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FULL PAPER

Synthesis and characterization of a series of ruthenium tris(B-diketonato)
complexes with UHV-STM investigation and numerical calculations

Sabrina Munery, ¥ Nicolas Ratel-Ramond, © Youness Benf'alal, [ oranne Vernisse, @ Olivier
Guillermet, ™ Xavier Bouju, ! Roland Coratger™® and Jacques Bonvoisin®*

Keywords: Ruthenium, B-diketonato complex, mixed-ligand, X-Ray structure, low Temperature STM

A series of ruthenium tris(B-diketonate), was investigated using In addition, X-Ray structures for complexes 1, 2, 3, 4 and 6 were
electrochemistry, UV-Vis spectroscopy, *H and *C NMR and FAB  determined. Scanning tunneling microscopy measurement at
mass spectroscopy. Several new mononuclear mixed-ligand liquid He temperature and in ultra high vacuum (UHV-STM) of
ruthenium(l11) complexes including - dibenzoylmethanate ion complex 1 on Ag(111) surface was conducted. This indicates
(dbm); [Ru(dbm)3] 1 - one or two acetylacetonate ion (2,4- that the complex can be successfully evaporated and observed
pentanedionate, acac-); [Ru(dbm),(acac)] 2, [Ru(dbm)(acac),] 3 - after adsorption on a metallic substrate. Analysis of the STM
acetonitrile  ligand; [Ru(dbm),(CH;CN),][CFsSOs] 4 - or images, supported by adsorption and STM image calculations
functionalized acetylacetonate ion; [Ru(dbm),(acac-1)] 5 (acac-l = demonstrates that the molecules exist in two stable forms when
3-iodo-2,4-pentanedionate ion), [Ru(dbm),(acac-Br)] 6 (acac-Br = adsorbed on the surface.

3-bromo-2,4-pentanedionate ion) were prepared.
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Introduction

Coordinated metal ions are the essential centres of chemical activity in a variety of molecules. Beyond any chemical application, metal
complexes embedded into supramolecular assemblies are potential building blocks for molecular electronics.®! Therefore, studying the
functional molecules on a substrate and investigating their behaviour and properties are a primary requirements for potential applications,
since the molecular deformation due to surface interaction plays a crucial role. ¥ New progress and possibilities in metal complexes for
molecular electronics has been reviewed recently, highlighting that the electronic state of metal complexes is attractive for conducting
highly integrated, functional molecular components. In recent years, the investigation of the properties of isolated, individual molecules
has been greatly facilitated by scanning tunnelling microscopy (STM). Thus, this technique has been used to study the adsorption site and
geometry of molecules on surfaces, * ** to obtain high resolution images of intramolecular structure,**® to investigate the electronic
properties of individual molecules,**% to detect different spin states of transition-metal complexes?®! and to observe charge localization on
isolated mixed-valence complexes.’?*2%! Recent review also appeared on STM spectroscopy of magnetic molecules.!?! Several studies have
been reported on ruthenium compounds measured by STM >3 and also on ruthenium and tris(diketonato) ligands, £7*? but very few on
adsorption of ruthenium or metal acetylacetonate (acac) complexes and their derivatives. > ! It is then of interest to synthesize and
characterize Ru complexes including ligands, which favour their evaporation and their adsorption for further investigations using STM and
related techniques such as Scanning Tunnelling Spectroscopy. This is the reason why dibenzoylmethanato (dbm) ligand was chosen, mainly

because of its propensity to adhere to the substrate due to its phenyl rings. 15 4®!

In this work, we report the synthesis and characterization of a series of mononuclear ruthenium complexes with dbm ligands and
functionalized or non-functionalized acac ligands. We also present a study of the adsorption of a ruthenium tris(B-diketonate) at low
temperature, i.e. tris dibenzoylmethanato-ruthenium [Ru(dbm)z] 1 on a Ag(111) surface by UHV-STM coupled to molecular adsorption
calculations and STM image calculations. These calculations have been done to obtain unambiguous information of the adsorption state.
Indeed, it is necessary to compare experimental images to theoretical STM ones preceded by molecular mechanics calculations. !

Results and Discussion

—"eries of Ru(ll) tris(B-diketonato) complexes have been previously synthesized. 747 “€] Complex 1 has already been obtained in 47 %
ylcld by Endo et al,“”! starting from ‘Ruthenium blue solution’. Here, we present a synthesis where the three compounds 1-3 can be
obtained in a one pot reaction (cf. scheme 1) starting from ruthenium trichloride, two equivalents of dbm and one equivalent of acac. Each
compound was separated and purified by column chromatography. Complex 2 can also be obtained by another way (cf. scheme 2), but with
lower yield, via the preparation of bis(MeCN)bis(B-diketonato)ruthenium(l11) species through a ligand displacement reaction of tris(p-
diketonato)ruthenium(l11) complexes, induced by strong acid./*® % The iodination or bromination selectively occurred at the y-position of
the acac ligand and led to compounds 5 and 6 with good yield (77 and 89 %), this was adapted from literature procedure.5%
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Scheme 1, Synthesis of complexes 1-3
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Scheme 2, Synthesis of complexes 2-5 and 6

Cyclic Voltammetry (CV) data for the complexes 1-6 are given in Table 1 and also in Figure S1. The E,;, potentials were determined
from the average of the anodic and cathodic peaks potentials. All the waves are reversible with peak to peak separation of around 60-80 mV.
The reversible half-wave potentials Ej, of 5-6 are 50-63 mV (76-81 mV/) more positive than that of 2 for the Ru'V/Ru"" (Ru"'/Ru") redox
couple. These positive shifts of the potentials reflect the electron-withdrawing character of -1 and -Br.

