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Abstract

A novel family of photoactive cationic tris-carbonyl rhenium complexes of general formula fac-
[Re(CO)s(pyipy)(L)]PFe, where pyipy the 2-(pyridyl)-imidazo[1,5-a]pyridyl-3-ylidene ligand and L
= pyridine (3:PFs) or PPhs (4:PFs), is herein presented. Compounds 3:PFs and 4-PFs are
straightforwardly synthetized from the corresponding chloro-derivative fac-[ReCI(CO)s(pyipy)] via
halogen abstraction with silver(l) salt, followed by coordination of the neutral monodentate L ligand.
The target complexes were characterized by *H and **C NMR as well as FT-IR spectroscopy and
high-resolution mass spectrometry (HR-MS). In addition, X-ray diffractometric analysis was carried
out by solving the single-crystal structure of compound 3:PFs. For both complexes, dilute samples in
CH3CN solution at room temperature display a structured photoluminescence profile in the red region
that is ascribed to a long-lived excited state (t = 19.3-30.0 ps in degassed condition) with mainly
triplet ligand-centered (°LC) character. This assignment is further corroborated by the minor
hypsochromic shift of the emission profile observed for samples in 2-MeTHF at 77 K glassy matrix,
in agreement with previous studies on the corresponding neutral counterparts. Electrochemical
characterization by cyclic voltammetry (CV) shows two irreversible processes, one in the positive
and one in the negative bias, which are associated to the metal-NHC moiety and the chelating NHC
ligand, respectively. Finally, both electronic and optical features are further studied by means of
computational investigation at density functional theory (DFT) and time-dependent DFT (TD-DFT)

level of theory, which supports the attribution of the electronic transitions involved.

Keywords: carbonyl complexes, density functional theory, N-heterocyclic carbenes,

phosphorescence, rhenium complexes
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1. Introduction

The photophysics and photochemistry of metal carbonyl complexes have been matter of intense
investigation due to their interesting optical and redox features,™™! since early works of Wrighton,?
Rillema,®! and Demasl¥. A particularly appealing class of photoactive complexes is represented by
the family of mononuclear Re(l) fac-triscarbonyl derivatives bearing N-donor heteroaromatic ligands
with accessible n* orbitals featuring m-accepting properties. The interest in such compounds was
mainly driven by their appealing application in photocatalysis® (notably for CO- reduction and H.
production), imaging probes in bio-medicine,’® and emitters in organic light emitting diodes

(OLEDs).["]

In this framework, derivatives of general formula [Re(N~N)(CO)sL]"", where NN is a
bidentate N-heterocyclic ligand such as 2,2’-bipyridine, 1,10-phenanthroline and related scaffolds,
and L is either an anionic monodentate ancillary ligand (L = halogen, cyanide, alkoxy, alkynyl, etc.;
n = 0) or a neutral ligand such as pyridines, phosphines, isonitriles (with n = 1), are the most
investigated ones by far. Several studies have shown that these compounds display broad and
featureless photoluminescence in the green-to-red portion of the electromagnetic spectrum with
excited state lifetime ranging from hundreds of nanoseconds to a few microseconds time scale. The
nature of the emissive excited state may vary from purely triplet metal-to-ligand charge transfer
(®MLCT) to ligand-to-ligand charge transfer (3LLCT) and up to (sizable) triplet ligand-centered (°LC)
character depending on the nature and electronic properties of both the NN and the ancillary ligand,
with often a certain degree of mixing between the two states.[>3] Hence, a metal-ligand-to-ligand
character is more often associated to the emissive triplet manifold (*MLLCT). Photoluminescence
quantum yield (PLQY) values largely varies as well, being cationic rhenium(l) complexes typically
more efficient than neutral counterparts with values almost one order of magnitude higher for the

former.[l Furthermore, neutral dinuclear species of general formula [Re2(p-X)2(CO)s(p-diaz)], where
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X = halogen and diaz = 1,2-diazine type of ligands, have shown superior properties and efficient

electroluminescence, as reported by some of us.®!

