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1,2,3-Triazol-5-ylidene- vs. 1,2,3-triazole-based tricarbonylrhenium()
complexes: influence of a mesoionic carbene ligand on the electronic and
biological properties

Three tricarbonylrhenium complexes incorporating a mesoionic carbene
ligand were synthesized and compared with their 1,2,3-triazole-based
analogues. This thorough study encompasses theoretical calculations,
crystallography, electrochemistry, spectroscopy and microbiology.

It appeared that one of the 1,2,3-triazole based complexes displayed
astounding photoluminescence efficiency and proved to be an excellent
candidate for applications linked to aggregation-induced emission (AIE),
while one of the triazolylidene-based complexes showed attractive
antibacterial activity. This study highlights the potential of these

new molecules for applications in the fields of photoluminescent and
therapeutic materials.
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The tricarbonylrhenium complexes that incorporate a mesoionic carbene ligand represent an emerging
and promising class of molecules, the solid-state optical properties of which have rarely been investi-
gated. The aim of this comprehensive study is to compare three of these complexes with their 1,2,3-tri-
azole-based analogues. The Hirshfeld surface analysis of the crystallographic data revealed that the tria-
zolylidene derivatives are more prone to n—=n interactions than their 1,2,3-triazole-based counterparts.
The FT-IR and electrochemical data indicated a stronger electron donor effect from the organic ligand to
the rhenium atom for triazolylidene derivatives, which was confirmed by DFT calculations. All compounds
were phosphorescent in solution, where the 1,2,3-triazole-based complexes showed unusually strong
dependence on dissolved oxygen. All compounds also emitted in the solid state, some of them exhibited
marked solid-state luminescence enhancement (SLE) effect. The 1,2,3-triazole based complex Re-Phe
even displayed astounding photoluminescence efficiency with quantum yield up to 0.69, and proved to
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photocatalysts.'*™*

They emit blue-green to red light in solu-
tion at room temperature’>>' and have been proposed as
efficient circularly polarized luminescence emitters.>*>*
According to Massi and co-workers, they exhibit a particular
photochemical reactivity'>'® and can be used as photoinitia-
tors of polymerization upon visible light.>> Regarding biologi-
cal applications, these complexes are precursors for radiophar-
maceuticals and diagnostic agents.>® They have been tested as
luminescent markers for aminoacids,”” imaging probes to
detect amyloid plaques of Alzheimer’s disease,®>° anticancer
drugs®®*! and antibacterial agents.?” In light of these inspiring
examples, this research field deserves to be more widely
explored, especially when it comes to tricarbonylrhenium()
complexes incorporating a 1,2,3-triazol-5-ylidene ligand, and
to their solid-state photoluminescence (PL) and biological
properties.

Recently, our group has investigated tricarbonylrhenium()
complexes with the aim to develop photoluminescent
materials, which are actively sought after for applications in
the fields of bioimaging, sensors, optoelectronic systems and
security devices.>**® The chloride ancillary ligand endows our
complexes with good photochemical stability. The bidentate
pyridyl-triazole (pyta) moiety, appended with an aromatic ring,
allows the luminescence behavior to be finely tuned. The pyta
moiety has excellent chelating ability and exists in various iso-
meric forms. It appeared that the complexes built with a 3-(2-
pyridyl)-1,2,4-triazole ligand, e.g the phenyl-substituted
complex Re-[1,2,4]-Phe, the benzoxazole-substituted complex
Re-[1,2,4]-BOP (Fig. 1) and their derivatives, display remarkable
solid-state emission properties with emission quantum yields
up to 0.59, rare solid-state luminescence enhancement
(SLE)**** and, for some of them, mechanoresponsive lumine-
scence (MRL).*>™** These properties seem to be promoted by a
large phenyl-pyta dihedral angle. In contrast, complex Re-BOP
that incorporates an almost planar organic ligand based on a
4-(2-pyridyl)-1,2,3-triazole moiety is only weakly emissive in the
solid state,®® and there is no information on how other
members of this series may behave. Consequently, it seemed
instructive to compare a series of original complexes based on
pyridyl-triazolylidene (pytrz), and more exactly pyridyl-1,2,3-
triazol-5-ylidene, with their poorly-known pyridyl-1,2,3-triazole
counterparts, in order to move forwards two steps at once.
Variations of the electron-donating capacity of the ligand
should impact the electronic properties in solution and bio-
logical properties. Changes of the molecular shape and inter-
molecular arrangement should strongly affect the solid-state
PL properties.*® To this end, triazolylidene-based complexes
Re-T-BOP and Re-T-Phe were synthesized, as well as complex
Re-T-Tol that allows studying the influence of the methyl
group in the ortho position of the phenyl ring. In fact, tiny
modifications of the organic ligand are enough to change dras-
tically the PL properties of the complexes.** The triazole-based
complexes Re-Phe and Re-Tol were prepared for the sake of
comparison, in addition to the data already available about Re-
BOP.*° The electronic properties of the new complexes were
studied both experimentally and theoretically. Their compari-

This journal is © The Royal Society of Chemistry 2024
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Pyridyl-triazole-based complexes
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Pyridyl-triazolylidene-based complexes

Re-T-Phe (R = H)
Re-T-Tol (R = CH,)

Fig.1 Chemical structures of the pyridyl-triazole-based complexes
(Re-[1,2,4]-BOP and Re-BOP,** Re-[1,2,4]-Phe,*? Re-Phe and Re-Tol),
and pyridyl-triazolylidene-based complexes (Re-T-BOP, Re-T-Phe and
Re-T-Tol). The new complexes synthesized for the present work are
underlined.

son brings out unexpected information about the factors that
govern the PL properties and highlights the exceptional poten-
tial of one of the molecules. To the best of our knowledge, the
present study is the first one that considers the influence of
mesoionic carbene ligands on the solid-state photo-
luminescence properties of rhenium(i) complexes.
Additionally, some rhenium(1) complexes have been recently
reported to be efficient antibacterial agents,*®*” a capability
currently in great demand to address the growing danger
raised by antibiotic-resistant bacteria.”® This prompted us to
evaluate the antibacterial properties of our complexes, and one
triazolylidene-based complex appeared as a promising
candidate.

Results and discussion
Synthesis and characterization

The 2-pyridyl-1,2,3-triazole ligands were obtained via conden-
sation of an azide derivative with 2-ethynylpyridine via a
copper(1) catalyzed alkyne-azide cycloaddition using classical
click reaction conditions. Specifically, 2-(1-phenyl-1H-1,2,3-

Dalton Trans., 2024, 53,11276-11294 | 11277
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triazol-4-yl)pyridine L-Phe was prepared following a described
one-pot procedure, in which azidobenzene was generated
in situ from iodobenzene.*® The o-tolyl derivative L-Tol was
obtained in 77.5% yield starting from commercially available
azido-2-methylbenzene. The benzoxazole derivative L-BOP was
prepared as previously described.’® Subsequent reaction of the
ligands L-Phe, L-PBO and L-Tol in refluxing methanol in the
presence of [Re(CO)sCl] afforded respectively the previously
described tricarbonylrhenium complexes Re-Phe’® and Re-
BOP,*° as well as the new complex Re-Tol in 86% yield
(Scheme 1).

Concerning the methylated triazolylidene precursors, the
triazolium salt L-T-Phe was selectively synthesized from L-Phe
with good efficiency, using a 3-step described procedure that
involves the protection of the pyridine nitrogen as an N-oxide,
followed by a methylation using Meerwein’s salt, and sub-
sequent N-O bond cleavage in the presence of Mo(CO)s.>"
Following a similar procedure, the triazolium salt L-T-Tol was
obtained from L-Tol in 82.2% yield. However, this protocol
failed when applied to the phenylbenzoxazole pyridyl-1,2,3-tri-
azole ligand L-T-BOP, as the methylation step only afforded an
unusable mixture of compounds. Thus, direct methylation of
the ligand in the presence of methyl trifluoromethane sulfo-
nate (MeOTf) was performed, leading to a mixture of the
expected product L-T-BOP in 25% yield, along with the unde-
sired product N-MP-BOP resulting from the methylation of the
pyridine nitrogen, which occurred in 43% yield (Scheme 2).
The syntheses of the tricarbonylrhenium complexes from the
triazolium salts” were finally accomplished in the presence of
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= 7 "N _— = z !\j
/
= N*N
N=N g / R
R=H L-Phe (60%) R=H L-T-Phe (70.3%)
R = CHj L-Tol (77.5%) R = CH, L-T-Tol (82.2%)
(©) l (d)
)
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W, | .co
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l cl

R=H Re-Phe (93.4%)
R = CH; Re-Tol (86%)

R=H Re-T-Phe (76%)
R = CH; Re-T-Tol (65.9%)

Scheme 1 Synthesis of tricarbonylrhenium() complexes Re-Phe, Re-
Tol, Re-T-Phe and Re-T-Tol. Conditions and reagents: (a) R = Me:
CuSO4-5H,0, Na ascorbate, THF/H,O; (b) (i) m-chloro-perbenzoic acid
(m-CPBA), CHCls, reflux, 30 min; (i) MezsOBF,4, CH,Cl,, RT, 4 days; (iii)
Mo(CO)e, EtOH, reflux, 1 h; (c) [Re(CO)sCll, MeOH, 65 °C, 16 h; (d) [Re
(CO)sClI, excess of NEts, toluene, 110 °C, 2.5 days.
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Scheme 2 Synthesis of tricarbonylrhenium() complexes Re-BOP and
Re-T-BOP. Conditions and reagents: (a) [Re(CO)sCl], MeOH, 65 °C, 16 h;
(b) reflux, MeOTf, CHCl,, 16 h; (c) [Re(CO)sCl], NEts toluene, 110 °C, 2
days.

an excess of NEt; in refluxing toluene for more than two days,
leading to Re-T-Phe, Re-T-Tol and Re-T-BOP in good yields
(76%, 65.9% and 69%, respectively).

