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Abstract

The reaction of [Re(CO)3(THF)(u-Br)]2 or [Re(CO)sX] (X = Cl, Br, I) with the diaryl-2-
azabutadienes [(RS),C=C(H)-N=CAr;] containing two thioether arms at the 4,4-position forms
the luminescent S,N-chelate complexes fac-[(OC)3;ReX{(RS).C=C(H)-N=CAr:}] (1a-h). The
halide abstraction by silver triflate converts [(OC)3;ReCI{(PhS),C=C(H)-N=CPhy}] (1¢) to
[(OC)3Re(OS(=0)2CF3) {(PhS),C=C(H)-N=CPhy}] (1j) bearing a covalently bound triflate
ligand. The cyclic voltammograms reveal reversible SN ligand-centred reduction and
irreversible oxidation waves for all complexes. The crystal structures of nine octahedral
complexes have been determined along with that of (NaphtylS),C=C(H)-N=CPh: (L6). A rich
system of weak non-covalent intermolecular secondary interactions through CH---X(Cl, Br)Re,
CH---O, CO---mt(Ph), CH:--mCO, CH:-:O and CH:--S contacts has been evidenced. The
photophysical properties have been investigated by steady-state and time-resolved absorption
(fs transient absorption, fs-TAS) and emission (ns-TCSPC and ps-Streak camera) spectroscopy
in 2-MeTHF solution at 298 and 77 K. The emission bands are composed of either singlet (450
< Amax < 535 nm) and/or triplet emissions (at 77 K only, Amax < 640 nm, or appearing as a tail
at 4> 600 nm), which decay in a multiexponential manner for the fluorescence (short ps
(i.e. <IRF) <7r < 1.9 ns at 298 and 77 K) and monoexponentially for the phosphorescence (4.0
<1p <7.0 ns at 77 K). The fs-TAS data reveal the presence of 2 to 4 transient species decaying
in four narrow time windows (generally 125-165 fs, 370-685 fs, 3—6 ps, 30—45 ps). The



complexity of these kinetics was explained by studying the photophysical behaviour of
ligand L6. Its behaviour is the same as the complexes thus indicating that the ligand dictates
the kinetic traits of the Re-species, except for the triplet emission as L6 is not phosphorescent.
The triplet lifetime (4.0 <zp< 7.0 ns) is considered very short but not unprecedented.
Furthermore, the nature of the lowest energy excited states of these chelate compounds
and L6 has been addressed using DFT and TDDFT calculations and been assigned to metal-to-
ligand (MLCT) and/or intraligand charge-transfer (ILCT).
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Introduction

The fac-halotricarbonyl(diimine)rhenium complexes (X = Cl, Br, I) and their related derivatives
exhibit remarkable photophysical properties' and numerous applications in photocatalysis,
namely for CO; reduction,*” singlet oxygen generation photodynamic therapy,'*!* dye
sensitized solar cells (DSSCs) and organic photovoltaic devices,!>?* emitters in OLED
devices,?!?> CO photodelivery,? labels for biomolecules?* and medicinal imaging,>>>! have

32,33

recently been reported. Moreover, two-photon absorption,>>** nonlinear optical,**>¢ and

upconversion®”*® properties are also known, and the intramolecular photophysical properties

are often governed by ultrafast excited state kinetics (fs and ps).**

In quest of finding new chelating ligands for the preparation of emissive transition metal-
containing chromophores, some of us explored the coordination chemistry of these ditopic
diaryl-2-azabutadiene-4,4-dithioether featuring soft S-donor sites and a harder imine-type N-
donor site with copper(i), molybdenum(0), palladium(ii) and platinum(ii).****> However, the
photochemical properties of these NS chelate complexes or cyclometallated species has not
been systematically explored. In contrast with the phletora of N*N-chelated Re(i) species,
(N~S)-chelated Re(i) complexes are quite rare.**° It is noteworthy that despite the striking
structural similitude with the generally strongly emissive fac-

halo(diimine)tricarbonylrhenium(i) complexes, these scarce reports on the Re(N”S)-containing



species do not mention any particular evidence for luminescence. Concurrently, in search of
new emissive metal/(N*S)-containing materials, the fac-bromotricarbonyl(N”S)rhenium(i)
complex issued from the complexation of diphenyl-2-azabutadiene-4-chloro-4-phenylthioether,
was reported,’! and exhibits a structured emission band at 616 nm. No further photophysical

study was undertaken.

This preliminary result prompts for a throughout investigation of this novel family of complexes
and we now report a series of fac-halotricarbonyl(N”S)rhenium(i) complexes where the
chelating ligands (N”S) are various diaryl-2-azabutadiene-4,4-dithioethers leaving a dangling
thioether arm. To fine-tune the steric and electronic properties of the ligands, an extended series
of functionalized aza-butadienes with SR groups bearing alkyl and aryl groups has been
synthesized. Moreover, the impact of the Re—X ligand has been systematically varied (X = Cl,
Br, I, OTf; Schemes 1-3). These new complexes were fully characterized, including X-ray
structure diffraction and electrochemistry, and exhibit singlet and triplet intraligand and/or
metal-to-ligand charge-transfer emissions. Their excited state properties turn out to be entirely
dominated by the structural features of the flexible ligands and the concurrent photophysical
events are found ultrafast. Notably, their phosphorescence lifetimes at 77 K are notoriously
short-lived (~5.5 %= 1.5 ns), but not unprecedented, in comparison with the ps timescale

generally encountered for the fac-halotricarbonyl(diimine)rhenium homologues at this same
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Scheme 1 Structural formulas for the free ligands used in this work.
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Scheme 2 Reaction schemes for the synthesis of complexes 1a—i.
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Scheme 3 Reaction schemes for the synthesis of complex 1j.
Results and discussion
Synthesis of compound and structural characterization

The ligands were prepared and purified according to the procedure previously published by our
group (Scheme 1).**° This panel of ligands L1-L5 bearing both aliphatic and aromatic
thioether functions allows for the modulation of the donor propensity of the SR groups. This
series was extended to (NaphtylS),C=C(H)-N=CPh: (L6) bearing two SNaphtyl groups, which

may act as potential chromophores (see Photophysical section).

L6 was straightforwardly obtained by reacting Cl,C=C(H)-N=CPh: with an excess ofin
situ prepared thiolate NaSNaphtyl in DMF. The molecular structure of L6 was deduced by X-
ray crystallography, and selected metric parameters are provided in Fig. 1. Its geometry is
reminiscent to that of other structurally characterized (ArS),C=C(H)-N=CPh; ligands®® and the
imine unit bears one phenyl ring (C8 as Cjys atom), which is roughly coplanar (25.3(2)°) with
the azabutadiene array while the second ring (C1 as Cjps) forms an angle of 65.5(1)° with this
plane. The C7-N-C14—-C15 torsion angle of 175(7)° indicates an extended m-electron



delocalization over the central skeleton. The small dihedral angle between naphthyl average
planes (9.86(6)°) and a C16---C26 distance of 3.167(5) A, significantly shorter than the sum of
van der Waals radii suggest, at first glance, the presence of intramolecular n—n interaction or 7t-
stacking. However, the conformation of the naphthyl groups, estimated from the rather large
C16-S1---S2—C26 torsion angle of 62.6(2)°, causes a slippage that does not favor an eftective
n—m overlap. Considering only the phenyl parts of the naphthyl groups (Fig. S1a and S1b}), the
inter-plane dihedral angle is 9.84(6)°, the centroid-to-centroid distance is 3.997(2) A and the
shift parameters are equal to 2.438(5) and 2.275(5) A. These geometrical features may indicate
the presence of a weak n—m slipped interaction. However, an Atoms In Molecules analysis®! of
the wavefunction calculated (diffuse and polarized large 6-311G++(d,p) basis set) for the X-
Ray molecular geometry shows no bond critical point (Fig. S1ci) between the two naphthyl
planes and thus does not confirm an effective electronic interaction (other AIM studies related
to this manuscript will be presented elsewhere). Noteworthy, an intermolecular n—n interaction
between ortho-C13 carbon atom of one phenyl group with the C14=C15 bond of a neighbor
molecule is observed (Fig. S2ci). Various C—H---n contacts complete the building of the rich

3D structure (an example of dimer fragment is shown in Fig. S2a and S2b).
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Fig. 1 Molecular structure of L6. Apart of the vinylic H atom, all other H atoms are omitted.
Selected bond lengths [A] and angles [°]: C7-N 1.291(3), N-C14 1.390(3), C14—-C15 1.347(4),
C15-S1 1.757(3), C15-S2 1.768(3); C1-C7-C8 116.6(2), C1-C7-N 126.2(2), C8—-C7-N
117.1(2), C7-N-C14 122.0(2), C14-C15-S1 118.7(2), C14-C15-S2 117.8(2), S1-C15-S2
123.38(17).

The target tricarbonyl Re-complexes 1a—h were prepared by reacting the ligands L.1-7 with the
dimer [Re(p-Br)(CO)3(THF)]2%?in dichloromethane at room temperature or with the
mononuclear precursor ReX(CO)s (X = CIl, Br or I) in chloroform at 70 °C (Scheme 2). All

complexes were isolated as air stable red crystalline solids (1a—g), except for and 1h which was



yellow, with 70-80% yields upon breaking the p,-Br bridge or by thermal substitution of two
carbonyls of the ReX(CO)s complexes.

