a phenomenon referred to as luminescence
rigidochromism.['7] The shift in the emission maxima is a result of
the increased energy of the long-lived *MLCT due to the limited
capacity of solvent molecules to reorient and stabilize the excit-
ed-state dipole moment.[!8] Shifts in the absorption and emission
maxima of the species are also influenced by the nt-character of the
monodentate ligand X and interligand interactions.

Strong m-acid ligands can induce bathochromic shifts by
destabilizing the HOMO level.["1 Similarly, interligand m—7 in-
teractions between the aromatic diimine ligand and the aryl sub-
stituents in PR, ligands play a significant role in modulating the
photophysical properties of the complexes. Such interactions, ob-
served both in solution and the solid state, 20l can be interpreted as
‘rigidifying’ the complexes, thereby decreasing k__ (the nonradi-
ative decay rate constant) from the *MLCT excited state and pro-
longing the excitation lifetime. Ishitani suggested that interligand
T interactions result in a decrease of the lateral displacement
AD associated with the absorption and emission wavelengths and
can be rationalized by the energy surfaces shown in Fig. 2.[19
T—T interactions can increase excited electron delocalization
onto the diimine ligand (considering either 'MLCT or *MLCT
excited states) rendering the excitation process less energetically
demanding. The net result is that the *MLCT-excited state can
emit a higher-energy photon and that the absorption and emission
shift respectively to longer and shorter wavelengths. Finally, the
smaller ADe value gives a smaller Franck—Condon factor, that is,
a smaller k_, resulting in an increase of the excitation lifetime.

S
TMLCT or MLCT TMLCT or *MLCT

A -
AD

with interligand
n-n interactions

4k
AD,

without interligand
n-rt interactions

Fig. 2. Energy surfaces of the ground state (GS) and the "MLCT or
SMLCT excited states as a function of the interligand n-rn interaction.
Figure readapted with permission of Publisher.['

3. Photochemistry of Rhenium(i) Diimine Complexes
The photochemistry of tricarbonyl rhenium(1) diimine com-
plexes is mainly associated with their role as a) photosensitizers
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in the electron transfer step to water reduction catalysts in H, pro-
duction;[2!l b) catalysts in the photoinduced reduction of carbon
dioxide to carbon monoxide;?2l and c) photoreactions leading to
carbon monoxide dissociation for synthetic and biological appli-
cations. The photocatalytic activity of the complexes is of tremen-
dous importance, and a subject actively investigated in light of
the environmental and societal challenges associated with energy
storage and production. In both these applications, the excited
reduced state of the molecule plays a key role.[3] Fig. 3 depicts
the fundamental steps in these cycles. The lowest excited state of
the rhenium complexes in the photocatalytic reactions is almost
invariably the SMLCT state.[*! Following photo-excitation, the
rhenium diimine complex (A in the figure) accepts an electron
from a sacrificial electron donor generating the excited one elec-
tron reduced (OER) species B. Species B may act as a photo-
sensitizer, conveying the electron to a water reduction catalyst,
which in turn relays it to protons for the formation of the H-H
bond.?! Under different experimental conditions, the complex
binds to CO, following dissociation of the ancillary monodentate
ligand (most often an anion) via the pentacoordinated complex
C. The active species formed by elimination of the ancillary li-
gand, is formally a 17-electron complex that reacts with CO, to
generate the corresponding CO, adduct. The structure of the CO,
adduct, which is a key intermediate in the photocatalysis, has not
yet been unambiguously confirmed but a rhenium carboxylate
complex!?6! of general formula fac-[Re(CO),(N-N)(COOH)] and
a CO,-bridged binuclear [(CO),(N-N)Re-CO,-Re(N-N)(CO),] di-
merl27] have been proposed and synthesized. For the mechanism
of carbon dioxide reduction, these mononuclear or binuclear in-
termediate are most often invoked.