The new compounds were characterized by 'H and '*C
NMR spectroscopy (Fig. S1-8f), mass spectrometry
(Fig. S9-12%), single crystal X-ray diffraction analysis
(vide infra) and FT-IR spectroscopy (Table S1 and Fig. S13,
147). It is noteworthy that the IR stretching bands of all com-
plexes were split when using the attenuated total reflectance
(ATR) technique on microcrystalline powders, which is not the
case in solution. This effect, already noticed by us for closely
related complexes, attributed to crystallinity.*"*?
According to Sarkar’s group, the average of the vc—o values
measured in solution accurately reflects the electron density
on the metal center.” In the present case, these values were
found to be very close for the compounds of the same series,
showing the weak effect of substitution. In contrast, they were
significantly lower for the triazolylidene-based complexes
(Vc—o ~ 1939 cm™) than for their triazole-based counterparts
(Vc—o ~ 1951 ecm™"), indicating that the introduction of the
mesoionic carbene leads to an increase in the overall donor
capacity of the organic ligand, in good agreement with the lit-
erature.” The purity of the complexes was checked by elemen-
tal analysis.

was

This journal is © The Royal Society of Chemistry 2024
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Crystal structures

X-Ray-quality crystals of Re-Phe, Re-T-Phe, Re-Tol and Re-T-Tol
were grown from CH;CN, CH;Cl/pentane, CH,Cl, and CH,Cl,/
CH;CN, respectively. Selected crystallographic data are col-
lected in Tables S2-4.7

The coordination sphere of all complexes exhibits a quasi-
octahedral geometry, as confirmed by the calculation of the
distortion parameters (Table S5%). In every case, the rhenium
atom is coordinated to three carbonyl groups in a fac configur-
ation, one chlorine atom and the nitrogen atom of the pyridyl
ring. It is also coordinated to the triazolylidene C(4) atom for
the Re-T-Phe and Re-T-Tol complexes, and to one of the tri-
azole nitrogen atoms for Re-Phe and Re-Tol. Distances and
angles of the coordination sphere are quite close for the
various compounds, and the pyridyl-triazolylidene and pyridyl-
triazole moieties are almost planar. In contrast, significant
differences appear when considering the molecular geometry.
The most striking indicator is probably the dihedral angle a
between the phenyl ring and the triazolylidene or triazole
moiety. For instance, Re-T-Phe is a moderately twisted struc-
ture, whose a value is 42.8°. The a angle widens till 78.6° for
Re-T-Tol due to steric hindrance of the methyl group borne by
the phenyl with the triazolylidene ring, on the one hand, and
the carbonyl ligand, on the other hand (Fig. 2). Triazole-based
complexes, where the phenyl ring is far from the coordination
sphere, are comparatively less twisted. Complex Re-Phe exhi-
bits an angle of 34.6°, which increases to 54.2° for Re-Tol. It is
instructive to compare the effect of the benzoxazole substitu-
ent. The X-ray structure of Re-T-BOP could not be obtained,
but DFT calculations (vide infra) indicated that the angle in di-

Cc17
c8 c7 2

Y N
e /CGI {ON N2 c12
0 N& Sﬂ

c /04

5 C13

P \Q 420" \
Y c2(2N c16 S i
.
o1 [ ci5
02
cn Re-T-Phe
c18
&Do1 \
I cs
c13
c1 Qe
co S8 Y cs E_Ng‘ N poogtM
A= ET o 2O \
Cl0@— PN -\.‘/fﬁ-@'az S
NG s Sif) N1 =
o y:‘N /04 \ s /C15
‘ No 86\
AT IRy P
¢ \ Cc3 02¢ C16
03
ci Re-T-Tol

View Article Online

Paper

chloromethane (DCM) solution should be around 55°
(Fig. S31%). In contrast, in the triazole-based series, the pres-
ence of benzoxazole leads to planarization of the whole elec-
tron conjugated system for Re-BOP (a = 9°).>° Some substitu-
ents therefore play a very different role on the molecular geo-
metry in both series.

For all complexes, two enantiomers, which differ by the
position of the organic ligand with respect to the chlorine
atom, coexist in the crystal cell in identical proportions. The
intermolecular arrangement varies from one complex to
another (Fig. 3), as described in detail in the ESI (Tables S6-8
and Fig. S15-257). Briefly, the molecules of the triazolylidene
derivatives are displayed in two separate planes, at an angle of
~40° for Re-T-Phe, and close to perpendicular for Re-T-Tol.
The crystal structures are stabilized by C-H---O and C-H::-Cl
interactions (Table S6t). Specifically, intermolecular hydrogen
bonds between the CH group of the phenyl ring and the
oxygen atom of the equatorial carbonyl group induce the
neighboring molecules of Re-T-Phe to assemble into an infi-
nite one-dimensional chain, which expands along the ¢ axis
(Fig. S15%). For Re-T-Tol, the same type of chain results from
interactions between the CH group of the pyridine ring and
the chloride ligand of an adjacent molecule (Fig. S177).
Additionally, for both compounds, the packing arrangement
promotes intermolecular C-H:--n and n—x stacking interactions
(Tables S7 and 87), because the phenyl group of one molecule
partly overlaps the pyridyl ring of a neighboring one (Cp-Cp <
3.68 A) (Fig. 3, S16 and $187).

Considering the triazole-based complexes Re-Phe and Re-
Tol, the pyta moieties are situated on rather close planes, with
their long axis oriented along four distinct directions. The

e cr2 S
e " Yca

C15

it Re-Phe

o1

cn Re-Tol

Fig. 2 Asymmetric units of complexes Re-T-Phe, Re-T-Tol, Re-Phe and Re-Tol, with the dihedral angle « indicated in blue ink. Hydrogen atoms are
not represented for the sake of clarity. Displacement ellipsoids are drawn at 30% probability.
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Fig. 3 Crystal cells of Re-T-Phe, Re-T-Tol, Re-Phe and Re-Tol. The distances between centroids are indicated in green ink.

neighboring molecules of Re-Tol interact with each other via
C-H---Cl hydrogen bonds between the triazole and pyridine
rings, and form a one-dimensional infinite chain along the ¢
axis (Fig. S22t). Numerous C-H--O contacts induce the for-
mation of a two-dimensional network in the ab plane
(Fig. S23%). Re-Tol is further stabilized by =n---n interactions
between the pyridyl ring of one molecule and the triazole ring
of a neighboring one (Cp-Cp = 3.78 A) (Fig. 5247). Regarding
Re-Phe, intermolecular C-H---O hydrogen bonds between one
hydrogen atom of the pyridyl ring and one carbonyl oxygen
atom connect the neighboring molecules, which form a one-
dimensional infinite zig-zag chain along the b axis (Fig. S197).
The presence of three basic nitrogen atoms within a five-mem-
bered 1,2,3-triazole ring makes the C-H bond highly acidic,
strongly enhancing its involvement in hydrogen bonding with
chloride acceptors. The bifurcated hydrogen bond between the
chloride ligand, on the one hand, and the C-H groups of the
1,2,3-triazole ring and pyridine ring of neighboring molecules,
on the other hand, contributes to the formation of a two-
dimensional network in the ac plane (Fig. S207). Crystals of
Re-Phe are further stabilized by C-H---x interactions (Fig. S21
and Table S7t), but they differ from those of the other ana-
logues by the total absence of =---n interactions.

The Hirshfeld surface (HS) analysis®® was performed to
visualize and quantify the intermolecular interactions in the
crystal lattice of the four complexes. In the example given in
Fig. 4a, HS were mapped over dorm for Re-Phe and Re-T-Phe.
The red spots mainly correspond to C-H---O and C-H---Cl
short interatomic contacts. The white zones refer to inter-
molecular distances close to the sum of the van der Waals
radii of the atoms considered; they indicate H---H interactions.
The blue areas illustrate the domains where neighboring
atoms are too far away to interact with each other. The com-
parison of the four molecules shows that the distribution of
short contacts is indeed different, but the number and type of
H-mediated interactions remain relatively close (Fig. S267). In
contrast, the overall molecular shape is very different. Re-Phe
is the most angular molecule and the least able to offer flat
surfaces where n-n stacking can take place. The shape index of

1280 | Dalton Trans., 2024, 53, 1276-11294
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Re-T-Phe

[ Re-Phe
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[ IRe-T-Phe
[ |Re-T-Tol M

N w
=] o
T

Interaction contributions (%)
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Type of interactions

-H CI-H

Fig. 4 View of the Hirshfeld surface of Re-Phe and Re-T-Phe plotted
over dnorm (@) and shape index (b). The adjacent red and blue triangles
that reveal n---n stacking interactions are highlighted by black circles. (c)
Percentage contributions of various interactions to the Hirshfeld surface
for the four complexes.