Complex 1j (Scheme 3) was synthesized by reacting the complex [ReCl(CO)3{(PhoC=N-
CH=C(SPh)2}] (1¢) with silver triflate in dichloromethane at room temperature and was isolated
in the form of orange coloured crystals. The coordination of one of the triflate oxygens on Re

was also confirmed by an X-ray diffraction study (see below).

All compounds are highly soluble in halogenated solvents and photostable over prolonged
periods of time. They were characterized by 'H and '*C {'H} NMR, UV-vis and IR spectroscopy
and the data are consistent with the proposed structures (see Table S1j for selected
spectroscopic data). The positions of the three CO stretching vibration peaks of all complexes
are similar to those observed for the fac-[ReBr(CO)s;{(PhSCH,):SiPh,}]% and
[ReX(CO)s(dithioether)][MX(CO)s(diselenoether)] (M = Mn, Re, X = CI, Br and I).%*
% Noteworthy, neither the variation of the terminal substituent on sulfur or the nature of the
halide significantly influences the C=O0 stretching frequencies. The only exception is observed
for complex 1j (X = OTf) which, in comparison with the other complexes, exhibits a slight
hypsochromic shift of approximately 10 cm™' for the three v(CO) stretching bands. The *C
chemical shifts of the complexes 1a—j match well those reported for other fac-rhenium(i)
carbonyl complexes.’” The observation of three distinct carbonyl resonances indicates that no
C=0 scrambling occurs at ambient temperature. Substitution of chloride in complex 1¢ by the
triflate anion was confirmed by the observation of a quartet in the NMR *C{'H} spectrum of

complex 1j, displaying a coupling constant 'Jc r =319 Hz.

Crystal structure determinations

The crystal structures of nine derivatives of 1 were determined and analyzed. They exhibit a
slightly distorted fac-octahedral geometry, in which three facial carbonyl groups, one
bidentate S,N-azabutadiene chelate and one halide (triflate in e of 1j) complete the coordination
sphere around the central Re(i) atom. A typical example of a solid-state structure is that of the
bromo derivative 1a shown in Fig. 2 (left). The exceptional e of complex 1i chelated by
the L7 ligand, bearing, for steric reasons, the ‘Bu groups at two adjacent C atoms of the

azadienic chain, is shown in Fig. 2 (right).



Fig. 2 Comparison of the molecular structures of 1a (bearing two geminal SR groups (left)

and 1i bearing two vicinal SR groups (right). Selected bond lengths [A] and angles [°] for 1a:
Re—Br 2.6293(4), Re—C1 1.908(3), Re—C2 1.907(3), Re—C3 1.924(3), Re—N 2.249(3), Re—S2
2.4585(7), C4-N 1.310(3), N-C19 1.415(3), C19-C20 1.336(3), C20-S1 1.758(2), C20-S2
1.775(2), S1-C21 1.842(3), S2—C30 1.842(3); N—Re—S1 79.63(5), Br—Re—S1 82.14(2), Br—Re—
N 80.26(5), Re—-N—-C4 124.34(16), Re-N-C5 115.49(14), Re-S1-C6 100.09(8), Re-S1-C7
116.44(9), S1-C6-S2 119.15(13). Selected bond lengths [A] and angles [°] for 1i: Re-Br
2.6210(4), Re—C4 1.898(4), Re—C5 1.944(4), Re—C6 1.918(5), Re-N 2.258(3), Re-S2
2.4756(10), C1-N 1.324(5), N-C2 1.430(5), C2—C3 1.341(6), C2-S1 1.779(4), S2—C3 1.751(4);
N-Re—-S2 78.29(8), Br—Re—S2 81.70(2), Br—Re-N 83.57(8), Re-N-C1 121.8(3), Re-N-C2
116.4(2), Re—S2—C3 98.96(15), N-C2-S1 119.5(3), N-C2—-C31 120.3(3).

The plots for all other complexes (except le, vide infra) are gathered in Fig. S3—S8 in the
ESIL.I Despite the noticeable differences of steric requirements, flexibility and donor
propensities of the R groups bound to the S atoms, the bond lengths and angles within the
coordination sphere of the metallic atom are not influenced by the nature of the R groups and
vary very little from one complex to another. In fact, the Re—S bond lengths (2.454(1)-2.476(1)
A), Re-N (2.223(3)-2.260(10) A), Re-Br (2.6210(4)-2.6295(6) A) and Re—Cl (2.4803(15)—
2.495(2) A) fall into the narrow ranges. Selected bond lengths and angles are provided in Table
S2.1 Even for complex 1i bearing a bulky and rigid ‘Bu-S substituent at two adjacent ethylenic

C atoms of the azabutadiene array, the bond lengths do not deviate significantly from typical



values. These observations also apply for the bond angles with an emphasis on the X—Re—C
(trans-CO 173.5(1)-177.5(2)°) and on the S—Re—N bite angles, which vary from 78.29(8) (1i)
to 80.78(17)° (1g). With the exception of the particular ¢ of 1i (R =‘Bu), there seems to be a
good delocalization of electron density (m conjugation) over the central skeleton of the
azabutadiene ligand as deduced from the C=N—C=C torsion angles ranging from 168.9(3)° (1e-
tricl) to 180.0(8)° (1g) (Table S31). However, the near coplanarity of the phenyl ring placed on
the side of the imine nitrogen lone pair with the C=N-C=C plane depicted in free AzBu
molecules, no longer exists in the complexes. The corresponding dihedral angles are close to
60° (Table S37) instead of 15°-25°, often observed for the free ligands (see e.g. compound L6).
This may be the consequence of the involvement of the imine-type nitrogen lone pair to the
bonding with the bulky ReX(CO); unit. The relative conformation of SR groups in these
dithioether-functionalized 2-aza-1,3-butadienes deduced by the C—S---S—C torsion angles (C is
the Cipso carbon atom of R group; Table S31), is another interesting geometric parameter and
will be addressed in detail in the Photophysical and computational studies section of the

ligand L6.

The conformation of the [(SNapht)>] unit of complex 1h noted by the C—S---S—C torsion angle
within the crystal differs significantly from that in the free ligand [133.1(2) vs. 62.6(2)°]. In the
four complexes chelated by ligand L2, the torsion angles of the [(SPh):] unit vary from 71.6°
to 118.5° (65.7(2)° in the free ligand>®). Conversely, the conformation of L1 as a free ligand
and in its complex la are very similar (107.0(2) and 104.5(1)°, respectively). These
observations suggest that the conformation of the SR groups is not an intrinsic molecular
property but is rather influenced by weak non-covalent packing forces in the crystals. Since the
chelating AzBu ligands contain two different coordinating sites (S and N), the molecular
symmetry is C and the complexes bear an intrinsic chirality. Because all complexes crystallize
in space groups containing improper symmetry operations (symmetry centers and/or planes),

both S and R enantiomers are always present. Consequently, all crystals are racemic.

It is worth noting that two different polymorphs have been identified for complex 1e by X-ray
diffraction carried out on two different samples obtained from CH>Clo/heptane and
CHCls/heptane mixtures (Fig. 3). These phases crystallize in the monoclinic P21/n and the
triclinic P2i/n space groups and differ by 68 A%(2.5%) in unit cell volumes.
Both S and R isomers are present in the asymmetric unit of the triclinic structure. The metric
parameters in both structures are similar but the intermolecular interactions building the

supramolecular architecture are completely different and are certainly responsible of the



difference of unit cell volumes. There are also two independent complex molecules in the

asymmetric unit of the structure of 1g.
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Fig. 3 Molecular structure of the monoclinic polymorph of 1e-mono (left, enantiomer S from

the asymmetric unit is shown), two independent molecules (enantiomers R and S) present in the
asymmetric unit of 1e in the triclinic phase le-tricl (right). Selected bond lengths [A] and
angles [°] for 1e-mono: Re—Cl1 2.4875(11), Re—C1 1.936(5), Re—C2 1.903(5), Re—C3 1.921(5),
Re—N 2.259(4), Re-S1 2.4557(11), C6—N 1.332(6), N-C4 1.406(5), C5-C4 1.326(6), C5-S1
1.770(4), C5-S2 1.756(4); N-Re—-S1 79.81(9), CI-Re-S1 82.57(4), CI-Re—N, 80.69(9), Re—-N—
C6 125.8(3), Re-N—-C4 114.2(3), Re-S1-C5 99.05(15), Re-S1-CI11 112.28(15), S1-C5-S2
118.2(2).

As mentioned, the bond lengths and angles are relatively constant in all complexes. However,
the crystal packing and the nature of non-covalent intermolecular interactions differ
significantly. The types of interactions observed in complexes 1a—1j are provided in Table
S4} and shown in Fig. S9-S18.1 CH:--m(aromatic rings) and CH---X—Re interactions are
frequently observed, except for the iodo complex 1g and the bromo complex 1i (with bulky R
='Bu substituent) for which CH--X-Re contacts are not observed. A halogen bonding
involving the X atom bound to Re is not observed. However, its presence may be tentatively

suggested for the C-bonded chlorides in 1f and 1j (Fig. S14 and S18%). If in 1f, the angle C—CI



(PhCI substituent)---O(CO) of 154.4° deviates considerably from the ideal value of 180°, in 1j,
where the C—CI (CH2Cl, solvent)---F(triflate) angle amounts to 168.2°, the deviation is smaller.
It is worth noting that in spite of the presence of several aromatic groups, a m-stacking through
overlap of these rings is almost absent. The sole example can be found in the structure of
complex 1g, in which the SPh substituents bound to the Rel and Re2 atoms form dimers (over
the centers of symmetry), which may be considered as slipped m—n overlaps with the centroid
to centroid distances of 4.131 (Rel) and 4.049 A (Re2) and the shift parameters equal to 1.712
and 1.632 A, respectively (Fig. S16d and S16e).