Surprisingly, the vast majority of the phosphorescent derivatives containing the Re(CO)s unit
investigated so far features poly-pyridine type of ligands. On the other hand, limited attention has
been devoted to investigate alternative ligands, in particular those containing stronger c-donating
moieties, such as N-heterocyclic carbenes (NHCs). This is in spite of the fact that NHC are
outstanding ligands in organometallic chemistry,® and have demonstrated to play pivotal role in the
preparation of efficient emitters with other transition metals,!*®! including Ir(111),1*Y Pt(11),[*2

Au(),®3 and Cu()i*,

In this respect, Che and co-workers firstly described a series of [Re(N*N)(CO)3(NHC)]X
complexes featuring an NHC as the ancillary ligand.[**! It is only in 2011 that Massi and co-workers(*®]
described the first examples of photoactive Re(l) tris-carbonyl complexes bearing an NHC as the
chromophoric ligand, namely [ReX(CO)3(C*N)] with X = CI', Br and C"N = 3-butyl-1-(2’-
pyridyl)benzimidazolin-2-ylidene NHC ligand. The complexes displayed 3MLCT emission in the
green-yellow region with PLQY <1%. In related derivatives, energetic stabilization of the ©* orbitals
located onto the heteroaromatic ligand, achieved through extension of the =-system and/or
introduction of additional heteroatoms,*”1 gave rise to a bathochromic shift of the MLCT emission
wavelength, as expected. This shift was accompanied in some cases by a prolongation of the excited
state lifetime up to T = 1.07 us and an increase of the PLQY, with values falling in the range 0.1
13%. On the other hand, employment of the 3-(pyrid-2-yl)dimethylthiazol-2-ylidene as the NHC
ligand gave a yellow phosphorescent complex displaying PLQY = 4% and t = 399 ns.['®l
Concomitantly, Zheng and co-workers described related derivatives with either w-conjugated or
methylene-bridged C”N ligands containing pyridyl-benzimidazolin-2-ylidene, pyridyl-imidazolin-2-
ylidene and 2-pyridyl-1,2,4-triazoline-5-ylidene NHC scaffolds.!*®! They found that the rupture of the

n—conjugation between the r-accepting pyridyl group and the carbene moiety is detrimental for the
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emission properties of the final complex. Whereas, conjugated counterparts display photophysical

properties that agrees with that earlier reported by Massi.[*6-18]

Prompted by our interest in the photophysics of novel rhenium(l) carbonyl compounds and
encouraged by our previous results,?® we aim herein at investigating the effect of neutral vs. cationic
nature of the complexes onto both optical and redox properties in this family of tris-carbonyl
rhenium(l) complexes bearing the pyridyl pyridoannelated NHC ligand, namely [pyipy]PFes. The
variation of the overall charge of the complex is known to have profound effects on the photophysical
properties of diimine-based counterparts.l>*! However, to the best of our knowledge, it has been
overlooked for Re-NHC complexes. Herein, the synthesis, chemical, electrochemical and
photophysical characterization of a series of [Re(CO)s(pyipy)(L)]PFs, where L = pyridine, PPhg, is
presented along with the experimental data, which have been thoroughly rationalized also by means

of computational approaches.

2. Synthesis and X-ray characterization

The synthetic pathway employed for the synthesis of the target cationic complexes 3-PFs and 4-PFs
is displayed in Scheme 1. The tris-carbonyl rhenium halo-complex 1-2 from [pyipy]PFs and
[ReX(CO)s] (X = ClI, Br), previously described by us elsewhere,?® represent the starting material to
synthesize the novel Re complexes. De-halogenation procedure is carried out by treatment with an
Ag(l) source and metathesis with a PFe salt in a coordinating solvent, such as CHsCN, yielding the
intermediate solvo-complex [Re(CO)s(pyipy)(CH3CN)]PFs. This latter is readily reacted with a
monodentate ligand in THF to give the desired cationic complex 3-PFs and 4-PFs, where L is pyridine
and triphenylphosphine, respectively, as pale-yellow air-stable solids. The target complexes were
fully characterized by means of *H and *C{*H} NMR with spectra matching the predicted set of

signals. Elemental analysis and high-resolution electron spray ionization mass spectrometry (HR-
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ESI-MS) techniques further confirmed the nature and the purity of the obtained compounds. The

corresponding spectra are displayed in Figure S1-S6 of the Supporting Information.

2 A o A ®
co
NN o ReCOX(13eg NV, | 0 NV, | o0
®y PFg KoCOj3 (3.0 eq) N Re. i) AQPFg CH4CN N "Re’” PIC;)
N toluene N X ii) L = py or PPhg N
\ / reflux, Z\.r'emight \ / THF, reflux, overnight \ / L
[pyipylPFs 1 X=Cl 3.PFg L = pyridine
2 X=Br 4.PFg L=PPh,

Scheme 1. Schematic synthetic pathway used for the preparation of the cationic complexes 3-PFs

and 4-PFe.