the Hirshfeld surface (Fig. 4b) is a tool to visualize n-=n stacking
interactions by the presence of adjacent red and blue triangles.
Blue triangles represent the convex region, which is formed
due to the carbon atoms present in the molecule inside the
surface, while red triangles represent concave regions due to
the carbon atoms of the n-stacked molecule above it. Such
adjacent triangles were not observed for Re-Phe, which con-
firms the absence of n-m stacking interactions, while this

This journal is © The Royal Society of Chemistry 2024
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pattern can be found at least twice for the other complexes.
The relative contributions of the various interactions to the
total HS are shown in the 2D fingerprint plots given in
Fig. S27-30.7 The reciprocal C-O---H/H---O-C interactions give
two sharp symmetrical spikes, with a contribution to the HS
reaching 27.8% (for Re-T-Phe). The C---H/H---C interactions,
which correspond to C-H::-n interactions, appear as two sym-
metrical broad wings and contribute up to 23.4% (for Re-Phe).
The H---H interactions appear in the middle of the scattered
points, with an overall contribution varying between 15.1%
and 23.5% (for Re-Phe and Re-T-Tol, respectively). The C-
H---Cl interactions also generate two sharp spikes, and they
contribute for ~10%. Other interactions (N---H, C---N, C---O,
0O---0, C---C) have minor contributions. For the sake of com-
parison, the relative contributions of the various interactions
to the HS are collected in Fig. 4c. Globally, triazole-based com-
plexes show slightly more C-.--H interactions, and less C-H::-Cl
and O---H interactions, than their triazolylidene-based
counterparts.  Noticeably, m---m  stacking interactions
(C---C/C---C) are only 2.5% for Re-Phe, and between 4.2% and
5.8% for the other three complexes.

Electronic properties

Computational studies were made using the time-dependent
density functional theory (TD-DFT) method considering the
complexes in vacuum and in dichloromethane continuum
(Tables S9-30 and Fig. S31-417). Only the latter ones will be
commented. The tolyl derivatives Re-T-Tol and Re-Tol were
considered assuming that their properties are very close to
those of the unsubstituted analogues. Complex Re-T-BOP was
also studied to understand the influence of the BOP fragment;
the results were compared to those previously acquired for Re-
BOP.*° For the three new complexes, the calculated bond
lengths and angles were in excellent agreement with the
experimental data (Tables S9-11%). It is also the case for the
FT-IR spectra (Fig. S41f). Regarding the composition of the
frontier molecular orbitals (Tables S13-18, S25 and Fig. 5,
S32-38t), the three highest occupied molecular orbitals
(HOMO, HOMO-1 and HOMO-2) are localized on the
rhenium atom and carbonyl ligands, and on the chlorine atom
for the first two, as is commonly the case for tricarbonylrhe-
nium(r) complexes. For Re-T-Tol and Re-Tol, the LUMO, L+1
and L+2 are centered on the pyta and pytrz moieties, respect-
ively. Some differences appear for lower and higher orbitals.
For example, if considering the orbitals centered on the
organic ligand, the H-4 and H-5 orbitals of Re-T-Tol are con-
centrated on the phenyl ring, while electrons are more evenly
distributed between the pyta moiety and the phenyl ring for
the H-3, H—4 and H-5 orbitals of Re-Tol. Regarding Re-
T-BOP, an important contribution of the PBO moiety is
noticed for orbitals H-2, H-5 and H—6, as well as for L+1 and
L+5 (H-2, H-4 and H-5, as well as L+1, L+2, L+3 and L+5 for
Re-BOP*°).

For all compounds, the lowest energy transitions corres-
pond to a shift of the electronic density from the coordination
sphere to the organic ligand (Tables S19-24 and S26%). They
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are therefore of metal-to-ligand charge transfer (MLCT),
halogen-to-ligand charge transfer (XLCT) and ligand-to-ligand
charge transfer (LLCT) type. At low energy, the significantly-
active transitions are H—1 — LUMO, expected at 366.2, 344.5,
364.8 and 347.4 nm for Re-T-Tol, Re-Tol, Re-T-BOP and Re-
BOP, respectively. Higher-energy transitions are of various
natures. Re-T-Tol is characterized by a strong MLCT transition
around 244.9 nm, while Re-Tol exhibits a strong ILCT band
around 236.7 nm. The transitions with the highest oscillator
factor have intraligand charge transfer (ILCT) character for Re-
T-BOP and Re-BOP.

Calculations allow to highlight differences in the electronic
system of the two series of complexes in the ground state. For
instance, according to the natural population analysis (NPA)
(Table S297) that indicates the charge transferred between the
donor and acceptor moieties, the charge on the rhenium
atoms is ~—1.0 (e) in complexes Re-Tol and Re-BOP, vs. ~—1.2
(e) in complexes Re-T-Tol and Re-T-BOP. The pyridyl nitrogen
atom donates as much as 0.40 (e) to the Re atom in the first
series of complexes, and 0.38 (e) in the second series. In tri-
azole-based complexes, the triazole nitrogen atom also
donates ~0.19 (e), while the C(4) atom of the triazolylidene-
based complexes is enriched with a charge of ~0.12 (e).
Consequently, there is better electron density delocalization
from the organic ligand to the metal center for triazolylidene-
based complexes. In every complex, the positively-charged
carbon atom of the carbonyl ligands is found to accept as
much as ~0.76 (e) from the Re atom, while the chlorine atom
Cl(1) gives it ~0.47 (e).

The HOMO-LUMO gap, which reflects the chemical reactiv-
ity or stability of the molecules, was smaller for the triazolyli-
dene-based complexes than for their triazole-based counterparts
(~4.12 eV for Re-T-Tol and Re-T-BOP vs. 4.43 eV for Re-Tol and
4.38 eV for Re-BOP **) due to the increase of the HOMO energy
level in the first case. The examination of the frontier molecular
orbital descriptors (Table S30%), i.e. ionization potential, elec-
tron affinity, hardness, electronegativity, chemical potential,
softness and electrophilicity index, allows to conclude that the
triazolylidene-based complexes Re-T-Tol and Re-T-BOP are less
kinetically stable and more chemically reactive than their tri-
azole-based counterparts Re-Tol and Re-BOP.

Electrochemical properties

The electrochemical behavior of the new complexes Re-Tol, Re-
T-Tol and Re-T-BOP was studied by cyclic voltammetry (CV)
and Osteryoung square wave voltammetry (OSWV) measure-
ments in DCM at room temperature. The results are summar-
ized in Tables 1 and S31,f and Fig. 6, and selected curves are
given in Fig. S42-50.7 The new compound Re-Tol exhibited
electrochemical characteristics close to those of Re-BOP.*°
Thus, the first one-electronic oxidation process at 1.48 V was
mainly assigned to the Re() oxidation, while the first reduction
process around —1.60 V was ligand centered on the pyta
moiety. These data also indicate that the pyridyl-1,2,3-triazole
ligand is not very sensitive to the nature of its phenyl substitu-
ent. However, it is noteworthy that the first reduction process
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Fig. 5 lIsodensity plots (isovalue = 0.03 e bohr~®) and energy levels of the first frontier molecular orbitals, for complexes Re-T-Tol, Re-Tol and Re-
T-BOP in DCM, according to DFT calculations at the PBEIPBE/LANL2DZ level of theory.

presented more reversibility at high scan rate for the Re-Tol
compound than for Re-BOP (see below).

The two new triazolylidene-based complexes Re-T-Tol and
Re-T-BOP displayed distinct electrochemical properties.
Indeed, in CV at 0.2 V s™', two irreversible processes were
detected at around 1.26 V in oxidation, and —1.52 V in
reduction. These potential values clearly differed from those
observed for our previously studied pyridyl-1,2,3-triazole- and
pyridyl-1,2,4-triazole-based Re complexes.***"** The first one-
electron oxidation process occurred now at lower anodic poten-
tial (around —200 mV) when compared with those of their

1282 | Dalton Trans., 2024, 53, 11276-11294

pyridyl-1,2,3-triazole-based counterparts. This is due to the
increased electron density on the rhenium center, which is
supported by theoretical calculations. These results also
suggest that the triazolylidene ligands are likely better electron
donors than the corresponding pyridyl-1,2,3-triazole ligands.
The Re-T-BOP complex also presented a second reduction
process around —1.9 V that was attributed to the reduction of
the PBO moiety, thus confirming that the latter is not involved
in the complexation process.*”

Regarding now the literature data, the value of the first oxi-
dation potential of the Re-T-Tol and Re-T-BOP complexes was

This journal is © The Royal Society of Chemistry 2024
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Table 1 Selected electrochemical data of complexes Re-Tol, Re-BOP,
Re-T-Tol, and Re-T-BOP, [10~3 M]. Values determined by OSWV on a Pt

working electrode in CHCl, + 0.1 M [nBuyN][BF,] at room
temperature.?”” Ferrocene was used as internal reference

Oxidation Reduction

E, Ey Ey E,
Re-Tol 1.88 1.48 -1.63° —
Re-BOP® 1.79 1.48 —1.60 -1.89
Re-T-Tol” 1.59 1.26 -1.547 —
Re-T-BOP 1.62 1.27 -1.51% -1.85

“ OSWVs were obtained using a sweep width of 20 mV, a frequency of
20 Hz, and a step potential of 5 mV. ” Potential values in volts vs. SCE
((ti+/Fc is observed at 0.55 V + 0.01 V vs. SCE). “Data from ref. 39.