Photophysical and computational studies

Absorption and emission spectra of the imine-thioether licand L6

The basic motif of the imine-thioether consists of an azadienic PhyC=N-
CH=C(SNapht), backbone. Despite its striking structural simplicity, this organic chromophore
has never been investigated in a photophysical standpoint. One related organic compound,
Ph,C=N-CH=C(SPh)CI, has been reported to be emissive at 298 K in CH2Clz (Amax = 450 nm)
but no assignment was proposed.’*® This ligand, L6, is weakly emissive in solution at 298 K,
but is found fluorescent in the solid state and in frozen solution at 77 K (Fig. 4a—c). This
assignment is based on the expected position of the 0—0 component of the absorption and
fluorescence bands (~430 nm), its calculated position of the pure electronic transition (0—0
~400 nm, TDDFT, below), and the emission decay constant (below). The fluorescence band of
solid L6 appears broad. The fluorescence decay of L6 in 2-MeTHF at 298 K is ultrafast (<10
ps), which is consistent with the low intensity of this emission (note that the small mismatch of
the steady state and time-resolved spectra is due the fact that the steady state and time-resolved
spectra are respectively corrected and uncorrected for instrument responses). The decay
associated spectra, DAS, at 77 K indicate the presence of three emitting species with decay time
constants of <10, 96 and 697 ps (Fig. 4d, Table 1). The former signal (<10 ps) spans from 450
to 620 nm and is very weak, which causes a heavily distorted band to the temporal dispersion
of the instrument. Using TCSPC (laser pulse width ~90 ps), three components were depicted
(110 ps, 440 ps and 1.68 ns) and the decay trace is placed in Fig. S19.1 The latter one was not
observed by the Streak camera probably due to its intrinsic weak intensity (B;j value = 0.001).
Using fs-TAS, four transient species decaying with time constants of 201 fs, 664 fs, 6.4 ps and
75 ps were also observed (Fig. 4e and f). Again, the latter one appears to be similar (i.e. the

same species presumably) to that observed by Streak camera (96 ps) and TCSPC (110 ps). The



timescales of sub- and short-ns is consistent with a S; emission but are clearly on the short side.
The fluorescence decay time constants of L6 in the solid-state are expectedly longer than those
in solution due to increase in medium rigidity. These decays are also found multi-exponentials,
and the resemblance of the time constants of L6 in solution and in the solid state is striking,
also suggesting the presence of multiple conformations. This hypothesis was checked by
comparing the experimental X-ray powder diffraction pattern with that of the calculated one
from the single crystal data at the same temperature (Fig. S217). The experimental trace exhibits
an amorphous domain recognizable from the ill-defined baseline. Moreover, several
supplementary diffraction peaks, absent from the calculated trace, appear in the pattern.

Together, these features indicate the presence of more than one species, here associated with

conformers.
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Fig. 4 a: Solid state absorption (black) and fluorescence (red) spectra of L.6. b: Absorption
(black), steady state fluorescence (red), and time-resolved emission spectra (various colours)
of L6 in 2-MeTHF at 77 K. Note: The Streak camera spectra are uncorrected for the instrument
response. c: Left: Calculated absorption spectrum of L6 by TDDFT; the bar graph (blue) reports

the oscillator strength (f) and positions of the 100 electronic transitions. An arbitrary thickness



of 3000 cm ! is assigned to each bar for the spectrum simulation. Right fluorescence spectrum
of L6 (2-MeTHF; 298 K; Streak camera; Jexc = 397 nm, note that the spectra are not corrected
for the PMT response). d: Decay associated spectra of L6 in 2-MeTHF at 77 K (dexe = 397 nm).
e: Evolution of the fs-TAS of L6 in 2-MeTHF (Jexe =397 nm). f: DAS of the fs-TAS of L6 in 2-
MeTHF. Note that the positive and negative responses represent the bleached and transient

signals, respectively.

Table 1 Fluorescence (zr) and excited state (z.) lifetimes of L6 in 2-MeTHF and in the solid

state®?

Temp. Conditions zr in ps (Streak) 7r in ns (TCSPC)
298 K 2-MeTHF <10 <0.12 (i.e. IRF)
298 K Solid state  9.8¢ 2867 <0.12 (i.e. IRF)

Temp. Conditions zr in ps (Streak) tr in ns (Bi, f (%)), x> = 1.044 (TCSPC)

77K 2-MeTHF <10 967 697¢ 0.11 (0.019,31) 0.44 (0.006,36) 1.68 (0.001, 33)
77K  Solidstate <10 13279 7367 <0.12 (i.e. IRF)

Temp. Conditions 7e fs-TAS

298 K 2-MeTHF 200 fs, 660 fs, 6.4 ps, 75 ps

afi(%) = (Bm)/Y(Biti)-100%; I(t) = Biexp(—t/t1) + Baexp(—t/t2) + Bzexp(—t/r3)+.b The
correspondence between the Streak camera and TCSPC data are respectively as follow: 96
ps vs. 110 ps, and 700 ps vs. 440 ps. The discrepancy is explained by the large uncertainties
related to deconvolution of multi-exponential decays. ¢ The IRF is 6.6 ps in this e. d Weak
component.

Based on these steady-state and time-resolved absorption and emission properties, two
questions arise: are these multiple lifetimes associated with multiple singlet excited states or
different conformers and what the nature(s) of the emissive excited state(s) is (are)? These
questions are addressed by DFT and TDDFT computations. Firstly, the origin of the multiple
exponential fluorescence decays is addressed. Fully optimized geometries of various
conformations were computed (DFT; Fig. 5). L6 as well as all ligands used to build the
complexes exhibit multiple single bonds (i.e. rotors; 2 Ph—C, 2 C-S, 2 S—aryl for L6). Four
conformations were computed (see their total energies in a.u.) and the most stable one is
conformer 1 (Etor conformer 1 < conformer 2 < conformer 4 < conformer 3; by 0.0017, 0.0202
and 0.8434 kJ mol !, respectively. This list of conformers is obviously not exhaustive, but this

sampling is large enough to provide a secure conclusion. Moreover, it also confirms the



conclusion made from the X-Ray structures (vide supra) that there is no m interactions between

the naphthyl planes and that the actual conformation depends on weak crystal packing forces.

conformation 2
-2199.96236576 a.u.

o

conformation 3 conformation 4
-2199.96204516 a.u. -2199.96235870 a.u.

conformation 1
-2199.96236641 a.u.

Fig. 5 Optimized geometry and their total DFT energy of four possible conformers of L6.

The close proximity in total energy and the relatively low barrier to rotation around the C—S
and C—aryl single bonds, suggest that these species co-exist in solution. The fact that the excited
state lifetimes are all <75 ps at 298 K (fs-TAS data, Table 1) indicates that molecular torsions
contribute efficiently to the non-radiative rate constant, ko, This observation is also
corroborated by the large increase in 7r when L6 is placed in rigid glasses at 77 K; zr = 0.7 ns

(Streak) or ~1.7 ns (TCSPC).

For the second question on the nature of the lowest-energy singlet state, DFT computations
using the X-ray structural data indicate that the atomic contributions spreading over the two
phenyls, central C=N—(H)C=C core, and thionaphthyls are respectively 9, 23 and 68% (HOMO)
and 33, 44 and 23% (LUMO; Fig. 6). So, the HOMO — LUMO transition creates a charge
transfer excited state [C=N—(H)C=C] to coplanar phenyl group mostly. Moreover, the
calculated position of the spin-allowed lowest energy transition is ~417 nm (oscillator
strength, /= 0.7222) based on TDDFT computations. The latter corresponds to a HOMO —
LUMO transition (with a contribution of 97%; detail in the ESI, Fig. S22—-S25, Tables S8 and
S9%). This S; state is well isolated from any other excited states as the next transition is

predicted to be at 374 nm. This means that upon exciting at 397 nm (see caption of Fig. 4), only



the S state is selectively populated. Upon assigning an arbitrary thickness of 3000 cm ™! to each
calculated transition (i.e. each bar), a simulated spectrum is generated (Fig. 4c), which matches

reasonably well with the experimental data.

ot e

HOMO (-5.51 eV) LUMO (-2.08 eV)

Fig. 6 Representations of the HOMO and LUMO of L6 (a THF solvent field was applied). See
ESIi for other frontier MOs. The X-ray structure was used for the geometry optimization as the

geometry in solution is unknown and is most likely multiple.