The mechanisms of CO, reduction depend strongly on the na-
ture of the monodentate ligand, with phosphine complexes asso-
ciated more to a multicomponent system.[28! With anionic ligands,
the rate of elimination of the same from the one-electron reduced
species B dictates the photocatalytic abilities of the complexes.
Exchange of halides such as CI" is relatively fast and only small
concentrations of OER are detected under standard photocatalytic

Photosensitizer in Catalytic H, Production

conditions.[281 With slower eliminating ligands such as SCN-, the
photocatalytic reaction proceeds with relatively high accumula-
tion of the OER in solution. The longer lifetime of the OER al-
lows its detection but at the same time, the persistent presence of
the species produces an inner filter effect lowering the apparent
quantum yield of CO production. Rhenium complexes for which
the corresponding OER species rapidly exchange X~ are report-
ed to convert to the carboxylate complex fac-[Re(CO),(N-N)
(COOH)].[2324] Complexes bearing stronger ligands, such as CN-,
show no photocatalytic behaviour, an observation understood on
the basis that the OER does not eliminate the mt-acid ligand, thus
preventing formation of C in the next step of the catalytic cycle.[28]
In photocatalytic reactions only one-electron transfer can occur
with one photon. Two electrons cannot be concurrently added to
the complex, but this can be achieved electrochemically. Under
such conditions, similar cycles and structures for the ‘CO2 adduct’
have been proposed.?!

The third type of photoreaction commonly associated with
rhenium tricarbonyl species, and most relevant to the biological
and medical applications of the molecules, is the photochemical
ligand substitution (PLS) reaction. In order to understand the pho-
toreaction it is important to understand the nature of the Re—~CO
bond itself. Basic principles of inorganic chemistry are sufficient,
but obviously, the picture is a simplified one as the atomic wave
functions combine into molecular ones of different characters.
Tricarbonyl rhenium(1) diimine complexes almost invariably
show an octahedral (often slightly distorted) geometry. The ligand
field (LF) d-orbital splitting of the Re atom is t 2 S, with all six
d-electrons formally occupying the former. The presence of the
strong m-acid ligand CO, renders the e_set antibonding (i.e. e >*‘)
stabilizes the t, energy, thereby increasing the d-orbital energy
gap and producmg a strong LF. The coordination bond between
Re atom and CO is archived by 6-donation from the lone pair elec-
trons of CO to the e * set and ©t-back donation from ¢, electron
to the 7* orbitals of CO.13 This interaction increases the Re-C
bond order (formally >1) while decreasing the same for the C=0
(formally <3), thus resulting in a robust Re—CO bond.

Fig. 3. Simplified scheme of the

ing tricarbonyl rhenium(i) diimine
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When an N-N diimine ligand is added to the picture, the pho-
toexcitation processes important to interpret the photoreactivity of
the species, are the MLCT (metal-to-ligand charge transfer, Re d_
— 1* N-N) and the LF transition (Re t, Re eg*). The forbidden
LF transition is responsible for the photochemical reaction as it in-
volves excitation of a t, bonding electron into the antibonding eg*
orbitals, weakening the Re-CO interaction and eliminating one
CO ligand.'5] Most rhenium tricarbonyl species can be consid-
ered as photochemically stable. It was, however, the report of the
photochemical ligand substitution of fac-[Re(N-N)(CO),(PR,)]*
(where PR, = triethylphosphite) that allowed the exploitation of
the reaction for synthetic and, eventually, for bio-medical appli-
cations.3!l When a PR, complex is irradiated in coordinating sol-
vents, the CO ligand trans to PR, is selectively eliminated via a
dissociative mechanism and replaced by a solvent molecule S,
giving the corresponding cis-trans-[Re(N-N)(CO),(PR,)(S)]*.
Acetonitrile is the solvent of choice in these reactions, but similar
water and halide complexes have been reported.[3?I Transient IR
absorption (TR-IR) measurements, have revealed that the absorp-
tion intensities of the product IR bands are proportional to the
amount of the MLCT state complex generated instantly after ir-
radiation,!!5! suggesting that PLS proceeds either from the MLCT
state or the °LF state, which are in thermal equilibrium (Fig. 4).