Other oxidation processes at 1.69, 1.78, and 1.90 V.  More reversible
process at 50 V s* (Fig. S441). /More reversible process at 5 V s~

(Fig. S46 and S471).  More reversible process at 10 V s™* (Fig. S501).

Current (pA)
o P

I
o
.

-0'.5 ojo of5 1.0 1.5
Potential (V vs. SCE)

Fig. 6 Cyclic voltammograms of the first oxidation and reduction pro-
cesses of complexes Re-Tol (red dotted line), Re-T-Tol (red line), and
Re-T-BOP (green line) on a Pt working electrode in CH,Cl, + 0.1 M
[nBu4NIIBF,] at room temperature and at a scan rate of 0.2 V s™* toward
cathodic potentials.

close to that of the mesoionic carbene complexes synthesized
by Suntrup et al.: 0.74-0.78 V range vs. FcH'/FcH.® This value
is not very sensitive to the nature of the R group grafted on the
triazole ring, and the comparison with 1,2,3-triazole-based
complexes shows that it correlates well with the overall donor
strength of the corresponding organic ligands. The first
reduction potential can be used as an approximation to gauge
the m-acceptor capacity of our ligands, the triazolylidene ligand
being a better & acceptor than the 1,2,3-triazole ligand.” The
first reduction potentials of the rhenium complexes reported
in Table 1 maintain the same = acceptor character than their
respective ligands.

The experimental data of Table 1 were also in good agree-
ment with the TD-DFT calculations. In particular, the latter
predict that (i) for Re-Tol and Re-BOP, the HOMO are Re-cen-
tered and very close in energy; (ii) for Re-T-Tol and Re-T-BOP,
the (Re centered) HOMO and (triazolylidene-centered) LUMO
present respectively the same energy level; (iii) the calculated

This journal is © The Royal Society of Chemistry 2024
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HOMO-LUMO energy gap value E.,. for the first series of com-
pounds is superior to that of the second one (around 0.3 eV)
as observed experimentally.

Considering further the Re-BOP and Re-T-BOP complexes, a
different electrochemical behavior regarding the first
reduction process was noted in CV when increasing the scan
rate. This one became more reversible only for Re-T-BOP. This
property is probably related to the different nature of the two
compounds. Indeed, for Re-BOP, the LUMO and LUMO+1
energy levels only differ by 0.07 eV. Consequently, the first
reduction potential detected at —1.60 V may originate from the
contribution of both the LUMO and LUMO+1 energy levels
involving respectively the n*(pyta) and n*(pyta) + =*(PBO) orbi-
tals. In contrast, for Re-T-BOP, the energy difference between
these levels is greater (0.28 eV) and allows an easier electro-
chemical assignment of this reduction process exclusively
resulting from its n*(pytrz) orbital. This is reminiscent of the
electrochemical first reduction behavior of Re-[1,2,4]-BOP,
which presents a LUMO-LUMO+1 energy difference of 0.4 eV
and a LUMO of exclusively n*( pyta) nature.*® In the latter case,
the first reduction process becomes quasi-reversible at 1 vV s™".
Concerning the Re-Tol and Re-T-Tol complexes, the LUMO-
LUMO+1 energy difference is at least of 0.6 eV, and their

404 @
Re-T-Phe

35 1 Re-T-Tol
:.E‘ 30 1 Re-T-BOP
o 25 —===-Re-Phe
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=) 15 1
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Fig. 7 UV-vis absorption spectra (a) and normalized emission spectra
(b) of complexes Re-T-Phe (blue solid line), Re-T-Tol (red solid line), Re-
T-BOP (green solid line), Re-Phe (blue dotted line), Re-Tol (red dotted
line) and Re-BOP (green dotted line) in undegassed DCM.
Concentrations ~3.3 x 10™> M for absorption, 1.2 x 10~> M for emission.
Excitation in the low-energy absorption band.
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LUMO is respectively of pure n*(pyta) or n*(pytrz) nature,
suggesting that some reversibility can occur at high scan rate
in CV for each compound, which is actually observed.

Finally, the values of the electrochemical HOMO-LUMO
gap (Egl) found for Re-Tol and the triazolylidene-based com-
plexes, i.e. 3.0 and 2.7 eV, respectively, also fit very well with
the calculated E.,c gap values 3.0 and 2.8 eV, highlighting
good correlations with the theoretical study (Table S317).

UV-visible absorption and emission properties

Whatever the complex, no photochemical instability that could
interfere with the measurements was detected during the spec-
troscopic study. The dilute DCM solutions of all complexes
were almost colorless in daylight. The absorption spectra were
in very good agreement with the calculated ones (Fig. S417).
All of them (Fig. 7a and Table 2) showed an intense high-
energy band, attributed to a combination of ILCT and MLCT
transitions, as well as a low-energy band of moderate intensity
with MLCT character, almost not visible for Re-BOP. The
absorption maxima of the triazolylidene-based complexes were
slightly red-shifted with respect to triazole-based complexes.
The absorptivity values of the high-energy band were markedly
increased for both BOP derivatives, due to the extention of the
conjugated electron system.

Regarding the emission properties in DCM solutions, the
complexes can clearly be divided into two groups. When illu-
minated by UV light (365 nm), the triazolylidene-based com-
plexes emitted very weak orange-red light, while triazole-based
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complexes emitted green light. All emission spectra showed a
single unresolved band, peaking between around 616 nm for
triazolylidene complexes and 546 nm for triazole-based com-
plexes. For Re-T-Tol, Re-T-BOP and Re-Tol, the experimental
emission maxima were close to those calculated by DFT and
TD-DFT (Table S277). Since calculations consider the involve-
ment of the lowest *MLCT state, the comparison of the experi-
mental and theoretical values confirms that emission is
indeed phosphorescence in every case. For triazolylidene-
based complexes in aerated solutions, the quantum yields
were quite low, around 1 x 1072 The emission decays
(Fig. S511) were monoexponential for Re-T-Phe and Re-T-Tol,
with lifetimes below 50 nanoseconds. For Re-T-BOP, a second
lifetime at 217 ns with contribution around 29% could arise
from the presence of conformers in solution. For the triazole-
based complexes, the quantum yields were 1.5 fold higher,
and the lifetimes were longer, between 145 and 192 ns, than
for their triazolylidene-based analogues. Considering the
whole set of compounds, the radiative rate constants were
slightly higher, and the non-radiative rate constants were
markedly higher for triazolylidene-based complexes. This
suggests that these complexes are intrinsically a little more
emissive than their triazole-based counterparts, but this trend
is compensated by the promotion of thermal de-excitation
pathways , as can be expected from the energy gap law.>*

It is striking to see that the three triazolylidene derivatives,
on the one hand, and the three 1,2,3-triazole derivatives, on
the other hand, show great similarity in their emission pro-

Table 2 Spectroscopic data of all complexes in DCM. Maximum absorption wavelength (1,,s), molar extinction coefficient (¢), maximum wavelength
of emission (1em), emission quantum yield (#), lifetime (z) with relative amplitude (f) and chi square (%) values, mean lifetime ((z)), radiative (k,) and
non-radiative (kn,) deactivation constants. Concentrations: ~8 x 10~ M for absorption, ~1.0 x 10~ M to 3.5 x 10~> M for emission. Emission charac-
teristics in the solid state (pristine powders): Photoluminescence maximum wavelength (1p ), emission quantum yield (®p|), lifetime (zp) and mean

lifetime (zp.)

DCM solutions Powders®
Aabs . ) Aem T (ns), . ) ApL TpL (ns)7b (TpL)
Compound (nm) &¢(M ‘em™) (nm) &p () ] (r)(ns) ke (s7) kne (s77) (nm)  @p,  (f), [¥] (ns)
Re-T-Phe 240 20700 616 9.7x107° 47 47 2.06 x10°  2.10x 10’ 537 0.16 64 (0.03) 692
288 13700 [1.70] 711 (0.96)
354 4400 [1.07]
Re-T-Tol 240 16700 618  1.1x107> 48 48 2.29%x10°  2.06x10° 567  0.12 57 (0.04) 543
290 14300 [1.19] 570 (0.95)
354 4100 [1.39]
Re-T-BOP 238 21200 616  1.2x107> 37(0.71) 89 1.35x10° 1.11x107 560  0.04  73(0.11) 426
302 39200 217 (0.29) 475 (0.88)
360 5300 [1.32] [1.18]
Re-Phe 242 20600 546  1.7x107% 154 154 1.10x10° 6.38x10° 510  0.69  32(<0.01) 1154
278 18300 [1.08] 1164 (0.99)
340 4400 [1.28]
Re-Tol 240 19100 546  1.6x107% 145 145 1.10x10°  6.79x10° 528  0.07 107 (0.14) 789
276 14800 [1.34] 921 (0.84)
344 3400 [1.53]
Re-BOP* 309 34100 546  1.5x107>  4.79(0.04) 192 7.81x10* 513x10° 5207 0.016 41.4(0.01) 410
192 (0.96) 414 (0.99)
[1.16]

“ Pristine powders, except for Re-Tol (ground powder). ” Decays are triexponential, the full data are given in the ESI (Fig. $52t). “When not speci-

fied, data are from ref. 39. ¢ This work.
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perties in solution. This is explained by the fact that, within
the same series of compounds, the first excited triplet state is
almost the same for each derivative because the electron
density is centered on the rhenium coordination sphere and
does not involve the organic substituents borne by the pytrz or
pyta moiety (Fig. S397).