Suitable crystals of this latter were obtained by slow diffusion of n-hexane into a THF solution
of the complex, which allowed to establish atom connectivity and geometrical parameters by solving
the single crystal X-ray structure of derivative 3-PFs. The corresponding ORTEP diagram is
displayed in Figure 1 and the crystallographic refinement parameters and metrics data are listed in
Table S1-S2 of the Supporting Information. The X-ray structure shows a distorted octahedral
arrangement of the coordinated ligands around the metal center, with the three carbonyls adopting a
mutual facial arrangement, as expected. Among the three different Re—CO bond, the one lying in
trans to the carbene moiety displays the longer Re-C bond distance, reflecting the larger trans
influence exerted by the strong o-donating moiety. A pyridine ligand completes the coordination

sphere occupying remaining position.
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Figure 1. ORTEP diagram of compound 3-PFes-THF with thermal ellipsoids shown at 50%
probability level obtained by single-crystal X-ray diffractometric analysis. Hydrogen atoms, PFg
anion and THF solvent molecule are omitted for clarity. Selected bond lengths (A): Re-C(7) =
2.137(5) A; Re-C(13) = 1.920(5) A; Re—C(14) = 1.967(6) A, Re—C(15) = 1.917(5) A, Re-N(3) =

2.221(4) A; Re-N(4) = 2.216(4) A.

3. Electrochemistry

The electrochemical behaviour of 3-PFs and 4:PFs was assessed by cyclic voltammetry (CV) in N,N-
dimethylformamide (DMF)/0.1 M tetra-n-butylammonium perchlorate (TBAP) and showed the same
pattern previously observed for neutral parental complexes 1 and 2.12% In fact, as displayed in Figure
2, compound 3-PFs and 4-PFs showed an irreversible oxidation process (O1) in the positive bias,
which is commonly observed for Re carbonyl complexes, at Eo1 = +1.340 V and +1.391 V vs SCE,
respectively. In the negative bias, one main irreversible reduction process (R1) occurs at Ery =—1.285
V and —1.479 V vs SCE for 3-PFs and 4 PFs, respectively. To better appreciate the redox processes,
O: and Ri were recorded separately and the voltammograms are shown in Figure 2. The

electrochemical data are summarized in Table 1. The redox potential values for both O; and R;

Page 7



processes of 3-PFs and 4-PFe are shifted anodically, compared to 1 and 2,1 due to the overall
cationic character of rhenium(l) complex upon substitution of chloride with the neutral pyridine or
triphenylphosphine ancillary ligand. In fact, O; and R; are related to the oxidation of the metal-NHC
moiety and to the reduction of the chelating NHC ligand, respectively. With respect to 3-PFs, Oy
occurs at more positive potentials (ca. 200 mV) than that of 1 and 2, whereas the electrochemical
band gap is only slightly affected (ca. 0.1 eV), as reported in Table 1. Instead, with respect to 4-PFes,
O1 occurs at even more positive potential compared to 3-PFs (ca. 50 mV), whereas R; is sizeably
shifted cathodically (ca. 200 mV), owing to the triphenylphosphine ligand. The latter one led the
bandgap to widen to 2.85 eV. Overall, the electrochemical data are in qualitative agreement with the
widening of the optical bandgap observed in the UV-visible spectrum going from the neutral complex
2 to the cationic derivatives 3-PFs and 4-PFs, as demonstrated by the hypsochromic shift of the onset

of the 'MLCT band recorded for these latter (see photophysics section).
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Figure 2. CVs recorded showing O; and R; redox processes for 1 mM of compounds 3-PFs (black)

and 4-PFe (red) in DMF/0.1 M TBAP. Scan rate: 0.2 V s,

Table 1. Electrochemical data for compound 3-PFs and 4-PF6 obtained by cyclic voltammetry (CV)
carried out in DMF and 0.1 M TBAP as the supporting electrolyte. Data for compound 1-2 and the

chelating ligand [pyipy]PFes are also reported from Ref. 20 for comparison.
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Cmpd Epior [V]®  AEpzi01 [MV]®  Epre [V]?  AEpri [MV]®  Gap [eV] Ref.

1 +1.151 46 -1.586 54 2.737 [20]

2 +1.177 55 -1.543 60 2.720 [20]
3-PFs +1.340 51 -1.285 54 2.625 Present work
4-PFs +1.391 54 -1.479 54 2.870 Present work

[pyipy]PFs -1.507 88 [20]

2 potential values are referred to SCE at the scan rate of 0.1 Vs™. ® AE,, is defined as Ep-Ep2, Where Epy is the potential

value when the current i is at half its peak value, iy, for the processes under investigation (O or Ry, respectively).