The UV-Vis data are shown in Table 1. Complexes 1-3, 5 and 6 present the same overall shape but differ in intensity (cf. supplementary
materials, Figures S5 and S6). They all present three strong bands in the UV-Vis area. One can notice that when going from 1 to 3, the
transition intensity around 330 nm decreases successively by a factor of one third. This corresponds to the progressive replacement of dom
by acac ligand.

NMR experiments have been made on complexes 1-3 and 5, 6. All the NMR (*H and **C) spectra are shown on supplementary materials
(cf. supplementary materials, Figures S7-S16). All the *H and **C signals were unambiguously assigned on the basis of chemical shifts,
spin-spin coupling constants, splitting patterns, and signal intensities, by using *H-'H COSY; they are presented in the experimental section
for complex 1-3 and 5, 6. Comparison of *H NMR spectra for complexes 1, 2 and 6 is shown in Figure 1. Ru(l11) complexes often give very
broad, poorly resolved *H NMR signals as a result of rapid nuclear spin relaxation induced by the paramagnetism, but examples of
interpretable *H NMR data for Ru(l11) species have appeared.®” % The spectrum of [Ru(dbm)s], which has a Dy symmetry, is simple: it
consists of four peaks, three for the phenyls protons and one for the methyne protons of the ligands in accordance with the work of Endo et
al.®l The signal of the methyne protons for all the ruthenium(lll) complexes appears at very high field region because of the
paramagnetism of the ruthenium(111) complexes. On going from complex 1 to complex 2, all the phenyls protons are doubled due to the loss
of symmetry. The & values for the Me signals of the coordinated acac ligands reveal an upfield shift (compared to a ‘diamagnetic value’)
due to the interaction with the paramagnetic Ru(l1l) centre. It has to be noted that the methyne signal (8 = -22.8 ppm) of the coordinated
acac ligand is less upfield than that of the methyne signals (& = -37.0 ppm) of the dbm ligands. As expected, the methyne signal of the
coordinated acac ligand for complex 6 no longer occurs.

Figure 1. *H NMR spectra of complexes 1, 2 and 6 in CD,Cl, at r.t. (* and @ are respectively due to deuterated solvent and traces of impurities in solvent)

Figure 2. ORTEP drawing of the [Ru(dbm)s] 1 (30% of probability thermal ellipsoids)



Figure 3. ORTEP drawing of the [Ru(dbm),(acac-Br)] 6 (30% of probability
thermal ellipsoids).

Crystal structure data for complexes 1-4 and 6 are given in Table S1.
Selected bond lengths and angles are reported in Table S2 and S3.
Figures 2 and 3 show the ORTEP drawings of 1 and 6. The Ru-O

distances as well as the bond angles are consistent with the ranges of
[37, 54, 55]
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7 o7 C28 Ca5.4
“}yﬁgjm Complex  UV-Vis data [ Redox potentials™ Ey,/ V (AE, V)
f Anm (e/Mem™) Ru"/Ru" Ru™/Ru™

430 (12847)
1 330 (48907) -0.615 (0,068)  1.000 (0.076)
258 (35503)

415 (8761)
2 332 (34805) -0.689 (0.073)  0.995 (0.076)
258 (28077)
504 (2240)
404 (6524)
3 335 (20646) -0.767 (0.078)  0.993 (0.081)
262 (20635)
229 (13510)
633 (1781)
388 (11862)
4 336 (37570) 0.150 (0.063)
263 (20931)
228 (16234)
562 (2256)
414 (10569)
5 331 (36727) -0.613 (0.073)  1.045 (0.074)
257 (27886)
228 (23069)
556 (2417)
412 (11644)
6 331 (40967) -0.608 (0.074)  1.058 (0.073)
258 (30580)
228 (22823)




[a] in CH,Cl, [b] Vs SCE, in CH,Cl,, 0.1 M TBAH, 0.1V/s

STM experiments

After evaporation of [Ru(dbm);] 1 on Ag(111) held at 4.5 K, the surface is covered with two different objects always presenting the same
shape. This shows that the molecules are not destroyed during evaporation since no fragments appear on the substrate while scanning with
the STM tip. It should be noted that the general shape of these two forms does not dramatically change in terms of bias voltage in the -2 V

to 2 V range. As we will see further, calculations confirm that molecules stay intact on the surface. Three of these objects (labelled 1, 2 and
3) are shown in Figure 4a.