The effect of dissolved oxygen on the emission efficiency
was investigated. Bubbling the complex solutions with argon
for 4 min multiplies the emission intensity by 1.6, 2.9 and 1.3
for Re-T-Phe, Re-T-Tol and Re-T-BOP, respectively, like for the
previously studied 1,2,4-triazole-based complexes. The short
emission lifetimes of triazolylidene derivatives may explain the
low sensitivity to oxygen quenching. In contrast, the emission
was dramatically enhanced by 8.3, 12.1 and 13.4 for Re-Phe,
Re-Tol and Re-BOP in the same conditions, so that the
quantum yield changes by one order of magnitude. The longer
lifetimes are one of the factors contributing to this effect,
making the 1,2,3-triazole derivatives the most oxygen-sensitive
compounds among all rhenium(1) complexes examined to date
in the group.

All compounds were emissive in the solid state. Unlike solu-
tions, where the spectra were identical by class of compounds,
dramatic differences appeared between all compounds. The PL
spectra covered a large range of wavelengths (Fig. 8a), with very
different intensities (Fig. 8b). The microcrystalline pristine
powders of the triazolylidene-based complexes emitted yellow
to orange-yellow light, with moderate to low quantum yields
(between 0.16 for Re-T-Phe to 0.04 for Re-T-BOP) (Table 2).
Triazole-based complexes emitted green light. The emission of
Re-Phe was exceptionally strong, with quantum yield around
0.69. These superior solid-state PL properties can be explained
jointly by the absence of n—x staking in the crystal network and
by the prevention of quenching by dissolved oxygen, to which
the compound is very sensitive when in solution. Again, the
BOP derivative was the weakest luminophore of the series.
Curiously, pristine Re-T-Tol was virtually not emissive, but
emission was induced by grinding the powder with a pestle in
a mortar, which generally leads to partial amorphization of the
sample, suggesting that the crystal packing mode is detrimen-
tal to light emission. The influence of mechanical stimulus
was investigated by grinding the pristine powders of the other
five complexes, but no significant differences were observed,
ruling out any mechanoresponsive luminescence behavior for
these compounds.

All decays were found to be multiexponential (Fig. S527).
The preponderant contribution was associated to lifetimes
between 414 and 1164 ns. Minor contributions with lifetimes
of many tens of nanoseconds can be attributed to molecules
experiencing a different environment. Very weak contributions
associated to lifetimes in the nanosecond range are probably
due to fluorescent impurities. The mean lifetimes were much
longer than for the corresponding complexes in solution, as
currently observed in the team for Re(1) complexes in the solid-
state.

It was interesting to see if our molecules can be used as
AIE-gens in aqueous medium, knowing that the formation of

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 (a) Normalized emission spectra of complexes Re-T-Phe (blue
solid line), Re-T-Tol (red solid line), Re-T-BOP (green solid line), Re-Phe
(blue dotted line), Re-Tol (red dotted line) and Re-BOP (green dotted
line) in the solid state (pristine microcrystalline powders, except for Re-
Tol (ground powder)). (b) Same spectra with intensity at the maximum
emission wavelength proportional to the quantum yield. iex = 370 nm.
(c) Images of the powders examined in daylight (Vis) and illuminated at
365 nm (UV).

aggregates in this medium is not always compatible with good
light emission. The AIE behavior was investigated using Re-
T-Phe and Re-Phe that exhibit the best solid-sate emission pro-
perties in their respective series of complexes. The complexes
were dissolved in acetonitrile, where they are very stable chemi-
cally and photochemically (no change in the UV-vis spectra
was detected for 3 h upon irradiation with a 385 nm emitting
diode). By increasing the water proportion in acetonitrile solu-
tions of Re-T-Phe, the weak orange-red emission centered at
612 nm progressively became a strong green-yellow emission
with maximum at 536 nm, and then the emission intensity
decreased again (Fig. 9a and b). Under the same conditions,
the green-yellow emission of Re-Phe at 544 nm was shifted to
508 nm with dramatic increase of intensity for water content
(fw) above 70% (Fig. 9c and d). The intensity of the PL signal
at the maximum wavelength of the most intense band was
multiplied by 33 and 72, respectively. It is noteworthy that
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Fig. 9 Samples of Re-T-Phe (a) and Re-Phe (c) at 3.3 x 10~ M in acetonitrile solutions containing from 0 to 95% water (from left to right), illumi-
nated at 365 nm. (b) and (d) Corresponding emission spectra, lex = 350 nm and 340 nm, respectively. Suspensions of Re-T-Phe (e) and Re-Phe (f)
with f,, = 80% observed under the fluorescence microscope. (g) Comparison of the PL intensity increase at 536 nm (Re-T-Phe) and 508 nm (Re-Phe)
as a function of the water/acetonitrile ratio f,,, after normalization with respect to emission quantum yield in acetonitrile solutions. All samples were

observed 3 h after preparation.

these emission maxima are similar to those of the solid com-
pounds. In fact, these changes
accompanied by the appearance of small particles. The exam-

spectroscopic were
ination under the fluorescence microscope showed for Re-
T-Phe the presence of rare, strongly-emissive rod-like micro-
crystals, which were about 200-150 pm x 5 pm (Fig. 9e).
Suspensions of Re-Phe contained a large number of particles
visible to the naked eye, which turned out to be agglomerates
of very thin microfibers measuring 10-20 pm long (Fig. 9f).
The AIE effect was therefore clear in both cases, but the
superior emission properties of Re-Phe (Fig. 9g) make this
compound the best candidate for AlE-related applications.

Antibacterial properties

Finally, the antibacterial activities of the complexes were
tested. One Gram-positive strain, i.e. Staphylococcus aureus (S.
aureus), and three Gram-negative strains, Pseudomonas aerugi-
nosa (P. aeruginosa), Acinetobacter baumannii (A. baumannii)
and Escherichia coli (E. coli), were selected as common causa-
tive agents of the most dangerous nosocomial infections. Both
antibiotic susceptible (S) and multidrug-resistant (R) strains
were used. The three triazolylidene complexes and their 1,2,3-
triazole-based counterparts were studied, together with Re-
[1,2,4] Phe and Re-1,2,4]-BOP for the sake of comparison.
Given their low solubility in water, the complexes were pre-
viously dissolved in DMSO, before introduction and dilution
into aqueous medium. The final concentration of complexes
in each well ranged from 0.125 to 128 uM, and the highest con-
centration of DMSO was below 1.25%. The bacteria suspended
in their culture medium were then put in contact with the
complexes and incubated for 18 h in the dark. The minimum
inhibitory concentration (MIC), i.e. the lowest concentration of
a compound at which bacterial growth is completely inhibited,
was measured. Results are collected in Table 3. Remarkably,
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antibacterial activity was observed only against S. aureus, what-
ever the strain is susceptible or resistant to conventional anti-
biotics. Among the active complexes, the triazolylidene-based
derivative Re-T-BOP exhibited the stronger antibacterial
activity, with a MIC value around 4 pM. This complex is the
most lipophilic of all, but probably not enough to explain the
difference in antibacterial activity. A connection between the
antibacterial activity of all complexes and common drug likeli-
ness parameters (i.e. topological polar surface area (TPSA),
lipophilicity (miLogP) and molecular weight (MW))*>*> was
sought. These parameters are typically determined for eukary-
otic cells, but can be used to some extent for bacteria.”® % In
particular, the lipophilicity may facilitate drug penetration and
cellular uptakes through interaction with bacterial mem-
branes.”® Likewise, TPSA has been associated with bio-
availability, and it is suggested that compounds with a TPSA
greater than 140 tend to be poor at permeating cell mem-
branes.’® In the present case, if considering the whole set of
data, no obvious correlation was found with the drug likeliness
parameters considered. The presence of the benzoxazole sub-
stituent in Re-T-BOP certainly brings a benefit, because this
fragment is considered to be one of the most relevant biologi-
cally-active heterocycles, often incorporated in ligands to target
a variety of receptors and enzymes in medicinal chemistry
studies.®”®! However, the presence of benzoxazole in Re-BOP
and Re-[1,2,4]-BOP is not sufficient to endow these compounds
with an antibacterial activity. Besides, it is noteworthy that the
presence of the methyl group in Re-Tol and Re-T-Tol modifies
the antibacterial activity in comparison with their analogues
Re-Phe and Re-T-Phe. Therefore, the activity could be related
to the nature of the coordination sphere, and more precisely to
the molecular geometry in space or flexibility. The examination
of new complexes substituted by a methyl group in the meta
and para positions could be instructive. It would allow validat-

This journal is © The Royal Society of Chemistry 2024
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Table 3 Drug likeliness parameters (topological polar surface area (TPSA), lipophilicity (miLogP), molecular weight (MW)) of complexes, and their
minimum inhibitory concentration (MIC) towards antibiotic-susceptible (S) and multidrug-resistant (R) bacteria, without and with irradiation by UV

light. Comparison with conventional antibiotics

MIC (uM) Non-irradiated samples

S. aureus P. aeroginosa E. coli A. baumannii

©® ® 5 ® ® ® ©  ®

ATCC ATCC ATCC ATCC ATCC ATCC ATCC ATCC
Compound TPSA miLogP’ MW (g mOl_l) 35923 43300 27853 BAA-2108 25922 BAA-196 19606 BAA-1797
Re-T-Phe 76.81 9.58 541.965 32 32 >128 >128 >128 >128 >128 >128
Re-T-Tol 76.81 9.66 555.992 >128 >128 >128 >128 >128 >128 >128 >128
Re-T-BOP 102.84 9.88 659.072 4 4 >128 >128 >128 >128 >128 >128
Re-Phe 76.81 9.49 527.938 >128 >128 >128 >128 >128 >128 >128 >128
Re-Tol 76.81 9.62 541.965 32 32 >128 >128 >128 >128 >128 >128
Re-BOP 102.84 9.85 645.045 >128 >128 >128 >128 >128 >128 >128 >128
Re—[1,2,4]—Phe 76.81 9.45 527.938 >128 >128 >128 >128 >128 >128 >128 >128
Re-[1,2,4]-BOP 102.84 9.82 645.045 >128 >128 >128 >128 >128 >128 >128 >128
Gentamicin sulfate 1 128 0.5 8 0.125 >128 0.5 >128
Ampicillin 0.25 32 >128 >128 16 >128 >128 >128

% Octanol-water partition coefficient logP calculated using Molinspiration desktop property calculator <https:/www.molinspiration.com/services/

logp.html>.

ing our hypothesis by the analysis of a greater number of data.
Of course, a deeper insight into the involved mechanism will
also be necessary.