The effect of the scan rate was investigated over the range 50-500 mV s, and the peak current was
found to depend linearly on the square root of scan rate (data not shown) thus witnessing that the
heterogeneous electron transfer process is diffusion-controlled. On the other hand, Ep-Ep2 varied in
the range of 45-60 mV regardless of the scan rate, while peak potentials shifted towards more positive
potentials (by ca. 20 mV) for O1 and more negative potentials (by ca. 40 mV) for R1. These data are
in agreement with the occurrence of a diffusion-controlled heterogeneous electron transfer reaction,

followed by a very fast chemical reaction (EC process).[?l

4. Photophysics

The photophysical properties of complexes 3-PFs and 4-PFs were investigated at concentration of
2x10° M in both air-equilibrated and degassed acetonitrile solution at room temperature as well as at
77 K in 2-MeTHF glassy matrix. The electronic absorption and the normalized emission spectra are
displayed in Figure 3 and the corresponding photophysical data are listed in Table 2. In the UV range,
an intense absorption band in observed with Aapsmax = 237 nm (& = 2.61x10* M cm™) and Aabs,max =
231 nm (g = 4.22x10* Mt cm™) for compound 3-PFs and 4-PFes, respectively. This band can be

mainly ascribed to ligand-centered transitions localized onto the coordinated NHC-ligand in
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agreement with computational investigation (vide infra) as well as previously reported investigation
on the neutral congeners.[?°! The additional contribution of the r-r* transitions involving the phenyl
rings of the PPhs ligand in compounds 4:PFs accounts for the increased molar extinction coefficient
observed for this complex. At lower energy, the absorption band observed in the region at Aaps Ca.
400 nm is ascribed to an electronic transition with *MLCT character, namely d(Re)nnnc — 7 py,
admixed with intraligand charge-transfer (ILCT) involving the cyclometalating ligand with mnme —
T py Nature, where NHC is the benzannulated NHC moiety and py is the pyridyl ring. Further details
concerning the frontier orbitals involvement in the electronic transitions are provided in the

theoretical section.

Upon irradiation at the TMLCT band, complexes 3-PFs and 4-PFs show similar photophysical
properties. The photoluminescence spectrum of both samples in degassed CH3CN show a structured
emission with maxima at Aem= 602 and 606, 660 and 725 nm at room temperature that are Stokes
shifted by ca. 6500 and 6650 cm™ for 3-PFs and 4-PFe, respectively. The photoluminescence profile
is independent of the presence of dioxygen molecules and excitation wavelength. Furthermore,
similar vibronic progression is observed with fundamental spacing of ca.1350 cm™ that is attributable
to intraligand modes of the cyclometalatated pyipy scaffold. Upon removing dioxygen, increase of
the photoluminescence quantum yield (PLQY) values (from 0.14% to 0.72%) as well as prolongation
of the excited-state lifetime (from =204 ns to 19.3 ps) is observed for compound 3-PFs. Likewise,
PLQY and lifetime increase from 0.04% to 1.60% and t = 209 ns to 30.0 us, respectively, for
derivative 4-PFs. Going from room temperature to 77 K glassy matrix, the photoluminescence spectra
display a minor hypsochromic shift and band profile becomes even more structured. Overall, these
findings along with the small k; values, being in the range 3.8-5.3x10% s}, are indicative for an excited
state with largely triplet ligand-centered (3LC) character, in agreement with related complexes 1-2

reported previously.?%!
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Figure 3. Electronic absorption and photoluminescence spectra of compound 3-PFs (blue traces) and
4-PFs (red traces) and in degassed CHsCN solution at a concentration of 2x10™° M at room
temperature (solid line) and 77 K (dashed line). The UV-visible spectrum of the parental complex 1
in CH2Cl. (black trace) is displayed as well for comparison. Emission spectra at 298 K were recorded
upon excitation at Aexc = 420 and 440 nm for compound 3-PFs and 4-PFs, respectively. Emission
spectra at 77 K were recorded upon excitation at Aexc = 400 and 420 nm for compound 3-PFs and

4-PFs, respectively.

5. Computational investigation

To support the interpretation of the photophysical and electrochemical data, the electronic structures
of the cationic complexes 3* and 4* and their absorption and emission spectra were computed in
acetonitrile employing density functional and time-dependent density functional theory along with
the polarizable continuum model (PCM) of solvation (see experimental section). Molecular orbital
plots and electron density difference maps (EDDM) computed for compound 3* are displayed in

Figure 4 and Figure 5, respectively; whereas, tables of calculated electronic transition properties are

Page 11



available as Supporting Information in Table S3. For compound 47, corresponding data are available

in Figure S9 and Table S4.