Absorption and emission spectra of the rhenium imine—thioether complexes

Prior to discussing the photophysical properties of the target complexes, a reminder of the
corresponding properties of homologous diimine fac-halotricarbonyl(bipyridine)rhenium(i) is
appropriate. Using fs-fluorescence up-conversion technique, the band maxima of the
fluorescence has been detected in the vicinity of 540—550 nm and found to decay in the fs time
scale.® More accurately, this fluorescence decays are biphasic with time constants 71 = 85-150
fs, and 72 = 340-1200 fs.”° This ultrafast relaxation process stems from an efficient intersystem
crossing using strong spin-vibronic couplings,’"’”> which occur as fast as 100 fs (X =
Cl).” Concurrently, for some other derivatives belonging to this same family, using ps time-
resolved IR spectroscopy, their triplet excited states have been found to be very short lived
(i.e. from 1 ps to 1800 ps) at 298 K.2%%7375 The proximity of the fs luminescence (540—550

nm) and ps emission (~550-600 nm) bands’!7?

may ocionally lead to confusion between the
two. For example, a recent report on ReCl(CO);(2-Py-HC=N-2-CsH4-SR) complexes (R = Me,
Et), indicated that the emission quantum yields are 0.013—0.014 and lifetimes are 4.49 and 4.21
ns at 298 K.”® The authors indicated that this emission was fluorescence arising from the ligands
and that the ligand was uncoupled to the Re atom when coordinated, but the 8—9 nm red shift
of the emission bands upon complexation clearly suggests otherwise. These photophysical
properties can be used as primary guidelines for assignments (fs <zr <1 ps; 1 ps <zp <2 ns at

298 K), but the zr data for L6 (Table 1) also indicate that zr can reach the ns-time scale.



The new complexes reported are found to be weakly or reasonably emissive respectively at 298
and 77 K. The absorption and emission spectra and photophysical data of 1a and 1b are
provided in Fig. 7 and 8 and Tables 2 and 3, respectively, as representative examples (see
ESIf for the other complexes; Fig. S23—S40%). The steady state and time-resolved absorption
and emission spectra are reminiscent to those for L6 although these are somewhat red-shifted.
This behaviour is consistent with ligand—Re interactions. The 7. data are also similar to those
of L6, although new components are now depicted by the Streak camera at 298 K (Table 2).
These components resemble the zr data of free L6 at 77 K, which is interpreted by an increase

in molecular rigidity upon ligand chelation.
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Fig. 7 a and b: Steady state absorption (black) and emission (red) spectra of 1a in 2-MeTHF at
298 and 77 K, respectively. The time-resolved emission spectra of 1a in 2-MeTHF (different
colors) at 298 (frame d) and 77 K (frame e) are also shown. Note: The Streak camera spectra
are uncorrected for the instrument response and the spectra of short-lived species (zr < IRF, blue
traces) are severely distorted. c: Left; Simulated absorption spectrum of 1a (TDDFT, applying
a THF solvent field is applied); the bar graph (blue) reports the oscillator strengths (f) and
positions of the 100 electronic transitions. An arbitrary thickness of 3000 cm™! was assigned

to each bar for the spectra simulation. d (298 K) and e (77 K): decay associated spectra of 1a in



2-MeTHF (Streak camera; dexe = 397 nm, note that the spectra are not corrected for the PMT
response). f: Time evolution of the fs-TAS of 1a in 2-MeTHF at 298 K (Aexc = 397 nm). The
bleach and transient signals are positive and negative signals, respectively. The delay times are
indicated. g: Decay associated spectra of the fs-TAS of 1a. Note that no species decaying in the
ns time scale are observed. Note that the positive and negative responses represent the bleached

and transient signals, respectively.
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Fig. 8 a and b: Steady state absorption (black) and emission (red) spectra of 1b in 2-MeTHF at
298 and 77 K, respectively. The time-resolved emission spectra of 1b in 2-MeTHF (different
colors) at 77 (frame d) and 298 K (frame e) are also shown. Note: The Streak camera spectra
are uncorrected for the instrument response, and the spectra of short-lived species (zr < IRF)
are severely distorted. c: Left; Simulated absorption spectrum of 1b (TDDFT, applying a THF
solvent field is applied); the bar graph (blue) reports the calculated oscillator strengths (f) and
positions of the 100% electronic transitions. An arbitrary thickness of 3000 cm ™ is assigned to
each bar for the spectra simulation. d (298 K) and e (77 K): DAS of 1b in 2-MeTHF (Streak
camera; dexe = 397 nm, note that the spectra are not corrected for the PMT response and the
spectra of short-lived species (zr < IRF, blue traces) are severely distorted). f: Time evolution

of the fs-TAS of 1b in 2-MeTHF at 298 K (4exc = 397 nm). The bleach and transient signals are



positive and negative signals, respectively. The delay times are indicated. g: Decay associated
spectra of the fs-TAS of 1b. Note that no species decaying in the ns time scale are observed.
Note that the positive and negative responses represent the bleached and transient signals,

respectively.

Table 2 Emission (z.) and excited state (z) lifetimes of 1a—j in 2-MeTHF at 298 K

Complex (Jemi) e (ps) (Streak) e (fs-TAS)?

1a (507 nm) <14¢ 623 fs, 3.8 ps, 42.1 ps

1b (514 nm) <114 100 820 651 fs, 5.0 ps, 39.2 ps

1c (523 nm) <11¢ 135 1430 630 fs, 6.1 ps, 40.0 ps

1d (501 nm) <16 145 157 fs, 496 fs, 4.6 ps, 38.4 ps
le (504 nm) <9¢ 160 730 644 fs, 3.1 ps, 44.2 ps

1f (474 nm) <114 120 1500 163 fs, 373 fs, 4.1 ps, 33.8 ps
1g (467 nm) <12¢ 128 fs, 524 fs, 4.9 ps, 30.3 ps
1h (469 nm) <11¢ 671 fs, 5.3 ps, 34.2 ps

1i (493 nm) <12¢ 97 1880 459 fs, 12.3 ps, 265 ps

1j (490 nm) <13¢ 110 650 684 fs, 27.3 ps

a Very weak signal (zr) and the decays are within the IRF. The Streak camera is better suited
to measure lifetimes in the ps —~2 ns window. Note that the emission intensity of the
complexes at this temperature is too weak to be analyzed by TCSPC. b Note that the
complexes are sufficiently emissive enough at 298 K for TCSPC analysis due to the low power
of the LED laser.

Table 3 Emission Lifetimes (zc) of 1a-j in 2-MeTHF at 77 K

Complex

(steady 7r (ps) 7F (ps) 7r; ns (f; %) 7e; ns (f; %)

state demi) Streak?  Streak?  B;“ TCSPC? Bi“ TCSPC? X

la (700 nm) <17 60 0.0037 1.70 (24) 0.0019 5.34 (38) 1.051
1b (500 nm) <15 143 0.0167 1.38 (41) 0.0062 4.60 (51) 1.003
1c (535nm) <16 160 0.0148 1.15(42) 0.0039 4.09 (40) 1.038
1d (510nm) <16 146 0.0082 1.29 (22) 0.0062 4.70 (61) 1.061
le (450 nm) 31 163 0.0472 1.85(42) 0.0154 6.94 (52) 1.029
1f(535nm) <15 157 0.0041 1.76 (39) 0.0019 5.36 (53) 1.040
1g (540 nm) <17 — 0.0052 1.92 (42) 0.0021 5.86 (54) 1.001
1h (520 nm) 17 131 0.0122 1.41(42) 0.0031 5.22 (39) 1.000

1i (530 nm) — 99 0.0096 1.68(29) 0.0055 5.80(57) 1.030



Complex

(steady 7r (ps) 7F (ps) 7r; ns (f; %) 7p; ns (f; %)
state Aemi) Streak?  Streak?  B;“ TCSPC? Bi“ TCSPC? X
1j (640 nm) <15 93 0.0080 1.40(33) 0.0030 4.74 (42) 1.183

a fi(%) = (Bit)/Y.(Biti)- 100%; Ie(t) = Birexp(—t/t1) + Baexp(—t/12) + Byexp(—t/t3) + .... b The
Streak camera is suited to measure lifetimes in the ps—~2 ns window; TCSPC is better suited
to extract lifetimes placed between ~100 ps (i.e. FWHM of laser pulse) and ~1 ps. Note that
the sum of the % values is not equal to 100% because the remainder is close to the lamp
profile (i.e. approaching or smaller than 100 ps), and cannot be extracted accurately.

Importantly, the steady state spectra exhibit a strong signal at ~700 nm (instead of ~550
nm, Fig. 7b) spreading well in the near-IR region, which is not depicted by the Streak camera
(upper detection limit = 2 ns). The subtraction of the fluorescence spectrum (Streak camera)
from the steady state spectrum gives a resulting emission band profile with a maximum at ~740
nm (Fig. S41%). In all es, the TCSPC measurements at 77 K indicate the presence of a new
component (4.1 <zp < 6.9 ns), which is absent in the free ligand. This new feature is readily
assigned to a triplet emission. This time scale contrasts with that generally reported for the fac-

halotricarbonyl(diimine)rhenium complexes (ps) at this same temperature,®> >

and appears
consistent with the fast and ultrafast radiative and non-radiative relaxation time scales depicted

for the singlet excited states.

Strikingly, the heavy atom effect is barely perceptible upon comparing the TCSPC tr data at 77
K of L6 (0.44 and 1.68 ns) with those of the complexes (Table 3; average values 0.13 and 1.54
ns). The attenuated decrease of r upon complexation with Re(i) appears linked to the increase
in skeleton rigidity. However, the zr and zp data do not follow the expected trend for heavy atom
effect for X = CI, Br and I, where the zr and zp values vary as Cl(1¢) < Br(1b) < I(1g). This

unexpected trend remains unexplained.