The energy levels of these states can be modified respectively
by electron donating or withdrawing groups on the N-N diimine
ligand (resulting in either a destabilization or stabilization of the
7* N-N orbital) or by replacement of the monodentate ligand co-
ordinated to the Re atom.[33! Strong LF ligands, such as the rt-acid
PR, stabilize the rhenium dn orbitals and destabilize the rhenium
do* orbitals, while mt-base ligands, such as hydroxide or halides,
have the opposite effect. The latter ligands reduce the energy gap
of LF transition (Re t, = Re eg*), but under similar experimental
conditions complexes with m-basic or 6-donating ligands do not
undergo PLS. Furthermore, it was shown that the thermal energy
gap (AG,’ in Fig. 4) between *MLCT and °LF states is in the same
order of magnitude for all complexes (i.e. regardless of the nature
of the monodentate ligand).!!3] The reason why PR, complexes
undergo PLS is attributed to a thermally accessible repulsive *LF
(Fig. 4A), while for other species two explanations were original-
ly formulated.['>] With weak LF ligands, the thermal activation
from *MLCT to °LF is preferable, but the *LF energy surface is
not repulsive implying a large activation energy (AG,* in Fig.
4B) for CO elimination. Alternatively, the °LF state is thermally
inaccessible from the *MLCT at room temperature (AG, * in Fig.
4C). However, given that the thermal *"MLCT-’LF energy gaps are

Fig. 4. Energy vs Re-L distance
of rhenium(l) diimine complexes
(where L = CO), for the reactive
(A) and the nonreactive PLS cas-
es (B and C). Diagram B shows a
non-repulsive 3LF energy surface,
while diagram C illustrates a
thermally inaccessible LF energy
surface. Only the three lowest-ly-
ing electronic states are shown.
Figure readapted with permission
of Publisher.["%!
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similar for all complexes, the following interpretation is general-
ly accepted. Although the potential energy curves of the *MLCT
and °LF states cross each other in a relatively low-energy region,
the trans-labilising effect of m-acids it is necessary to weaken the
Re—CO bond and overcome the higher-potential barrier for bond
rupture.

This picture has been more recently refined and generalized
for tricarbonyl rhenium diimine complexes with w-basic lig-
ands.[3* Mechanistic studies and picosecond time-resolved IR
measurements indicate that in these complexes only irradiation
with higher energy photons can induce photochemical ligand
substitution reactions via higher energy vibrational states rather
than the lowest-lying *MLCT excited or thermally accessible *LF
states. These higher vibrational levels are those of the 'MLCT
state and/or higher electronic excited state(s) including Re — bpy
and Re — CO 'MLCT transitions. Thus, excitation by high-ener-
gy light of fac-[Re(N-N)(CO),(L)]" species (where L = 1t-base or
o-donor ligand), leads to vibrationally hot photoproducts, which
relax within 50-100 ps, while CO ligand dissociation occurs with
subpicosecond rates after excitation.

4. Cellular Probes

Before the PLS reaction entered investigations within biologi-
cal systems, tricarbonyl rhenium(1) diimine complexes have been
exploited as infrared>! and luminescent!7d3¢] probes for cellular
imaging studies. Complexes of the type fac-[Re(CO),(N-N)(X)]"
are amongst the most studied metal-based lumophores. Over 70 cel-
lular imaging studies have revealed that in general, substituent vari-
ations of the diimine ligand will mainly influence the photophysical
properties of the complexes with relatively little influence on the
cellular uptake of the species, and minor effects on the localization
of the same. Variations of the monodentate X ligand, on the other
hand, can provide a degree of control of the uptake and intracellular
accumulation of the agents. Charge and lipophilicity modulations
are also effective in controlling the cellular uptake and distribution
of the complexes,l?7 with wide variations observed. Most often,
however, the increased lipophilicity of the diimine ligand improves
cellular uptake via passive diffusion.l38] It is currently not possible
to predict what specific cellular compartments will be stained by the
rhenium-based lumophores as a function of modification of charge,
lipophilicity or X, unless of course known targeting biomolecules
are conjugated to the complexes. This bioconjugate strategy is par-
ticularly useful for tracking the complexes in tissues and cancers.
Examples include the use of hyaluronic acids,3%! neurotensin, 40!
biotin,*! fructosel*?! and glucose.[*3!