According to the calculations, in 3* the rhenium d orbitals mainly contribute to the four highest
occupied molecular orbitals, close-lying in energy. The HOMO and HOMO-3 are the two
combinations (anti-phase and in-phase, respectively) of one of the d orbitals and the highest lying
orbital of the heterocyclic carbene moiety. On the contrary, the HOMO-1 and HOMO-2 do not show
contributions from the organic ligand. In these four orbitals no contribution from the pyridine
ancillary ligand is present. Lying at lower energy, HOMO—4 is a ligand & orbital extended over both
the pyridyl and the heterocyclic carbene rings. The lowest unoccupied molecular orbital is a n* orbital
delocalized all over the pyridylcarbene ligand. In addition, the LUMO+1 shows a substantial

contribution from the lowest n* orbital of the pyridine ancillary ligand.

LUMO LUMO+1
—-2.360 eV -1.724 eV

HOMO-1
—6.995 eV

2
@

HOMO-3 HOMO-2
—7.400 eV -7.230 eV

—7.916 eV
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Figure 4. Isodensity surface plots and energies computed for some relevant molecular orbitals of fac-

[Re(pyipy)(CO)s(py)]" (3°).

The bands at lower energies in the absorption spectrum of complex 1 can be assigned to the
superposition of two electronic transitions, So—S1 and So—S: at 403 and 337 nm, corresponding
mainly to the HOMO—LUMO and HOMO-1—-LUMO monoelectronic excitations, respectively.
According to the nature of the orbitals involved, and looking at the corresponding electron density
difference maps (EDDM), both transitions imply a significant MLCT character. The lower-energy
transition, however, shows also a noticeable intraligand (IL) character. In particular, it displays a net

charge transfer from the heterocyclic carbene ring to the pyridyl moiety.

Two intense electronic transitions, So—S19 and So—S29 at 255 and 229 nm, dominate the
region at higher energy and correspond to the two peaks observed experimentally at 265 and 237 nm.
They correspond to some complex admixtures of many monoelectronic excitations, mainly HOMO-
3—LUMO+1, HOMO—-4—LUMO+1 and HOMO—LUMO+10 (among many others). None of these
transitions can be described as strictly LC only, since the redistribution of the electron density within
the pyridylcarbene ligand is accompanied also by a charge transfer between the carbene and the
ancillary ligand and by some redistribution of the electrons within the set of rhenium d orbitals. The
complex nature of these transitions can also be appreciated from the corresponding electron density

difference maps reported in the Supporting Information.

Geometry optimization of the lowest-lying triplet for cation 3* leads to the individuation of a
species analogous to that previously found for the neutral complexes 1 and 2.[2% In particular, with
respect to the ground state, the triplet T1 shows an altered alternation of short and long bond lengths
within the heterocyclic carbene moiety, leaving the rest of the molecule almost unaltered, in
agreement with the LC nature of the T1—So transition. The same conclusion is reached when
considering the corresponding EDDM, in which only a limited contribution of a rhenium d orbital
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can be detected, while the orbitals of the pyridine ancillary ligand are not involved at all. The electron
density difference map computed for the cationic species 3* shows an enhanced LC character of the
emission with respect to the neutral species 1, in agreement with an increased contribution of the

orbital of the carbene ligand to the HOMO (69% and 52% in 3* and 1, respectively).

Both vertical and adiabatic energies have been computed for the T1—So transition (see Figure
5). As expected, due to the substantial difference between the triplet and the ground-state geometry,
vertical and adiabatic values are quite different (0.376 eV). The adiabatic energy computed for the
T1—So transition slightly underestimate the experimental value (624 vs 606 nm, corresponding to a
difference of —0.058 eV or —464 cm™). The vibrationally resolved emission spectra computed within
the framework of the Franck-Condon principle reproduces reasonably well the observed additional
maxima (673 and 752 nm vs 660 and 725 nm). As expected for a LC transition, the normal mode
primarily contributing to the vibronic structure of the band is an IL one, and, in particular, an in-plane

ring deformation (ve7, see Figure S10 — S11 of the Supporting Information).

fac-[Re(pyipy)(CO)s(py)]* (3) fac-[Re(pyipy)(CO)s(PPhs)]* (4)

T1-So
vertical transition: 1.612 eV; 769 nm vertical transition: 1.614 eV; 768 nm
adiabatic transition: 1.988 eV; 624 nm adiabatic transition: 1.996 eV; 621 nm