In comparison with control antibiotics gentamicin and
ampicillin, Re-T-Phe, Re-T-BOP and Re-Tol showed lower or
comparable MIC values against multidrug resistant S. aureus
ATCC 43300 strain demonstrating their antibacterial poten-
tials. No compound was active against Gram-negative bacteria.
Indeed, these bacteria have additional outer membrane, as
well as an abundance of efflux pumps and highly selective
porins, which make internalization of active compounds par-
ticularly difficult.®?

Finally, a photochemical effect was investigated. Our com-
plexes are not prone to photodecarbonylation. However, the
presence of rhenium as a heavy atom induces fast population
of the first excited triplet state, and the photogeneration of
singlet oxygen could take place via energy transfer. In the
present case, irradiation of the samples in the near UV does
not lead to different results in most of the cases. Exceptions
are Re-BOP and Re-T-Tol that show enhanced activity towards
the antibiotic-susceptible strain of S. aureus (Table S327).

Conclusions

In this comprehensive study, the properties of three new tria-
zolylidene-based complexes were compared with those of their
1,2,3-triazole-based analogues, for which very little infor-
mation was available. From an electronic point of view, the
superior electron-donating properties of the mesoionic
carbene ligand resulted in an increase in the charge density on
the rhenium atom. The crystallographic data showed that
small structural variations strongly influence the molecular
conformation and intermolecular interactions in the solid
state, and the Hirshfeld surface analysis allowed the latter to

This journal is © The Royal Society of Chemistry 2024

be finely quantified. The compounds of the two series were
emissive in solution and in the solid state. Complex Re-Phe
showed exceptional emission efficiency in the form of powder,
and was a remarkable AIE-gen in aqueous medium. Although
less efficient, our triazolylidene-based complexes proved to be
photochemically stable, unlike the Re(1)}-NHC complexes
reported in the literature,">'® and are therefore well suited for
light-related applications. Until now, only 1,2,4-triazole-based
complexes had shown attractive spectroscopic properties in
the solid state. This work shows that some triazolylidene- and
1,2,3-triazole-based complexes must also be considered for
potential applications in the fields of photoluminescent
materials and AIE-gens. However, the mechanoresponsive
emission behavior remains the prerogative of the 1,2,4-tri-
azole-based series. It would be instructive to extend the solid-
state emission study to other rhenium(i) complexes incorporat-
ing various mesoionic and N-heterocyclic carbenes.> %3768

Finally, one triazolylidene-based complex (Re-T-BOP)
showed clear superiority over all other compounds as regards
the antibacterial properties. It would be instructive to test the
cytotoxicity of this molecule on eukaryotic cells to see if it
could be used in therapy. A thorough examination of the
mechanism of action would facilitate the further development
of more effective molecules. This result confirms that triazoly-
lidene-based Re(1) complexes must be considered as potential
candidates in the highly demanding field of therapeutic
chemistry.

Experimental section
General methods

All purchased chemicals were of the highest purity commer-
cially available and used without further purification. Unless
otherwise noted, all experiments were carried out under a
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nitrogen atmosphere. All reactions were monitored by TLC on
silica gel Alugram® Xtra SIL G/UV254. Column chromato-
graphy was performed on Machery-Nagel silica gel. NMR
spectra were recorded with a Bruker Avance 300 instrument.
Chemical shifts are given in ppm and are referenced by using
the residual signals of the solvent as internal standard. Signals
are described as follow: s, singlet; d, doublet; t, triplet; m, mul-
tiplet. HRMS data were recorded on a Xero G2 QTOF (Waters)
instrument. Infrared spectra were obtained on a Nexus
Thermonicolet apparatus with DTGS as the detector. The
microanalyses were made in the ‘Service d’analyse’ of LCC
using a PerkinElmer 2400 series II analyzer.

Synthesis

The syntheses of ligand L-T-Phe,”* and complexes Re-Phe®’
and Re-BOP*® have been previously described.

Tricarbonylrhenium(1) complex [Re(CO);(L-T-Phe)Cl],
(Re-T-Phe)

To a suspension of the ligand L-T-Phe (101 mg, 0.31 mmol)
and [Re(CO)5Cl] (113 mg, 0.31 mmol) in toluene (15 mL) was
added excess of Et;N (0.8 mL). The reaction mixture was
refluxed for 60 h. After cooling to room temperature, the
solvent was removed under reduced pressure. Silica gel
column chromatography (CH,Cl,/acetone 9:1 v/v) afforded
pure complex Re-T-Phe (127 mg, 76%) as a yellow solid.

"H NMR (300 MHz, DMSO-d,) §(ppm): 9.08 (dt, J = 5.5, 1.2
Hz, 1H), 8.34-8.22 (m, 2H), 7.97-7.87 (m, 2H), 7.81-7.67 (m,
3H), 7.64 (td, J = 5.7, 3.1 Hz, 1H), 4.68 (s, 3H). *C NMR
(75 MHz, DMSO-d;) 6(ppm): 198.5, 198.4, 190.1, 180.9, 155.2,
149.6, 149.1, 139.9, 138.2, 130.6, 129.8, 126.3, 124.9, 122.4,
39.8. HRMS (ESI) m/z 558.0479 (M + NH,]" caled for
C17H16N505C1'®Re: 558.0471), m/z 505.0443 (M — CI]" caled
for C17H1,N405"®°Re: 505.0439). IR (ATR) vc—o: 2003, 1912,
1891, 1874, 1853 cm™ . Anal. caled (%) for C;,H;,N,O;CIRe: C
37.68, H 2.23, N 10.34; found: C 37.40, H 1.59, N 10.06.

3-Methyl-4-( pyridin-2-yl)-1-(o-tolyl)-1H-1,2,3-triazol-3-ium
tetrafluoroborate (L-T-Tol)

A mixture of triazole L-Tol (394 mg, 1.77 mmol) and m-CPBA
(70%, 823 mg, 3.34 mmol) in CHCI; (25 mL) was refluxed for
30 min. After cooling to room temperature, aqueous Na,S,0;
solution (0.5 M) was added and the aqueous layer was
extracted with CH,Cl,. The combined organic layers were
washed with aqueous NaOH (1 M) and concentrated in vacuo.
The obtained pyridine N-oxide was dissolved in anhydrous
CH,Cl, (10 mL) and Me;OBF, (1.12 mg, 7.6 mmol) was added.
The reaction mixture was stirred at room temperature for 4
days. The solvent was evaporated to dryness and the residue
dissolved in EtOH (50 mL). Mo(CO)s (501 mg, 1.9 mmol) was
added and the reaction mixture was refluxed for 1 h. The
solvent was removed under reduced pressure. Silica gel
column chromatography (CH,Cl,/MeOH 9:1 v/v) afforded
pure compound L-T-Tol (464 mg, 82.2%) as a solid.

"H NMR (300 MHz, DMSO-d,) & 9.89 (s, 1H), 8.91 (ddd, J =
4.8, 1.7, 0.9 Hz, 1H), 8.20 (td, J = 7.7, 1.7 Hz, 1H), 8.13 (dt, J =
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7.9, 1.2 Hz, 1H), 7.78-7.55 (m, 5H), 4.69 (s, 3H), 2.38 (s, 3H).
3C NMR (75 MHz, DMSO-dg) & 150.2, 143.2, 140.5, 138.4,
134.2, 133.4, 132.2, 132.1, 131.2, 127.6, 126.3, 126.0, 124.7,
41.2,17.1. HRMS (DCI-CH,) m/z 251.1285 ([M — BF,]" calcd for
Cy5H 5N,z 251.1297).

Tricarbonylrhenium(i) complex [Re(CO);(L-T-Tol)Cl],
(Re-T-Tol)

To a suspension of the ligand L-T-Tol (89 mg, 0.263 mmol)
and [Re(CO)5Cl] (96 mg, 0.265 mmol) in toluene (15 mL) was
added excess of Et;N (0.8 mL). The reaction mixture was
refluxed for 60 h. After cooling to room temperature, the
solvent was removed under reduced pressure. Silica gel
column chromatography (CH,Cl,/acetone 9:1 v/v) afforded
pure complex Re-T-Tol (96 mg, 65.9%) as a yellow solid.