Singlet states

The nature of the S; states was addressed by examining the calculated frontier MOs (Fig. 9),
and the positions and oscillator strengths of the lowest energy electronic transitions (Tables
4 and 5) for 1i and 1j as representative examples (see ESI§ for the other complexes; Fig. S45—
S89, Tables S10-S36%). Using TD-DFT computations (Table 5), the two lowest energy
electronic transitions (i.e. 0—-0 component) are found in the vicinity of 450—463 nm and their
major contributions to the transition are pure HOMO — LUMO for 1a (also 1f, 1h and 1j) and
a mixture of HOMO — LUMO and HOMO—-1 — LUMO for 1b (also 1¢, 1g and 1i) for both



es. The MO representations (Fig. 9) and atomic contributions (Table 4) indicate that the
HOMO-1 and HOMO are mostly located onto the [Re] unit ([Re] = fac-ReX(CO)3 moiety),
whereas the LUMO is mostly located on the PhoC=N-HC=C(S): skeleton, reminiscent of that
for the free ligand L6. Consequently, these two lowest singlet excited states are metal-to-ligand
charge transfer (MLCT) where metal stands for [Re]. This conclusion is consistent with what

is generally reported for the fac-halo(diimine)tricarbonlythenium(i) species.”"”

& .
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la: H-1 (-6.23 eV) HOMO (-6.06 eV) LUMO (-2.69 eV)
= "?ﬁ
N 4 y74
1b: H-1 (-6.22 V) HOMO (-6.01 eV) LUMO (-2.78 eV)

Fig. 9 Representations of the frontier MOs for 1a and 1b using the X-ray structures and THF
as the solvent field. The energies are in eV. For the other MOs, see the ESI{ (H = HOMO).

Table 4 Relative atomic contributions (%) of the various fragments of the frontier MOs

of 1a and 1b*

Complex, MO Re CO X S~AN ligand
1la, HOMO-1 38% 17% 39% 6%

1a, HOMO 20% 10% 16% 54%

la, LUMO 2% 2% 0% 95%

1b, HOMO-1 35% 16% 37% 12%

1b, HOMO 13% 6% 8% 73%

1b, LUMO 2% 2% 0% 96%

a See ESIf for more frontier MOs and for the data for the other complexes; a THF solvent
field is applied.

Table S Calculated positions, oscillator strengths (f) and major contributions (%) of the first

singlet—singlet electronic transitions for 1a and 1b (H=HOMO)*



. N .
Complex No. 4 (nm) f Major contributions (%)

la 1 4462 0.1361 HOMO — LUMO (86)

2 4369 0.0167 H-1 — LUMO (92)

1b 1 4622 0.1198 H-1— LUMO (29), HOMO — LUMO (68)

2 450.1 0.0629 H-2 — LUMO (27), H-1 — LUMO (56), HOMO —
LUMO (16)

a See ESIf for more frontier MOs and for the data for the other complexes; a THF solvent
field is applied.

In this series, DFT and TDDFT analysis demonstrated that intraligand charge-transfer (ILCT)
excited states along with mixed versions ILCT/MLCT are also possible. Table 6 compares the
nature of the frontier MOs and lowest energy spin allowed electronic transitions. First, the
formation of both S; and S; states always occurs with the isolated LUMO exclusively (detail in
the ESII). Second, regardless of the nature of the lowest energy electronic transition (ILCT,
MLCT, or mixed ILCT/MLCT), the calculated positions of the 0—0 peaks are found in a narrow
range (432-480 nm), which is consistent with the fact that the absorption and fluorescence
bands are also found in the same range, with no obvious trend. Third, the LUMO is always
located on the (S*N) ligand. This conclusion on the constant involvement of the imine—thioether
ligand in the atomic contributions of the frontier MOs corroborates the fact that the excited
states of the complexes are strongly influenced by the features presented by the ligand, as
described above. This conclusion is also in line with the fact that the fluorescence bands appear
in a similar spectral range as for the ligand and the multiple exponential decays are also

observed for the complexes.

Table 6 Nature of the frontier MOs and lowest energy spin-allowed electronic transitions®

1a 1b 1l le 1f 1g 1h 1i 1j
H-1 [Re] [Re] [Re] [Re] [Re] [Re] (S"N) [Re] Mixed
HOMO Mixed (S"N) (S"N) (S”N) (S"N) [Re] (S"N) [Re] (S"N)
LUMO (S"N) (S"N) (S”N) (S"N) (S"N) (S”N) (S”N) (S"N) (S"N)
S Mixed ILCT ILCT ILCT ILCT MLCT ILCT MLCT ILCT
A(nm) 4462 462.2 460.0 440.6 483.7 479.9 4417 4498 463.9




1a 1b 1l le 1f 1g 1h 1i 1j
S, Mixed Mixed Mixed Mixed Mixed MLCT ILCT MLCT MLCT
J(nm) 4369 450.1 4435 431.5 4613 4724 421.8 4369 410.6
a H-1=HOMO-1, [Re] = fuc-Re(CO)sX, mixed = ILCT/MLCT.

Triplet states

The nature of the lowest energy triplet excited states was also addressed by DFT computations
by examining the atomic contributions of the lowest and highest singly occupied MOs of the
complexes, LSOMO and HSOMO (Fig. 10 and Table 7 for 1a and 1b, see ESI of the other
complexes). For both complexes, the atomic contributions of the HSOMO are the largest in the
(S”N) ligand, namely on the PhoC=N moiety. Conversely, the atomic contributions of the
LSOMO is almost evenly distributed over both the [Re] and ligand (i.e. mostly C=N-CH=C).
So, the triplet excited state built upon the LSOMO and HSOMO has a mixed nature,
MLCT/ILCT. Concurrently, the LSOMO—1 exhibits atomic contributions located on the [Re]
unit meaning that an upper triplet excited state built upon LSOMO-1 and HSOMO would be
MLCT.

g

1la: LSOMO-1 (-6.22 eV) beta LSOMO (-5.87 eV) alpha HSOMO (-4.71 eV) alpha

' 3 ‘ X
X ol

1b: LSOMO -1 (-6.19 eV) beta LSOMO (-5.91 eV) alpha HSOMO (-4.05 eV) alpha

Fig. 10 Representations of the singly occupied frontier MOs for 1a and 1b (solvent field =
THF).

Table 7 Relative atomic contributions (%) of the various fragments to the singly occupied MOs

of 1a and 1b (see the ESI] for the other complexes)”



1a; fragments LS-1 LSOMO HSOMO HS+1

Re 37% 19% 2% 5%

3(CO) 16% 9% 2% 4%

Br 32%  10% 0% 2%

N-S_ligand 15%  62% 95% 89%

1b; fragments LS-1 LSOMO HSOMO HS+1
Re 36% 20% 2% 5%
3(CO) 15% 9% 2% 4%
Br 33% 10% 0% 2%
N-S ligand 16% 60% 95% 89%

a HS = HSOMO, LS = LSOMO; the values in bold represent the major contributions.

Table 8 compares the nature of the singly occupied frontier MOs and of the lowest triplet
excited states of all the complexes. These computational results are expectedly reminiscent to
that for the singlet excited states (Table 6), and the conclusion is that the emissive states can be
MLCT, ILCT or a mixture MLCT/ILCT. The comparison
between 1j — 1¢ — 1b — 1g (respectively X = OTT, Cl, Br, I), indicates that the computed
nature of the T state evolves respectively from ILCT — ILCT — mixed ILCT/MLCT —
MLCT. The comparison between 1¢, 1f and 1h (X = Cl) indicates that T; is ILCT for all three
es. The calculated difference between the energy of the LSOMO (LS) and LSOMO-1 (LS—1)
should qualitatively represent the To—T; gap (4) as well. These calculated 4's range are from
970 to 4110 cm™!, averaging 2570 cm ™!, and suggest that T must be well isolated in energy

from T».

Table 8 Nature of the semi-occupied frontier MOs and of the lowest triplet excited states”

1a 1b Ie le 1f 1g th i 1j
LS-1 [Re] [Re] [Re] [Re] [Re] [Re] [Re] [Re]  [Re]
E@V) 622 -619 626 —628 —630 -6.03 624 —6.17 —6.61

LS Both Both (S"N) (S"N) (S"N) Both (S"N) Both  (S"N)
E(@V) 587 -591 -594 -590 593 -5.86 -5.87 -5.974 —6.10
HS (S'N)  (S"N) (S"N) (S”N) (S"N) (S"N) (S"N) (S"N) (S*N)

E@V) —471 -405 —472 —472 —491 —472 -472 476 —4.80
HSH1  (S"N)  (S"N) (S"N) (S”"N) (S”N) (S”N) (S"N) (S"N) both
E@V) -396 -405 —4.04 391 —410 —4.07 -392 —-4.09 —4.13



1a 1b Ic le 1f 1g th 1 1j
T Mixed Mixed ILCT ILCT ILCT Mixed ILCT Mixed ILCT
T MLCT MLCT MLCT MLCT MLCT Mixed ILCT Mixed Mixed
A(cm™) 2820 2260 2580 3060 2980 1370 2980 970 4110

a LS = LSOMO, HS = HSOMO, [Re] = fac-Re(CO)3X, both = [Re] and (S”N) (the detail of
the atomic contributions for each singly occupied MOs are placed in the ESL,I mixed =
ILCT/MLCT, T = 'LS/'HS, T> = 'LS—1/'HS, 4 = E(LS) — E(LS—1), which may be similar to
the T>—T1 energy gap. Note that HS+1 is too high in energy to be involved in the formation of
a low-lying triplet state.