SMLCT

AE;
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Coogan et al. described a cellular targeting strategy through
covalent reactive-linker moieties of rhenium diimine ‘pro-labels’
that exemplifies how the monodentate ligand plays a crucial role
for the cellular localization of the agents.l*4l By studying a se-
ries of diimine complexes with meta-derivatised pyridines (Fig.
5), the authors found that lipophilic complexes of pyridin-3-yl-
methyl n-hydroxylalkynoates give different cellular localization
patters due to accumulation in the cytoplasm and perinuclear re-
gions with non-uniform staining of the cytosol.[*42] Removal of
n-hydroxylalkynoates to the corresponding pyridin-3-ylmethanol
resulted in luminescence detected exclusively in the perinuclear
region. Based on these observations, the authors designed lumi-
nescent rhenium probes which could be chemically modified in
vivo by mitochondria like commercial mitochondrial stains (e.g.
the MitoTrackerR probe), which localise in membrane-bound cell
organelles due to thiol-reactivity of a chloromethyl unit. Thus, the
corresponding 3-(chloromethyl)pyridine rhenium diimine com-
plex targets mitochondria by reacting with major mitochondrial
thiol species like reduced glutathione (GSH). The resulting lipo-
philic impermeant thiol conjugate is trapped inside the organelles
by the higher transmembrane potential for the inner mitochon-
drial membrane resulting in a highly specific stain.[44b]
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Fig. 5. Fluorescence images of MCF-7 cells incubated with the 3-(chloro
methyl)pyridine derivative (i.e. with R = Cl, left), MitoTrackerR (centre)
and overlaid images with intensity profiles. Figure reproduced with per-
mission of Publisher.*!

Another outstanding example of how the nature of the monoden-
tate ligand influences the cellular localization of rhenium diimine
complexes is represented by the set of derivatized tetrazolates of
the tricarbonyl phenanthroline series.[*6] Massi et al. showed that
modulation of the tetrazolate substituents influences the biological
behaviour of the complexes in terms of cellular incubation and or-
ganelle specificity.[*7l They eventually prepared a 5-(pyridin-4-yl)
tetrazol-2-ide derivative that localises in the endoplasmic reticu-
lum (ER) with ideal live cell imaging properties (Fig. 6).148] This
complex, now available under the trade name ReZolve-ER™, is
resistant to photobleaching, shows consistent cellular localization,
low cytotoxicity and compatibility with both single photon and
two-photon excitation microscopy set-ups. ReZolve-ER™ rapidly
internalizes intracellularly via a passive diffusion mechanism de-
pendent on a concentration gradient. In different cell lines, it shows
co-localization with ER-Tracker®, and it is detected on the reticular
network extending from the nucleus into the cytoplasm, with pro-
jections towards the nuclear membrane and on membranous struc-
tures extending into the nucleoplasmic reticulum. Furthermore, the
complex allows the visualisation of specific nuclear events and ves-

icle release from the cell surface, thus permitting investigation of a
range of biological questions related to cellular dynamics (Fig. 6).

ER-Tracker

Merge

Relolve-ER

Fig. 6. Top: confocal micrographs showing PNT2 cells incubated with
ReZolve-ER™ (red) and ER-Tracker® (green) and CellMask™ for the
labelling of the plasma membrane (green). Bottom: Time lapse confocal
micrographs showing PNT2 cells stained with ReZolve-ER™ (green) and
counterstained with Cell Mask (purple) showing ReZolve-ER™ imaging
of vesicle release from the cell surface. Figure reproduced and readapt-
ed with permission of Publisher.18!