"H NMR (300 MHz, DMSO-d) 6(ppm): 9.04 (d, J = 5.5 Hz,
1H), 8.68-8.15 (m, 2H), 7.88-7.17 (m, 4H), 4.67 (s, 3H), 2.22 (s,
3H). >C NMR (75 MHz, DMSO-dg) §(ppm): 198.9, 197.5, 190.0,
155.3, 149.3, 149.2, 139.8, 137.7, 134.4, 131.2, 131.0, 127.1,
127.1, 126.2, 122.4, 39.1, 17.0. HRMS (ESI) m/z 577.0197 ([M +
Na]" caled for C;gH;4N,05NaCI"®Re: 577.0182), m/z 519.0609
(M — CI]" caled for CygH{4N,O;'%Re: 519.0595). IR (ATR)
Ve—o: 2019, 1917, 1888, 1868 cm™'. Anal. caled (%) for
C,1sH,,N,0;ClIRe: C 38.89, H 2.54, N 10.08; found: C 38.74, H
2.08, N 9.79.

3-Methyl-1-(2-phenylbenzo[d]oxazol-6-yl)-4-( pyridin-2-yl)-1H-
1,2,3-triazol-3-ium trifluoromethanesulfonate (L-T-BOP)

To a solution of triazole L-BOP*° (79 mg, 0.233 mmol) in anhy-
drous CH,Cl, (5 mL) was added MeOTf (31 pL, 0.283 mmol).
The reaction mixture was refluxed overnight. The solvent was
removed in vacuo and the crude product was purified by silica
gel column chromatography (CH,Cl,/MeOH 9:1 v/v) to give
the expected triazolium triflate L-T-BOP as a beige solid
(30 mg, 25%) along with the N-methylpyridinium triflate
derivative N-MP-BOP as a beige powder (51 mg, 43%).

For L-T-BOP: "H NMR (300 MHz, DMSO-d) §(ppm): 10.24
(s, 1H), 8.92 (d, J = 4.7 Hz, 1H), 8.64 (d, J = 2.1 Hz, 1H),
8.33-8.20 (m, 4H), 8.18-8.09 (m, 2H), 7.78-7.64 (m, 4H),
4.73 (s, 3H). "*C NMR (75 MHz, DMSO-ds) &(ppm): 165.3,
150.3, 150.2, 144.0, 143.0, 140.9, 138.5, 132.9, 131.7, 129.6,
128.6, 127.8, 126.1, 125.6, 124.6, 121.3, 118.8, 105.5, 41.3.
HRMS (DCI-CH,) m/z 354.1364 ([M]" caled for C,;H;cN;O:
354.1355).

For 1-methyl-2-(1-(2-phenylbenzo|d]oxazol-6-yl)-1H-1,2,3-
triazol-4-yl)pyridin-1-ium trifluoromethanesulfonate
N-methylpyridinium, (N-MP-BOP)

'H NMR (300 MHz, DMSO-dg) 6(ppm): 9.81 (s, 1H), 9.19-9.08
(m, 1H), 8.76-8.63 (m, 2H), 8.58 (t,J = 1.3 Hz, 1H), 8.27 (dd, J =
7.6, 2.0 Hz, 2H), 8.20-8.10 (m, 3H), 7.78-7.59 (m, 3H), 4.60 (s,
3H). ®C NMR (75 MHz, DMSO-d,) §(ppm) = 164.4, 150.4,
147.5, 145.4, 145.1, 142.3, 139.2, 133.1, 132.6, 129.5, 128.0,
127.6, 127.4, 126.6, 125.9, 120.9, 118.2, 104.4, 48.2. HRMS
(EST) m/z 354.1355 ([M — OTf]" caled for C,,H6N50: 354.1356).

This journal is © The Royal Society of Chemistry 2024
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Tricarbonylrhenium(1) complex [Re(CO);(L-T-BOP)Cl], (Re-
T-BOP)

To a suspension of the ligand L-T-BOP (32 mg, 0.0636 mmol)
and [Re(CO)sCl] (24 mg, 0.0663 mmol) in toluene (6 mL) was
added an excess of Et;N (0.22 mL). The reaction mixture was
refluxed for 48 h. After cooling to room temperature, the
solvent was removed under reduced pressure. Silica gel
column chromatography (CH,Cl,/MeOH 9.5: 0.5 v/v) afforded
pure compound (29 mg, 69%) as a yellow solid.

"H NMR (300 MHz, DMSO-ds) §(ppm) = 9.10 (d, J = 5.4 Hz,
1H), 8.41 (d, J = 2.0 Hz, 1H), 8.34-8.25 (m, 4H), 8.15 (d, ] = 8.5
Hz, 1H), 7.98 (dd, J = 8.5, 2.1 Hz, 1H), 7.68 (q, J = 6.0, 4.8 Hz,
4H), 4.72 (s, 3H). *C NMR (75 MHz, DMSO-d¢) §(ppm) =
198.5, 198.4, 190.0, 181.6, 164.7, 155.2, 149.8, 149.6, 149.0,
143.0, 140.0, 135.3, 132.7, 129.5, 127.7, 126.4, 125.8, 122.5,
122.2, 120.6, 108.8, 39.3. HRMS (ESI) m/z 680.0265 ([M + Na]"
caled for C,4H;5N50,NaCl™**Re: 680.0240), m/z 622.0667 ([M —
Cl]" caled for C,4H;5N50,"%Re: 622.0654). IR (ATR) ve—o:
2011, 1913, 1894, 1877 cm . Anal. caled (%) for
C»4H,5N50,CIRe + CH,Cl, (solvate): C 40.36, H 2.30, N 9.41;
found: C 40.40, H 2.16, N 8.70.

2-(1-(o-Tolyl)-1H-1,2,3-triazol-4-yl)pyridine (L-Tol)

To a mixture of 1-azido-2-methylbenzene (1.05 g, 7.9 mmol),
2-ethynylpyridine (0.8 mL, 7.9 mmol) in a mixed solvent
system (THF/H,O0 1: 2 v/v, 68 mL) was added sodium ascorbate
(812 mg, 4.1 mmol) and CuSO,4-5H,0 (336 mg, 1.34 mmol).
The reaction mixture was stirred at room temperature for 24 h,
and then extracted with EtOAc. The combined organic layer
was dried over Na,SO, and concentrated in vacuo. Silica gel
column chromatography (AcOEt/petroleum ether 3:7 v/v)
afforded pure compound L-Tol (1.44 g, 77.5%) as an oil.

"H NMR (300 MHz, CDCl;) §(ppm): 8.62 (ddd, J = 4.9, 1.8,
0.9 Hz, 1H), 8.35 (s, 1H), 8.28 (dt, J = 8.0, 1.1 Hz, 1H), 7.83 (td,
J =7.8, 1.8 Hz, 1H), 7.48-7.33 (m, 4H), 7.30-7.22 (m, 1H), 2.30
(s, 3H). "*C NMR (75 MHz, CDCl;) §(ppm): 150.1, 149.4, 148.1,
137.1, 136.4, 133.6, 131.6, 129.9, 126.9, 125.9, 123.6, 123.1,
120.5, 17.9. HRMS (DCI-CH,) m/z 237.1138 ([M + H]" calcd for
C14Hy3N,: 237.1140).

Tricarbonylrhenium(1) complex [Re(CO);(L-Tol)Cl], (Re-Tol)

A mixture of ligand L-Tol (138 mg, 0.58 mmol) and [Re(CO)sCl]
(215 mg, 0.59 mmol) in methanol (5 mL) was stirred for 16 h
at 65 °C. The mixture was cooled to room temperature and the
precipitated product was filtered and washed with MeOH to
yield a light yellow solid (272 mg, 86%).

"H NMR (300 MHz, DMSO-d,) §(ppm): 9.61 (s, 1H), 9.02 (d, ] =
5.4 Hz, 1H), 8.32-8.35 (m, 2H), 7.91-7.36 (m, 5H), 2.23 (s, 3H).
3C NMR (75 MHz, DMSO-ds) §(ppm): 197.7, 196.7, 189.6, 153.3,
148.7, 148.6, 140.9, 135.0, 133.5, 131.9, 131.4, 127.5, 126.8, 126.3,
122.9, 17.2 HRMS (ESI) m/z 507.0476 (M — CI]" caled for
Cy17H1,N,05'%Re: 507.0467), m/z 560.0498 ([M + NH,]" caled for
C17H;6N5O5CI" Re: 560.0499). IR (ATR) ve—o: 2024, 1920, 1893,
1852, 1844 cm™. Anal. caled (%) for C;,H;,N,40;CIRe: C 37.68, H
2.23, N 10.34; found: C 37.20, H 1.36, N 10.21.