Singlet oxygen

The near-1R region was examined to see whether singlet oxygen was produced in air-saturated
solution (the phosphorescence band is generally located at ~1270 nm), but this zone was
completely silent. This observation is fully consistent with the fact that at room temperature the
excited state lifetimes of the complexes, regardless they are singlet or triplet states, are too
short-lived to promote the diffusion controlled bimolecular energy transfer processes (Table 2),
the longest one being only 1.88 ns (1h). It is interesting to mention that the free PhoC=N—
CH=C(SPh); ligand can be oxidatively photocleaved in the presence of singlet oxygen, but no
photodecomposition of the complexes was observed during the near-IR screening.®® The overall
investigations of the photophysical properties and DFT computations are summarized in Fig.
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Fig. 11 State diagram summarizing the photophysical properties of the rhenium complexes.



Electrochemical study

The redox properties of  the fac-halotricarbonyl(S"N)rhenium(i) complexes
and L2 and L6 have been investigated by cyclic voltammetry (CV) in CH2Cl> solutions in the
—2.30/+1.50 V (vs. Ag/AgClO4) range. CV measurements have also been conducted for some
samples in MeCN in order to address the influence of a coordinating solvent. Beside shifts of
peak potentials, no significant changes have been observed in the voltamograms. The CV data
are summarized in Table 9. A reasonable agreement was found between computed and

measured HOMO-LUMO gaps.

Table 9 Redox potentials of fac-halotricarbonyl(S*N)rhenium(i) complexes (in V vs.
Ag/AgClOy)

Reduction Oxidation Eg(eV)
COIIlpOlllld Epa E1/2 EPe or E1/2(*) Eelectrochemistryg Ecomputg (2-MeTHF)

L2 (CH:CN) —-1.99 —  0.73 2.72 —
L2 (CHoCL) —2.19 —  0.88 3.07 —
L6 (CH:CL) —2.00 —  0.92 2.92 3.43
la (CH;CN) —1.98 —134 1.15 3.13 3.38
la (CHoCl) —2.08 —1.41 135 3.43

1b (CH;CN) —1.87 121 1.17 3.04 3.27
1b (CH,CL) —1.97 —1.27 1.28 3.25

1c (CH,C2) —1.96 —1.26 1.20 3.16 3.26
1d (CH,CL) —1.91 —1.26 1.18 3.09 —
le (CH,CL) —2.03 —1.41 1.30 3.33 3.40
1g (CHoCl) —1.86 —1.22 1.05 2.91 3.23
1h (CH,CL) —1.86 —1.21 1.19 3.05 3.31

a Potential peak at a scan rate of 100 mV s™'. b Observed at a scan rate of 1 Vs

All complexes display one reversible reduction wave in the —1.21 Vto —1.41 V range. The most
negative reduction waves are observed for complexes 1a and 1e, which bear electrodonating
thioethers. Thus a S*N ligand-centred reduction is assigned for this process, which is also
consistent with the reported electrochemical studies on [Re(CO)3(N*N)X] complexes.’” This
assignment is also in line with the conclusions drawn from the DFT computations. At more
negative potentials, an irreversible reduction wave between —1.86 and —2.08 'V, is also depicted.

Concurrently, the [Re(CO)3(S*N)X] complexes are oxidized at potentials ranging from +1.05



to +1.35 V. The stability of the generated 17-electron species [Re(CO)3(S"N)X] " varies with
the nature of the ligands. At scan rate of 100 mV s™!, the CVs show irreversible oxidation waves

for all complexes, but at scan rates above 1 V s’

, chemical reversibility for
complexes 1c¢, 1d and 1h was achieved (Fig. S90 and S91f). Computational studies above
indicate that the nature of the HOMO varies as [Re] for 1a, 1b, 1g, and 1i, (S*N) for 1c, 1f, 1h,
and 1j, mixed [Re]/(S*N) for 1e, and 1d was not computed due to the absence of X-ray data
(Table 6). The common point is that 1¢ and 1h exhibit a HOMO centred on the (S*N) ligand
suggesting that the stability of the radical species may be associated with the HOMO being
mainly located on the S*N ligand with a very small contribution from the halide. Noteworthy,
it is generally accepted that in the [Re(CO)3;(N*N)X] complexes, the irreversibility of the

oxidation wave is due to the dissociation of halide.®’-”” We conclude that the Re-X bond may

be less weakened after oxidation of the complexes 1a—1j.
Concluding remarks

In summary, a series of diaryl-2-azabutadiene ligands (L1-L6) containing two thioether arms
at the 4,3- or 4,4-positions were designed for their subsequent chelation onto a rhenium(i) center
through the imine and one of the thioether groups, were performed to produce a new class of
luminescent fac-Re(N"S)(CO);X complexes, 1a—1j (NS = L1-L6). Generally, the modulation
of the photophysical properties and kinetic parameters in the homologous diimine Re
complexes is readily achieved upon changing X and the basic structure of the diimine
chelate.’® However, this modulation is not straightforward in this current series as the excited
state lifetimes turned out to be very similar to each other between complexes (Tables 2 and 3),
but also with respect to those of the ligand, leading to the unprecedented conclusion that the
photophysical properties for this class of complexes are heavily governed by the structural traits

of the unusual ligands.

The presence of the pendant thioether arm makes these tritopic species a new type of ligands
where the chelating centre is an imine thioether frame, which structurally differs from the
diimine chelates exhibiting dangling thioether residues.’®’®® Mono- and dithioether-
containing organic ligands are commonly prone to construct 1D-? 2D-¥and 3D-
83 coordination polymers (CPs), ocionally found porous, with CuX salts (Cu = Cl, Br, I, CN), a
metal(i) ion that is largely employed for this purpose. Concurrently, the number of examples of
mono- and dithioether-containing organometallic counterparts, namely built with platinum(ii),
is rather limited. Nonetheless they also form strongly luminescent 1D- and 2D- and even 3D

CPs with CuX salts.3*%” For species containing rhenium(i), an organometallic tetratopic ligand



Ge(CH2SPh)4, [Ge], which is known to generate luminescent CPs with Cul and HgBr»,%® was
also used to prepare the organometallic complex fac-Re(|Ge])(CO);Br, which bears two
dangling CH,SPh arms.®® Concurrently, the [Si(Me2)2(CH2SPh),] ligand, [Si-Si], forms a
large bimetallic [fac-Re(CO)3Br(|Si-Si])]2 metallacycle, but no CP material was isolated.®

In order to improve the two features mentioned above (i.e. high flexibility of the ligands
(leading to short-lived excited states and low modulation of the photophysical properties with
the X groups) and difficulty to obtain crystals suitable for X-ray crystallography during ligand
and CP preparations), alternative ligand structures are possible. For instance, the rigidification
and symmetrisation of the diaryl-2-azabutadiene-4,4-dithioether ligands is possible by simply
substituting the =C(SR)> moieties (R = alkane chain) by the cyclic =C(S(CH2),S) groups (n =
4, 5).°° These Ph,C=N-CH=C(S(CH>),S) species (n = 4, 5), have apparently not been exploited
in coordination chemistry. In the light of this work, these species deserve further consideration.
The presence of a second dangling SR group, which is prone to coordinate other soft metal ions
such as Cu(i) or Ag(i), offers the possibility to design innovative heterodinuclear species with
targeted architectures allowing for the modulation of both redox and photophysical properties
of new materials resulting from this family of Re(i)(S"N) synthons. We have also demonstrated
that 2-azabutadies bearing two NR> groups at the instead of two thioether functions are
synthetically accessible.* For example, the coordination of the piperidino-functionalized
ligand [Ph,C=N-C(H)=C(NCsHio)2] and the exploration of its electrochemical and
photophysical properties of this ligand on a Re(CO)3X motif would constitute an interesting

topic for future work.
Experimental section
Apparatus and electrochemical set-up

The NMR spectra were recorded on a Bruker Avance 300 apparatus (300.13 and 75.1 MHz
for 'H and '3C) in CDCl3, unless otherwise stated. FT-IR analysis was performed on a Shimadzu
IR Affinity-1 apparatus (CH2Clz, v in cm™!). UV-vis spectra were measured with a VARIAN-
Cary 100 spectrophotometer in CH>Cl> at room temperature, the concentrations of the solutions
are around 107> mol I'!, Amax in nm (¢ in M~ cm™!). Mass spectra were obtained on an APCI-Q-
TOF (maXis) system. Voltammetric analyses were carried out in a standard three electrode cell
with a Radiometer PGP 201 potentiostat at ambient temperature. The electrolyte consisted of
0.2 M BusNPFs solution in deaerated MeCN or CH>Cl,. The working electrode was a platinum

disk electrode, and the auxiliary electrode was a platinum wire. The reference electrode was a



silver—silver ion electrode, Ag/Ag + (0.1 M AgClO4 in MeCN) separated from the analysed
solution by a sintered glass disk. After each measurement, the reference was checked against
the ferrocene—ferriconium couple (+0.025 V and +0.16 V against this reference electrode in

MeCN and in CH>Cl; solution respectively.
Reagents

[Re(u-Br)(CO);THF],°! was prepared according to the literature procedure by refluxing
[ReBr(CO)s] in THF, and [Rel(CO)s] was synthetized by oxidative cleavage of [Re2(CO)io] in
the presence of 1.2 [ReCI(CO)s] was purchased from STREM. Dichloromethane, MeCN,
chloroform and dimethylformamide were dried over suitable reagents and freshly distilled
under argon before use. All reactions were carried out by using standard Schlenk-tube

techniques.