5. Photoactive CO Releasing Molecules, Anticancer
and Antimicrobial Complexes

Rhenium tricarbonyl diimine complexes have been increas-
ingly evaluated in the last two decades for their potential ap-
plication in medicine. In the vast majority of cases, molecular
species are investigated without probing their photoreactivity in
the specific biological context. The molecules are particularly at-
tractive as anticancer agents,!38:49 but at the same time, they are
progressively recognized as valuable antimicrobial drugs9 and
cytoprotective CO releasing molecules.[352511 Their mechanism of
action remains largely unknown, but, as mentioned in the previ-
ous section, their photoluminescent properties can often aid with
their cellular localization offering insights about specific targets.
In line with the thematic issue, we will only discuss here rhenium
diimine species whose biological activity has been probed as a
function of their photoreactivity (i.e by exploiting the PLS reac-
tion). One of the first examples of both a strongly luminescent
and photoreactive carbon monoxide releasing tricarbonyl rhenium
complex was introduced by Pierri ef al. in 2012 (Fig. 7).521 The
stable and non-toxic fac-[Re(bpy)(CO),(PR,)]* species (where R
= CH,OH) can penetrate into cells of human prostatic carcinoma,
where its solvated product and CO can be generated photolytical-
ly. The solvated photoproduct is also luminescent, a feature that
allows tracking both molecular transformations inside cells and its
use as an imaginable reporter to indicate the location where CO
is being delivered at the cellular scale. An important feature of
the emission behaviour of the complexes, pertinent to biological
applications, is the independence of the emission intensities and
lifetimes (ca. 400 ns) to the presence of air.
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Fig. 7. Confocal fluorescence microscopy images of PPC-1 cells incu-
bated with fac-[Re(bpy)(CO),(PR,)]* complex (where R = CH,OH). Left:
image collected with minimal photolysis from the 405 nm (red, A =
465-495 nm). Right: image collected after 405 nm photolysis (green,
A,,, > 660 nm). Figure readapted with permission of Publisher.®

The similar type of ligand arrangement and coordination ge-
ometry was used as a blueprint for boosting the photochemical re-
activity towards CO release of related species (Fig. 8). Hernandez
Mejias et al. have recently described a tricarbonyl rhenium com-
plex that incorporates a phosphine moiety and a pyridyltriazole
bidentate ligand, which upon irradiation in the near-UV range,
undergoes fast photoreaction.[>3 Alike the phosphanetriyltrimeth-
anol complex of Pierri, the effective photochemical release of CO
is associated with distinct optical variations of the emission prop-
erties, with the emitted light shifting from green to orange-red for
the solvated photoproduct. This photoreaction is linear within the
first 2 min of irradiation, indicating a first-order photoreaction
with a rate constant close to 0.033 s™'. In this type of complexes,
pyridyl-triazole ligand isomerism has a significant influence on
the electronic properties of the molecules.[>* Depending on the
geometric orientation of the benzo[d]oxazole unit, the emitted
phosphorescence in organic solvents shows distinct colours and
intensities, indicating that grafting a non-coordinated n-conjugat-
ed fragment on the 1,2,4-triazole group can be a strategy for the
design of efficient light-emitting materials, and for possibly dis-
cerning different biological targets of the molecules. It is worth
mentioning that without the phosphine ligand closely related Re
complexes are photo-inactive towards CO release.[>!