Figure 5. Electronic density difference maps computed (at the optimized geometry of the
corresponding triplet) for the vertical transition T1—So of fac-[Re(pyipy)(CO)z(py)]” (3) and fac-
[Re(pyipy)(CO)3(PPh3)]* (4*). Energy computed for the corresponding adiabatic transition is also

reported. Cyan and violet indicates a decrease and increase in electron density, respectively.
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Results for the triphenylphosphine derivative 4* are analogous to the ones already described
for the pyridine counterpart 3*. However, in 4 the set of @ orbitals of the phenyl rings of the phosphine
ligand partially overlaps in energy with some of the rhenium d orbitals and with the & orbitals of the
carbene ligand. The bonding and antibonding 7 orbital of the phenyl groups do not contribute to the
lowest energy bands in the absorption spectra. Triphenylphosphine n—n* monoelectronic excitations,
however, leads to an even more complex nature of the bands at higher energy. On the other hand, the
computed emission energy remains almost unaltered on going from 3* to 4*, in agreement with the
nature of the T1—So transition that does not show contributions from the orbitals of the ancillary

ligand.
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Table 2. Photophysical data for complexes 3-PFs and 4-PFs recorded in air-equilibrated and degassed CH3CN solution at room temperature and 77

K 2-MeTHF glassy matrix.

Cmpd Amax,abs (8) Aem PLQY Tobs Kr Knr Aem
[nm, (103 Mt cm™)] [nm] (%)

[10°s™] [10*s™]  [nm]

405 (2.77), air air air
degassed degassed degassed 77K
339 (4.07), equilibrated equilibrated equilibrated
3-PFs 265 (14.88), 237 606, 660, 606, 660, 592,
0.14 0.72 204 ns 19.3 3.79 5.23
(26.09) 725 725 647, 710
394 (3.00),
4.-PFe 329 (3.53), 602, 660, 602, 660, 592,647,
0.04 1.60 209 ns 30.0 ps 5.33 3.28
261 (19.29), 231 725 725 710
(42.15)
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6. Experimental section
General considerations

[ReCI(CO)s] was purchased from Acros. The synthesis of complex 1 was carried out following a
procedure reported elsewhere by us.[?! All procedures involving rhenium complexes were carried out
under an argon atmosphere using standard Schlenk techniques. Silica gel for column chromatography
was purchased from Sigma-Aldrich. Nuclear magnetic resonance spectra were recorded using a
Bruker Avance 111 HD 500 spectrometer equipped with a N2 cryo-probe CPPBBO Prodigy at 298 K.
'H and ¥C{*H} NMR spectra were calibrated to residual solvent signals. Infrared spectra were
recorded using a Fourier-transformed attenuated total reflectance infrared (FT-ATR-IR) spectrometer
from PerkinElmer. Elemental analyses were obtained at the AMS Fédération de Chimie Le Bel,
University of Strasbourg on a Flash 2000 ThermoFischer Scientific apparatus. HR-ESI-MS spectra

were recorded on a MicroToF Bruker equipped with an electrospray ionization source.
Synthesis

3:PFs. Complex 1 (100 mg, 0.20 mmol) and AgPFs (87 mg, 0.26 mmol) were dissolved in 10 mL of
CH3CN and refluxed in the dark for 18 h. The yellow solution was filtered on Celite to remove AgCl
and then the solvent was evaporated. The crude was dissolved in 5 mL of dry THF and pyridine (16
mg, 0.20 mmol) was added under an argon atmosphere. The mixture refluxed for 2 hours. After
cooling down the solution, THF was evaporated and the crude was purified on chromatographic
column on SiO> using CH2Cl; as eluent mixture. An air-stable yellow solid was obtained. Yield 25%
(38 mg, 0.05 mmol). 'H NMR (500 MHz, 298 K, CD2Cly) &: 9.07 (ddd, J = 5.6, 1.5, 0.6 Hz, 1H),
8.49 (dd, J = 7.3, 1.0 Hz, 1H), 8.39-8.34 (m, 2H), 8.24 (m, 2H), 8.19 (d, J = 8.3 Hz, 1H), 7.83 (tt, J
=7.7,1.5 Hz, 1H), 7.69 (ddd, J = 7.6, 5.6, 1.1 Hz, 1H), 7.64 (dt, J = 9.4, 1.0 Hz, 1H), 7.33-7.29 (m,
2H), 7.14 (dd, J = 9.4, 6.5 Hz, 1H), 7.05-7.01 (m, 1H). 3C{*H} NMR (126 MHz, 298 K, CD,Cly) &:

206.5,196.9, 189.4, 180.5, 153.5, 143.7, 139.2, 133.2, 126.9, 126.2, 124.9, 119.1, 117.5, 114.8, 108.6,
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53.5, 30.6. Elemental analysis for C2oH14FeN4+O3PRe Calcd C 34.84 H 2.05 N 8.13, found C 34.12 H