Synthetic procedures

4,4-Bis(naphtyvithio)-1, 1-diphenyl-2-azabuta-1,3-diene (L6)

2 mmol of 1,1-diphenyl-4,4-dichloro-2-azabuta-1,3-diene prepared according to the literature
procedure” was stirred with an excess of sodium 2-naphtholate (10 mmol) in dry DMF (10
mL). The reaction mixture was stored at room temperature for 6 h, then poured into water (100
mL) and extracted with diethyl ether (3 x 50 mL). The organic solution was washed three times
with water, dried over anhydrous sodium sulfate and evaporated. The crude residue was
recrystallized from ethanol affording yellow needles yield: 78%. Mp = 127 °C. Anal. calcd for
Cs3sH2sNS2 C 80.27; H 4.81; N 2.67; S 12.25. Found: C 79.94; H 4.68; N 2.52; S 11.96. IR
(KBr): W(C=C): 1601, v(C=N): 1574 cm'. '"H NMR: §/ppm 7.09-7.11 (m, 2H, Har), 7.17 (s,
1H, HC=C), 7.25-7.43 (m, 14H, Har), 7.50-7.90 (m, 8H, Har). *C{'H} NMR: 6/ppm 125.7—
127.4 (18s, Car), 129.1 (s, HC=C), 142.1 (s, CH=C), 166.8 (s, C=N). UV-vis: 232 (23 300),
252 (15100), 383 (4100). MS (APCI") m/z 523.14 [M]".

Synthesis of complexes 1a—b, 1d and 1i

To a solution of [Re(u-Br)(CO);THF]> (211 mg, 0.25 mmol) in 8 mL of dichloromethane, the
ligand (0.5 mmol) was added in several portions. The reaction mixture was stirred at room
temperature for 1 h and then concentrated to ca. 4 mL under reduced pressure. Layering with

heptane gave after several days at 5 °C red needles.

Synthesis of complexes Ic, 1e—f




ReCI(CO)s (361 mg, 1 mmol) and ligand LL1-7 (1.1 mmol) in CHCI3 (8 mL) were heated at 50
°C for 3 h. After cooling of the reaction mixture to room temperature and concentration to ca. 4
mL under reduced pressure, layering with heptane afforded after several days at 5 °C red

needles.

Synthesis of complex 1g

Rel(CO)s (227 mg, 0.5 mmol) and ligand L2 (0.55 mmol) in CHCI3 (6 mL) were heated at 55
°C for 3 h. After cooling of the reaction mixture to room temperature and concentration to ca. 4
mL under reduced pressure, layering with heptane afforded after several days deep red needles.
X-ray suitable single-crystals were obtained by recrystallisation of a sample from

CH:Cly/heptane.

fac-[ReBr(CO)s3{(Ph,C=N-CH=C(S-iPr)2}] (1a)

Yield: 70%. Anal. calcd for C24H2sBrNOsReS2 C, 40.85; H, 3.57; N, 1.98; S, 9.08. Found: C,
40.63; H, 3.49; N, 1.91; S, 8.98. IR: v(CO): 2031vs, 1937s, 1898s cm . 'H NMR: é/ppm 1.7
(d, 6H, °J= 6.7 Hz, CH(CH3)2), 1.57 (d, 6H, 3J = 6.7 Hz, CH(CH5),), 3.41-3.54 (sept, 1H, °J =
6.7 Hz, CH(CHs),), 3.77-3.86 (sept, 1H, *J= 6.7 Hz, CH(CH3),), 7.43-7.55 (m, 11H, Har
+ HC=C). 3C{'H} NMR: §/ppm 20.9-24.4 (4s, CH3), 39.5-44.6 (2s, CH), 128.9 (s, HC=C),
131.9-137.4 (5s, Car), 142.6 (s, CH=C), 154.0 (s, C=N), 187.3 (s, CO), 189.4 (s, CO), 192.6
(s, CO). MS (APCI") m/z 702.99 [M]".

fac-[ReBr(CO)s{(Ph,C=N-CH=C(SPh):}] (1b)

Yield: 80%. Anal. calcd for C3oH21BrNOsReS» C, 46.57; H, 2.74; N, 1.81; S, 8.28. Found: C,
46.49; H, 2.63; N, 1.77; S, 8.11. IR: »(CO): 2033vs, 1938s, 1905s cm™'. 'H NMR: §/ppm 7.29—
7.34 (m, 6H, Har + HC=C), 7.41-7.75 (m, 15H, Har). *C{'H} NMR: /ppm 128.4 (s, HC=C),
129.0-137.4 (17s, Car), 142.6 (s, CH=C), 152.8 (s, C=N), 188.2 (s, CO), 189.8 (s, CO), 191.8
(s, CO). MS (APCI") m/z 770.96 [M]".

fac-[ReCIl(CO)s{(Ph.C=N—-CH=C(SPh)>}] (lc)

Yield: 75%. Anal. calcd for C30H21CINO3ReS, C, 49.41; H, 2.90; N, 1.92; S, 8.79. Found: C,
49.33; H, 2.79; N, 1.86; S, 8.69. IR: w(CO): 2034vs, 1940s, 1903s cm™'. 'H NMR: é/ppm 7.2—
7.34 (m, 6H, Har + HC=C), 7.42-7.74 (m, 15H, Har). *C{'H} NMR: 6/ppm 128.3 (s, HC=C),
128.4-137.5 (20s, Car), 142.3 (s, CH=C), 152.6 (s, C=N), 188.1 (s, CO), 190.2 (s, CO), 192.8
(s, CO). MS (APCI") m/z 727.01 [M]".



fac-/ReBr(CO)s{(Ph,C=N-CH=C(S-pTol)>}] (1d)

Yield: 65%. Anal. caled for C2HasBrNOsReS, C, 47.97; H, 3.14; N, 1.75; S, 7.99. Found: C,
47.85;H,3.01; N, 1.68; S, 7.85. IR: w(CO): 2031vs, 1937s, 1904s cm™!. 'H NMR: §/ppm 2.34
(s, 3H, CHs), 2.43 (s, 3H, CHs), 7.11-7.64 (m, 19H, Har + HC=C). 3C{'H} NMR: §/ppm 21.3
(s, CH3), 21.5 (s, CHs), 128.1 (s, HC=C), 129.0-141.0 (15s, Car), 142.7 (s, CH=C), 151.3
(s, C=N), 187.4 (s, CO), 189.9 (s, CO), 192.6 (s, CO). MS (APCI") m/z 798.99 [M]".

fac-[ReCI(CO)3{(Ph2C=N-CH=C(S-nBu)2}] (1e)

Yield: 75%. Anal. calcd for C26H20CINO3sReS: C, 45.30; H, 4.24; N, 2.03; S, 9.30. Found: C,
45.34; H, 4.29; N, 2.06; S, 9.34. IR: »(CO): 2032vs, 1939s, 1899s cm™!. 'H NMR: ¢/ppm 0.94
(t, 3H,°J = 6.4 Hz, CH3), 1.02 (t, 3H, *J = 6.4 Hz, CH3), 1.36-1.91 (m, 4H, 2CH>), 2.63-3.19
(m, 4H, 2CH>), 3.54 (t, 2H, °J = 6.4 Hz, SCH"), 4.05 (t, 2H, *J = 6.4 Hz, SCH">), 7.43-7.60 (m,
11H, Har + HC=C). BC{!H} NMR: é/ppm 13.4 (s, CH3),13.5 (s, CH3), 21.6 (s, CH,), 21.8
(s, CH2), 29.8 (s, CH2), 31.2 (s, CHz2), 34.3 (s, SCH>), 42.5 (s, SCH>), 128.0 (s, CH=C), 128.9—
137.6 (10s, Car), 142.5 (s, CH=C), 151.1 (s, C=N), 186.7 (s, CO), 189.9 (s, CO), 193.2 (s, CO).
MS (APCT") m/z 687.08 [M]".

fac-[ReCIl(CO);3{(pCIPh),C=N-CH=C(S-pTol)>}] (1f)

Yield: 82%. Anal. calcd for C32H23CIsNOsReS: C, 46.52; H, 2.81; N, 1.70; S, 7.76. Found: C,
46.41; H, 2.76; N, 1.67; S, 7.65. IR: v(CO): 2033vs, 1942s, 1904s cm™'. 'H NMR: 6/ppm 2.35
(s, 3H, CH3), 2.43 (s, 3H, CH3), 7.11-7.63 (m, 17H, Har + HC=C). *C{'H} NMR: ¢/ppm 21.3
(s, CH3), 21.5 (s, CH3), 127.9 (s, HC=C), 129.9-141.0 (10s, Car), 143.0 (s, CH=C), 151.4
(s, C=N), 187.1 (s, CO), 189.3 (s, CO), 192.2 (s, CO).