This journal is © The Royal Society of Chemistry 2024
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Crystallography

Crystallographic data were collected at low temperature (193 K)
with an Oxford Instruments Cryostream 700+ Series device
using MoK, radiation (wavelength = 0.71073 A) on a Bruker
APEX II Quazar diffractometer equipped with a 30 W air-
cooled microfocus (Re-T-Phe and Re-Phe) and on a Bruker AXS
D8-Venture diffractometer equipped with a multilayer
TRIUMPH X-ray mirror and a Photon III-C14 detector (Re-T-Tol
and Re-Tol). Phi- and omega-scans were used. The space group
was determined on the basis of systematic absences and inten-
sity statistics. An empirical absorption
employed.®® The structures were solved using an intrinsic
phasing method (ShelXT).”° All non-hydrogen atoms were
refined anisotropically using the least-square method on F>.”*
Hydrogen atoms were refined isotropically at calculated posi-
tions using a riding model. Supplementary crystallographic
data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via https:/www.ccdc.cam.ac.uk/
structures/. .

3D Hirshfeld surfaces (HS) and 2D fingerprint plots (FP)”>
were generated with high resolution based on the crystallo-
graphic information file (CIF) using Crystal Explorer 17.5 soft-
ware.”> HS were mapped over dpom, shape-index and curved-
ness. The normalized contact distance (dnorm) is defined by d;
and d., which are the distances from the surface to the nearest
atom interior and exterior to the surface, respectively. The vdW
radii of atoms is defined according to eqn (1).

correction was

di — W g, — v
vdW vdW
ri Te

(1)

dnorm =

Spectroscopy

UV-visible absorption spectra and emission spectra in solu-
tions were measured at 20 °C with a Xenius SAFAS spectrofluo-
rometer, using cells of 1 cm optical pathway. All emission
spectra were corrected. The emission quantum yields in solu-
tion (@) were determined using the classical formula:

D, = (As X Iy X m> X D) /(A % I % ng?)

(2)

where A is the absorbance at the excitation wavelength, I the
integrated emission intensity and n the refractive index.
Subscripts s and x refer to the standard and to the sample of
unknown quantum yield, respectively. Coumarin 153 (@ =
0.53) in ethanol was used as the standard.”* The absorbance of
the solutions was equal or below 0.06 at the excitation wave-
length. The error on the quantum yield values is estimated to
be about 10% and 20% for suspensions.

The rate constants for radiative (k;) and nonradiative (k)
decay were calculated using the following equation:

ke = /7 and kn; = (1 — @) /7 (3)

with @ the emission quantum yield and z the luminescence
lifetime in solution. For AIE measurements, a small volume
(30 pL) of a concentrated solution of complex in acetonitrile
was injected in 2.97 mL of various acetonitrile/water mixtures.
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After stirring for 3 h in the dark, the samples were sonicated
for 5 min before optical measurement.

Solid state spectra were recorded on a HORIBA Fluorolog 3-
2iHR320 spectrofluorometer and were corrected. The absolute
photoluminescence quantum yield values (®p;) were deter-
mined using the Xenius SAFAS spectrofluorometer provided
with an integrating sphere, by a method based on the one
developed by De Mello et al.,”” as described elsewhere.*’ The
error was estimated to be about 20%.

Emission decay curves were recorded using the time-corre-
lated single photon counting method (TCSPC) on the Horiba
Fluorolog 3-2 iHR320 spectrofluorometer equipped with a
Nanoled-370 (4ex = 371 nm). Emitted photons were detected at
90° by means of a Hamamatsu R928 photomultiplier.
Emission was recorded near the maximum with a bandpass of
4 nm. The instrumental response was recorded directly before
each decay curve, using the scattering of the sample at
371 nm. All analyses were recorded using the Datastation v2.7
software from Horiba. The decay curves were analyzed with
reconvolution and global non-linear least-squares minimiz-
ation method using DAS6 v6.8 software. The absorbance of
solutions at A., was lower than 0.1. Solid state samples were de-
posited on a quartz holder.

Fluorescence microscopy was performed with a Leitz
Laborlux D fluorescence microscope equipped with an Andor
Luca camera (Aex ~ 450-490 nm, Ay, > 500 nm).

Computational details

The GAUSSIAN16 program package’® was employed for all cal-
culations (the geometry optimization, the ground-state and
excited-state electronic structures, and optical spectra) with the
aid of the ChemCraft visualization program.”” The ground
state (So), the first excited state (S;) and the lowest triplet state
(T;) geometries of Re-Tol, Re-T-Tol and Re-T-BOP, were fully
optimized with the restricted and unrestricted density func-
tional theory (R-DFT and U-DFT) methods using the Perdew—
Burke-Ernzerhof PBE1PBE functional with no symmetry con-
straints.”® In all calculations, the “double-{” quality basis set
LANL2DZ with Hay and Wadt’s relative effective core potential
ECP (outer-core [(5s*5p°®)] electrons and (5d°) valence
electrons)”®® was employed for the Re atom. The 6-311+G**
basis set for H, C, N and O atoms was used.®' The solvent
effect (dichloromethane, ¢ = 8.93) was simulated using the
Self-Consistent Reaction Field (SCRF) under the Conductor
Polarizable Continuum Model (CPCM).**"® The vibrational
frequencies calculations were performed using the optimized
structural parameters of the complexes, to confirm that each
optimized structure represents a local minimum on the poten-
tial energy surface and all eigenvalues are non-negative. To
obtain a good agreement with the experimental vibrational fre-
quencies in solid state, the theoretically calculated vibrational
frequencies were scaled with a scaling factor of 0.9485. The
optimized Cartesian coordinates of Re-Tol, Re-T-Tol and Re-
T-BOP are included in the ESI part (see Tables S33-47%). On
the basis of the optimized ground and excited state geome-
tries, the absorption and emission properties were calculated
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by the time dependent density functional theory (TD-DFT)
method at the PBE1PBE/LANL2DZ/6-31+G** level. These
methods have already shown good agreement with experi-
mental studies for different rhenium(1) complexes.*

Electrochemistry

The electrochemical properties of the complexes were deter-
mined by cyclic voltammetry (CV) and Osteryoung square wave
voltammetry (OSWV) in DCM. The solutions used during the
electrochemical studies were typically 1 x 107> M in complex,
and 0.1 M in supporting electrolyte. The supporting electrolyte
[nBuyN][BF,] (Fluka, 99% electrochemical grade) was used as
received and simply degassed under Ar. DCM was dried using
an MB SPS-800 solvent purification system just prior to use.
The measurements were carried out with an Autolab
PGSTAT100 potentiostat controlled by GPES 4.09 software.
Experiments were performed at room temperature in a home-
made airtight three-electrode cell connected to a vacuum/Ar
line. The reference electrode consisted of a saturated calomel
electrode (SCE) separated from the solution by a bridge com-
partment. The counter electrode was a Pt wire of ca. 1 cm?
apparent surface. The working electrode was a Pt microdisk
(0.5 mm diameter). Before each measurement, the solutions
were degassed by bubbling Ar and the working electrode was
polished with a polishing machine (Presi P230). Under these
experimental conditions, Fc'/Fc is observed at +0.55 + 0.01 V
vs. SCE. OSWVs were obtained using an amplitude of 20 mV, a
frequency of 20 Hz, and a step potential of 5 mV.

Microbiology

The bacteria strains were obtained from the American Type
Culture Collection (ATCC). Susceptible strains include
Acinetobacter baumannii ATCC 19606, Escherichia coli ATCC
25922,  Pseudomonas  aeruginosa ATCC 27853 and
Staphylococcus aureus ATCC 35923 whereas resistant strains
include A. baumannii ATCC BAA-1797, E. coli ATCC BAA-196,
P. aeruginosa ATCC BAA-2108 and S. aureus ATCC 43300.

The minimum inhibitory concentration (MIC) of syn-
thesized compounds against all eight bacteria were deter-
mined using the broth microdilution method adapted from
Standard Operating Procedures (SOP) drafted by Monash
University Facility for Anti-Infective Drug Development and
Innovation (FADDI) and Clinical and Laboratory Standards
Institute (CLSI) guidelines.*® Gentamicin and ampicillin were
used as controls. Stock solutions of all compounds were pre-
pared at a concentration of 1.024 x 10~> M by dissolving the
solid powders in dimethyl sulfoxide (DMSO). Two-fold serial
dilution was carried out using cation-adjusted Mueller Hinton
Broth (CAMHB) to obtain a final concentration ranging from
0.125 to 128 uM in the wells of 96 wells U-bottomed plate. The
highest concentration of DMSO in the well was maintained at
no more than 1.25%. Bacteria suspension was prepared follow-
ing 0.5 McFarland standard. For quantification of the bacteria,
absorbance was taken using Tecan microplate reader at a wave-
length of 625 nm, and the optical density (ODs,s) values were
adjusted to 0.07-0.08. Briefly, bacteria colonies were aseptically

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D4DT00922C

Open Access Article. Published on 13 May 2024. Downloaded on 4/7/2026 6:47:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

taken and resuspended into 1 mL of sterile normal saline
(0.9% NaCl) to make bacteria suspension before checking for
absorbance. Then, 200 pL of the optical density-adjusted bac-
teria suspension was added to 19.8 mL of 0.9% NaCl. Lastly,
100 pL of this bacteria suspension was added to each well con-
taining 100 pL of the compounds and plates were incubated
for 18 hours at 37 °C. To study the photodynamic therapy
activities of the complexes, plates were incubated for
15 minutes after addition of compounds and irradiated for
10 minutes using LED light (365 nm) at a light density of
1.57 mW before incubation overnight. The light intensity was
measured with a calibrated power meter through adjustment
of distance between the LED light source and the 96-well
plates. All assays were performed as at least duplicated experi-
ments. Results were observed visually and tabulated after
addition of resazurin.
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