2.08 N 7.87.

4-PFs. For complex 4:-PFs, a modified version of that previously reported for the synthesis of related
[Re(CO)s(N~N)(PPhs)]PFs derivatives was employed.?? Complex 1 (100 mg, 0.2 mmol) and AgOTf
(66 mg, 0.26 mmol) were dissolved in 10 mL of CH3CN and heated at 85 °C under the dark for 12 h.
The yellow solution was filtered over Celite, then concentrated until 2 mL. A volume of 5 mL of
saturated aqueous KPFs was added dropwise to the solution. The suspension was kept stirring for 1
hour, then dried on the rotary evaporator to eliminate CH3sCN. The precipitate was filtered, washed
with ethanol and diethyl ether and air-dried. The obtained solid was dissolved in 10 mL of dry THF
and PPhz (1.0 g, 4 mmol) was added. The resulting mixture heated at 77 °C for 12 h under argon. The
solvent was evaporated and the crude was purified by chromatographic column on Al;O3 using
hexane/DCM (20:80) as eluent mixture to obtain a green oil. The oil was dissolved in 1 mL of DCM
and diethyl ether was added dropwise under stirring until a solid precipitate. The solution was
carefully removed with a syringe and the solid dried. An air-stable pale-greenish solid was collected.
Yield 25% (50 mg, 0.05 mmol). 'H NMR (500 MHz, CD.Cl,) &: 8.46-8.43 (m, 1H), 8.29 (s, 1H),
8.18-8.13 (m, 1H), 8.00 (d, J = 8.3 Hz, 1H), 7.86 (dd, J = 7.4, 1.0 Hz, 1H), 7.52 (d, J = 9.4 Hz, 1H),
7.38 (td, J = 7.4, 1.8 Hz, 3H), 7.28 (td, J = 7.7, 2.5 Hz, 6H), 7.22-7.18 (m, 1H), 7.16-7.10 (m, 6H),
7.01 (dd, J = 9.4, 6.5 Hz, 1H), 6.76 — 6.72 (m, 1H). *C{*H} NMR (126 MHz, CD.Cl>) &: 206.9,
206.4, 195.95, 195.9, 195.6, 195.5, 185.7, 185.2, 175.4, 175.3, 153.7, 152.5, 142.5, 133.4, 132.5,
132.4,131.0, 130.3, 130.0, 129.0, 129.0, 126.6, 125.1, 124.5, 119.0, 116.5, 114.4, 108.6. Elemental

analysis for CazH24FsN3O3P2Re Calcd C 45.42 H 2.77 N 4.81, found C 44.44 H 3.05 N 4.33.
X-ray diffractometric analysis

The crystals were placed in oil, and a single crystal was selected, mounted on a glass fibre and placed
in a low-temperature N2 stream. X-ray diffraction data collection was carried out on a Bruker

PHOTON 11l DUO CPAD diffractometer equipped with an Oxford Cryosystem liquid N2 device,
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using Mo-Ka radiation (A = 0.71073 A). The crystal-detector distance was 37 mm. The cell
parameters were determined (APEX3 software)[?®l from reflections taken from 1 set of 180 frames at
one second exposure time. The structure was solved using the program SHELXT-2014.[241 The
refinement and all further calculations were carried out using SHELXL-2014.2%1 The H-atoms were
included in calculated positions and treated as riding atoms using SHELXL default parameters. The
non-H atoms were refined anisotropically, using weighted full-matrix least-squares on F2. A semi-

empirical absorption correction was applied using SADABS in APEX3.1%]
Photophysical characterization

Instrument details. Absorption spectra were measured on a Varian Cary 100 double-beam UV-VIS
spectrophotometer and baseline corrected. Steady-state emission spectra were recorded on a Horiba
Jobin—Yvon IBH FL-322 Fluorolog 3 spectrometer equipped with a 450 W xenon arc lamp,
doublegrating excitation, and emission monochromators (2.1 nm mm™! of dispersion; 1200 grooves
mm™1) and a Hamamatsu R13456 red sensitive Peltier-cooled PMT detector. Emission and excitation
spectra were corrected for source intensity (lamp and grating) and emission spectral response
(detector and grating) by standard correction curves. Time-resolved measurements were performed
using either the time-correlated single-photon counting (TCSPC) or the Multi-Channel Scaling
(MCS) electronics option of the TimeHarp 260 board installed on a PicoQuant FluoTime 300
fluorimeter (PicoQuant GmbH, Germany), equipped with a PDL 820 laser pulse driver. A pulsed
laser diode LDH-P-C-375 (Aexc= 375 nm, pulse full width at half maximum FWHM <50 ps, repetition
rate 200 kHz—40 MHz) was used to excite the sample and mounted directly on the sample chamber
at 90°. The photons were collected by a PMA Hybrid-07 single photon counting detector. The data
were acquired by using the commercially available software EasyTau Il (PicoQuant GmbH,
Germany), while data analysis was performed using the built-in software FluoFit (PicoQuant GmbH,
Germany). Data fitting was performed by employing the maximum likelihood estimation (MLE)