The groups of Wilson and Mascharak have described other
prominent examples of photoreactive anticancer Re complexes
(Fig. 8). Chakraborty prepared 1,3,5-triaza-7-phosphaadaman-
tane species exhibiting moderate CO release upon irradiation with
low-power UV light, and exploited their inherent luminescence to
follow their cellular internalization in human breast cancer cells
and to assess cell viability upon photoactivation.%%! The tris(hy-
droxymethyl)phosphine and 1,4-diacetyl-1,3,7-triaza-5-phos-
phabicylco[3.3.1]nonane phenathroline species of Marker un-
dergo photosubstitution of a CO ligand while at the same time
sensitising the formation of 'O, with quantum yields as high as
70%.1321 These compounds show minimal toxicity in the absence
of light, but act as photoactivated anticancer agents against differ-
ent cancer cell lines, including cisplatin-resistant ovarian strains.
The phototoxic response is associated with the release of both CO,
the rhenium-containing photoproduct, as well as the production
of '0,. Singlet oxygen, or reactive oxygen species formation is
a feature known for other Re complexes exhibiting triplet-based
luminescencel3”! and was exploited by Frey for the preparation of

+
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Fig. 8. Structures of photoreactive tricarbonyl rhenium complexes bear-
ing m-accepting phosphine ancillary ligands.

bisquinoline rhenium tricarbonyl-type complexes acting as anti-
bacterial agents against Gram-positive and Gram-negative bacte-
ria as well as drug-resistant strains.50¢

As mentioned in section 3, the possibility of activating Re
tricarbonyl species towards photochemical substitution of CO, is
attributed to the stronger frans-labilising ability of the phospho-
rus donor of m-acid ligands. Light activation permits the forward
internal conversion rate between the *MLCT and thermally acces-
sible higher energy photoexcited ’LF state that is productive in
terms of CO dissociation. In the last five years, however, several
examples of diimine complexes bearing either 6- or m-donating
ancillary ligands active towards CO photo-substitution have been
described (Fig. 9).581 The group of Mascharak at UC Santa Cruz
has been particularly active in the field. In 2016, Carrington de-
scribed a water-containing Re(1) carbonyl complex derived from
2-(2-pyridyl)-benzothiazole capable of rapidly releasing CO un-
der low-power UV illumination.!5® The photoreaction is accom-
panied by a change in luminescence from orange to deep blue
for the solvated photoproduct. These two distinct luminescence
signals permitted to track the entry of the pro-drug complex into
cancer cells and to monitor the CO (drug) delivery step within the
target tissue. The same group introduced photoactive luminescent
rhenium carbonyl complexes of phenathroline with 6- or n-donors
ancillary ligands. These species are able to deliver CO and eradi-
cate either human breast adenocarcinoma cells, when administered
molecularly,®0] or human colorectal adenocarcinoma cells when
grafted on a biocompatible carboxymethyl chitosan matrix.[©1]
The effects, attributed to CO delivery, are dose-dependent.

6. Conclusions

Rhenium diimine tricarbonyl complexes continue to be the
focus of growing scientific interest because of their outstanding
photophysical and photochemical properties, which find applica-
tions in the fields of catalysis, energy storage and medicine. In this
short review, we have described the basic photophysical proper-
ties of the molecules that allow them to function as luminescent
probes, and how the same properties permit the photochemical
exploitation of the molecules in e.g. H, production, photocatalysts
in CO, reduction and ligand substitution. We highlighted the most
significant electronic transitions of these complexes, the orbitals
involved, and the contribution of each ligand in determining both
the luminescence features (e.g. lifetimes of emission, large Stokes
shifts and resistance to photobleaching), the cellular localisation
and the photo-reactivity of the molecules. The nature of the mono-
dentate ligand often dictates the reactivity and mechanism of these
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Fig. 9. Structures of photoreactive tricarbonyl rhenium complexes bear-
ing o- or - donating ancillary ligands.

photoactive compounds allowing room for further chemical re-
search. In particular we have discussed how in the photochemical
ligand substitution (PLS) reactions, trans-labilising effect of n—
acids is crucial for CO elimination under lower power incident
radiation. The PLS reaction is currently being investigated as an
alternative strategy for the preparation of new therapeutic agents
and it is poised to have a great impact in design of rhenium ‘pro-
drugs’. This reaction, with the high photooxidising properties of
the compounds, is anticipated to assist the realisation of new pho-
todynamic therapeutics.
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