fac-[Rel(CO)s3{(Ph,C=N-CH=C(SPh),}] (1g)

Yield: 67%. Anal. calcd for C30H21INO3ReS: C, 43.90; H, 2.58; N, 1.71; S, 7.81. Found: C,
43.79; H, 2.44; N, 1.65; S, 7.74. IR: »(CO): 2032vs, 1937s, 1906s cm™'. 'TH NMR: §/ppm 7.31—
7.73 (m, 21H, Har + HC=C). '*C{'H} NMR: 6/ppm 128.5 (s, HC=C), 129.0-137.2 (11s, Car),
1429 (s, CH=C), 152.8 (s, C=N), 187.9 (s, CO), 188.9 (s, CO), 192.0 (s, CO). MS
(APCI") m/z 818.95 [M]".

fac-[ReCIl(CO)s{(Ph,C=N—CH=C(S-naphthvl)>}] (1h)

Yield: 78%. Anal. calcd for C3sH2sCINO3ReS, C, 55.03; H, 3.04; N, 1.69; S, 7.73. Found: C,
54.96; H,2.97; N, 1.62; S, 7.66. IR: v(CO): 2034vs, 1942s, 1904s cm™'. 'H NMR: ¢/ppm 7.29—



741 (m, 6H, Har + HCC), 7.43-7.58 (m, 16H, Har), 7.66-7.95 (m, 16H, Har). 3C{'H}
NMR: 8/ppm 126.9 (s, HCC), 127.0-137.4 (19s, Car), 142.3 (s, CHC), 152.8 (s, C=N), 188.3
(s, CO), 190.3 (s, CO), 192.3 (s, CO). MS (APCI") m/z 827.05 [M]".

fac-[ReBr(CO);{(Ph,C=N-C(S-tBu)=CH(S-tBu)}] (1i)

Yield: 75%. Anal. caled for CasHaoBrNOsReS, C, 42.56; H, 3.98; N, 1.91; S, 8.74. Found: C,
42.44; H, 3.89; N, 1.86; S, 8.67. IR: w(CO): 2031vs, 1936s, 1899s cm™!. 'H NMR: §/ppm 1.49
(s, 9H, —C(CHs)3), 1.66 (s, 9H, —C(CHs)3), 6.90 (s, 1H, C=CH), 7.28-7.64 (m, 10H, Ar—
H). BC{'H} NMR: é/ppm 28.6-31.6 (6s, C(CHs)3), 49.6 (s, C(CH3)3), 55.7 (s, C(CH3)3),
128.4-142.2 (2s, CH=C + Car), 145.3 (s, N-C), 153.9 (s, C=N), 189.7 (s, CO), 191.1 (s, CO),
193.2 (s, CO).

fac-[ReOTf(CO)s{(Ph,C=N—-CH=C(SPh):}] (1j)

[ReCl(CO)3 {(Ph,CN-CHC(SPh)2}] (1¢) (300 mg, 0.38 mmol) and AgOTf (100 mg, 0.389
mmol) were stirred in 20 mL in CH2Cl at room temperature overnight. After filtration, the
solvent volume was reduced to ca. 4 mL. Layering the orange solution with hexane gave after
one day at —20 °C orange needles. Yield: 87%. Anal. calcd for C31H21F3NOgReS;3 C, 44.17; H,
2.51; N, 1.66; S, 11.41. Found: C, 44.05; H, 2.46; N, 1.61; S, 11.34. IR: v(CO): 2044vs, 1952s,
1920s. '"H NMR: 6/ppm 7.14-7.25 (m, 7H, Har + HC=C), 7.34-7.58 (m, 12H, Har), 7.70-7.81
(m, 2H, Har). BC{'H} NMR: é/ppm 118.9 (q, 'Jc-r = 319 Hz, CF3)127.6 (s, HC=C), 128.3—
137.6 (16s, Car), 142.4 (s, CH=C), 149.4 (s, C=N), 188.0 (s, CO), 191.0 (s, CO), 193.2 (s, CO).
MS (APCI") m/z 841 [M]".

Photophysical set-up

The absorption spectra in the solution were measured on a Varian Cary 300 Bio UV-vis
spectrometer at 298 K and on a Hewlett-Packard 8452A diode array spectrometer with a 0.1 s
integration time at 77 K. The steady state fluorescence spectra were acquired on an Edinburgh
Instruments FLS980 phosphorimeter equipped with single monochromators. Fluorescence and
phosphorescence lifetime measurements were made with the FLS908 spectrometer using a 395
nm pulsed diode laser as an excitation source. Data collection on the FLS980 system was
performed using time correlated single photon counting (TCSPC). All fluorescence spectra
were corrected for instrument response. All measurements at 77 K were performed with an EPR

Dewar assembly using an NMR tube. The fluorescence lifetimes were extracted using multi-



exponential analyses. For time-resolved measurements, the concentrations were approx. 5 X

107 mol I"! to match 0.4 in absorbance.
Femtosecond transient absorption spectroscopy (fs-TAS)

The fs transient spectra and decay profiles were acquired on a homemade system using the SHG
of a Soltice (Spectra Physics) Ti-sapphire laser (Aexc = 398 nm; fwhm = 75 fs; pulse energy =
0.1 wJ per pulse, rep. rate = 1 kHz; spot size ~500 pm), a white light continuum generated
inside a sapphire window and a custom-made dual CCD camera of 64 x 1024 pixels sensitive
between 200 and 1100 nm (S7030, Spectronic Devices). The delay line permitted to probe up
to 4 ns with an accuracy of ~4 fs. The results were analysed with the program Glotaran
(http://glotaran.org) permitting to extract a sum of independent exponentials that fits the whole

3D transient map.
Fast kinetic emission decay measurements

The laser source was the same as described above. The IRF increased to a FWHM of ~9 ps
after passing through the optics at 298 K and become 12 ps after passing through a Dewar for
77 K measurements. The detector was a Streak Camera (Axis-TRS, Axis Photonique Inc.)

limited to a maximum of ~2.5 ns. The results were globally analysed with the program Glotaran

(http://glotaran.org) permitting to extract a sum of independent exponentials . The

resulting time-resolved spectra are not corrected for the instrument response.
Computations

The density functional theory (DFT) and time dependent density functional theory (TDDFT)
calculations were performed with Gaussian 16°* at the Université de Sherbrooke with the
Mammoth supercomputer supported by Le Réseau Québécois De Calculs Hautes
Performances. All cif files from X-ray crystal structures have been used for the calculations.
The DFT (ground states) as well as TDDFT calculations®> % were carried out using the B3LYP
method, triplet states were optimized using uB3LYP method. The 6-31g* basis set was used for
C, H, N, O and S atoms.!® The effective core potentials (ECP) and their associated double-{
LANL2DZ basis set were used for all Re, Br, I, F and Cl atoms.'*1% All calculations were
carried out in a THF solvent field. No imaginary frequencies were observed validating the
correct energy minimization after the optimization. The calculated absorption spectra were
obtained from GaussSum 3.0.!7 Isosurfaces were generated with a contour value of 0.0432, red

lobes are positive and blue lobes are negative.


https://pubs-rsc-org.passerelle.univ-rennes1.fr/image/article/2021/dt/d0dt04183a/d0dt04183a-t2_hi-res.gif

Experimental X-ray crystallography

Suitable crystals were mounted on Nonius Kappa CCD (ligand L6, complexes 1b, 1e-
mono, 1i), Nonius Kappa ApexII (1e-tricl), 1f and 1j) and Bruker D§ VENTURE (1a, 1g, 1h)
diffractometers. Crystal data as well as the information on data collections and structure
solutions and refinements are summarized in Tables S5-S7 of the ESL} The unit cells
refinements, data reductions and scale corrections were performed using DENZO and
SCALEPACK program.'® The structures were solved either with SIR92,!® SUPERFLIP''? or
SHELXT!!! direct methods. The multi-scan absorption correction of Blessing!''? or
SADABS!!® was applied for complexes but not for the ligand L6. The models have been refined
by least squares with SHELXL.'!"! The non-hydrogen atoms were refined with anisotropic
temperature factors. The hydrogen atoms were placed in calculated positions and isotropically
refined using a riding model. There are the highly disordered solvent molecules in the structures
of 1b (heptane) and 1g (CH2Cl2). The modelling of these disorders was unsuccessful and
consequently, the SQEEZE utility in PLATON was applied. Olex2 has been used as graphical

interface and for calculations of non-covalent distances and torsion and dihedral angles.!'*
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Footnotes
Dedicated to the memory of our colleague Prof. Mironel Enescu, deceased in 2020.

Electronic supplementary information (ESI) available: Representation of secondary
interactions, atomic contributions of the various fragments to the frontier MOs, electron-density
differences, representations of the frontier MOs, calculated positions, oscillator strengths and
major contributions of the first 100 singlet—singlet electronic transitions, emission decay in 2-
MeTHF at 77 K, photophysical properties, simulated absorption spectrum by TDDFT

computations of L6, 1a—c, 1e—j and cyclic voltammograms recorded for 1b and 1h.