methods and the quality of the fit was assessed by inspection of the reduced y? function and of the
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weighted residuals. Luminescence quantum vyields were measured in optically dilute solutions
(optical density <0.1 at the excitation wavelength) and compared to reference emitter by following
the method of Demas and Crosby.[?! The Ru(bpy)sCl> complex in air-equilibrated water solution at
room temperature was used as reference (PLQY = 0.04).21 All the solvents were spectrophotometric
grade. Dearated samples were prepared by the freeze—pump-thaw technique by using a home-made

quartz cuvette equipped with a Rotaflo stopcock.
Electrochemistry

Anhydrous N,N-dimethylformamide (DMF, Sigma-Aldrich, 99.8%) and tetra-n-butylammonium
perchlorate (TBAP, Fluka, 99%) were used as received. The working electrode was a glassy-carbon
disk electrode (2 mm diameter, Princeton Applied Research GO224). The electrode was polished as
already described elsewhere.[?®1 Before experiments, the electrode was further polished with a 0.05
um polycrystalline diamond suspension (Buehler, MetaDI) and electrochemically activated in the
background solution by means of several voltammetric cycles at 0.5 V s™* between the anodic and the
cathodic solvent/electrolyte discharges, until the expected quality features were attained.?®! A
platinum wire served as the counter electrode and a silver wire, separated from the main electrolytic
compartment by a Vycor® frit, was used as a quasi-reference electrode. At the end of each
experiment, its potential was calibrated against the ferricenium/ferrocene couple, used as an internal
redox standard. In DMF/0.1 M TBAP, ferricenium/ ferrocene has a formal potential of 0.464 V
against the KCI saturated calomel electrode (SCE),!?® which allows to reference all the potentials
against SCE. The cyclic voltammetry (CV) experiments were carried out in DMF/0.1 M TBAP under
an Ar atmosphere, using a 1 mM concentration for the electroactive compound. A CHI 760D
Electrochemical Workstation (CH Instruments) was used. For the CV experiments, we employed the

feedback correction to minimize the ohmic drop between the working and the reference electrodes.

Computational details
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Ground state and low-lying triplet geometries were optimized by means of density functional
calculations. The parameter-free hybrid functional PBEOE% was employed along with the standard
valence double-{ polarized basis set 6-31G(d,p) for C, H, N, O and P. For Re the Stuttgart—Dresden
effective core potentials were employed along with the corresponding valence triple-  basis set. All
the calculations were done in the presence of acetonitrile, used in the photophysical characterizations,
described by a polarizable continuum model (PCM)BL. Optimization of the ground state geometry in
dimethylformamide, used in the electrochemical characterization, gives almost indistinguishable
results (difference in bond distances lower than 0.0001 A and differences in orbital energies lower
than 0.003 eV). Only data computed in acetonitrile are described. The nature of all the stationary
points was checked by computing vibrational frequencies and all the geometries were found to be
true minima. In order to simulate the absorption electronic spectrum down to about 220 nm the lowest
40 (or 60) singlet excitation energies were computed for 3* (or 4*) by means of time-dependent
density functional calculations. The vibrationally-resolved emission spectra were simulated in the
framework of the Franck-Condon principle,? shifting the 0-0 energy to its observed value. All the

calculations were done with Gaussian 16 software package.®!

7. Conclusion

Two novel cationic tris-carbonyl rhenium complexes bearing the pyridoannulated NHC ligand pyipy
is reported. For one of the derivatives, namely compound 3-PFs, atom connectivity was
unambiguously ascertained by solving the single-crystal X-ray structure. Both compounds display
long-lived emission with structured profile in the red portion of the electromagnetic spectrum. The
photoluminescence is attributed to an exited state with mainly 3LC character as jointly supported by
photophysical characterization and TD-DFT analysis. While the charged nature of the complex seems
to do not affect the photoluminescence properties to a large extent, modulation of the redox properties

was clearly achieved instead. Indeed, oxidation and reduction potential shifted anodically and
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cathodically, respectively, when compared to the parental neutral congeners. Overall, these features
make the described class of photoactive Re-NHC complexes suitable candidates for potential

application in photocatalysis under visible light irradiation.
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