Figure 4a: STM image (9.4x9.4 nm?) of the Ag(111) surface after evaporation of Ru(dbm)s on a substrate held at liquid helium temperature (sample bias
voltage 1.5 V, tunneling current 15 pA, T = 4.5 K). The two arrows indicate the directions in which the cross sections in Fig. 4b and 4c have been performed

In type (1), the molecule exhibits a two-lobed structure with an apparent height of about 3.9 A (cf Figure 4b, red curve). The two
protrusions are separated by about 0.87 nm while the overall size of the molecule is 1.92 nm. Two small corrugations also appear on the
sides of the main protrusions giving an apparent square-shape to the structure in ‘contact’ with the surface. The two other objects present a
different structure. A central three-lobed structure is surrounded by three smaller bumps, each of them making an angle of 25 degrees with
respect to the threefold axes of symmetry imposed by the central core. The objects (2) and (3) differ by the fact that the rotation of the
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peripheral groups is anti-clockwise in (2) and clockwise in (3), which reveals the chiral character of these adsorbates on the surface.

Figure 4b: Cross sections along molecule 1 and molecule 3 showing an apparent height above the Ag(111) surface of about 3.9 A and 2.9 A respectively. Red
curve has been vertically shifted for clarity.



The cross section presented in Figure 4b (blue curve) shows that the apparent height is about 2.89 A (in these tunnelling conditions) while
the lateral size is 2 nm. The corrugation of the peripheral groups is 0.55 A below the central part of the molecule. A racemic mixture of
species (2) and (3) has been observed on the substrate meaning that the adsorption process is not enantio-selective for this molecule on the
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(111) substrate. One has to notice that these racemic forms represent about 20 % of the total imaged molecules.

Adsorption and STM images calculations

The adsorption for the Ru(dbm); molecule was carried out with an extended semiempirical atom superposition and electron
delocalization (ASED+) approach.l®® Standard parameters for carbon, hydrogen, and oxygen were used. The (Hj, ¢) extended Hiickel
parameters for Ru were chosen as Ru 5s(-8.6, 2.078), Ru 5p (-3.28, 2.043), and Ru 4d H; = -11.12 eV, {; = 5.378 and {, = 2.303 with
weighting coefficients of 0.534 and 0.6365 respectively following Hoffmann et al.®” After relaxation of the molecule geometry on the
surface, two different structures were found. It is notable that the optimization procedure was carried out with a number of starting positions
in order to accurately investigate the adsorption potential energy surface.

In the first structure (Figure 5), the two dbm groups were placed parallel to the plane of the Ag(111) surface. After relaxation with
ASED+, the molecular structure exhibits two phenyl rings rather perpendicular to the surface plane (Fig. 5b). The adsorption energy was
found to be 0.60 eV with all the atoms closest to the surface being at a height of 2.5 A. In the second structure (Figure 6), the molecule was
placed on the surface with three phenyl groups exhibiting an octahedral geometry and with each oxygen atom above a hollow site on the
Ag(111) surface. The relaxed structure is shown in Fig. 6b where all the atoms closest to the surface being at a height of 2.5 A. The
adsorption energy including the van der Waals interaction between the molecule and the metallic surface reaches 0.34 eV.

Figure 5: (a) EHMO-ESQC calculated image of Ru(dbm); molecule adsorbed on Ag(111) under the same tunneling conditions as in experimental STM. (b)
Space-filling model of Ru(dbm); adsorbed on Ag(111). (c) Profile showing the calculated apparent height (4.22 A) of the molecule shows the two bright
protrusions are separated by about 9 A.

Figure 6: (a) EHMO-ESQC calculated image of Ru(dbm); adsorbed on Ag(111) under the same tunneling conditions as in experimental STM. (b) Space-

filling model of Ru(dbm); adsorbed on Ag(111). (c) Profile showing the calculated apparent height of the Ru(dbm); molecule with respect to the Ag(111)
surface (2.66 A) as indicated by arrow in (a).

Adsorption calculations give two stable conformations, the two-lobed structure being privileged. This is in good agreement with the
statistical experimental results. What is interesting to highlight is that the central cage around the Ru atom is not distorted in the two forms.
Indeed, among all the starting configurations we tried, it appears that the stability of the central octahedral site is a key point for the final

conformation. Moreover, we were not able to characterise the energy barrier between the two final adsorption states due to the large number
of degrees of freedom of the molecule.

The STM images of a Ru(dbm); molecule were calculated with the elastic quantum chemistry scattering technique (ESQC)™® under the
same tunnelling condition as in STM experiments. The calculated results displayed in Figures (5 and 6) are consistent with the experimental
results. This corroborates the fact that the molecules are not destroyed during the deposition process.



As already found with Lander molecules, the contrast in the STM images is governed by the topmost phenyl rings modulated by the
presence of the oxygen atoms underneath. (35

This suggests that the two forms observed in the STM images result from two different adsorption geometries due to the peculiar 3D
structure of complex 1.

Conclusions

Ruthenium complexes have been characterized using electrochemistry, UV-Vis spectroscopy, 'H and *C NMR and FAB mass
spectroscopy. With the main objective to synthesize compounds with magnetic and electron transport properties, single [Ru(dbm)]
molecules have been observed by Low Temperature STM. The STM images as well as the calculations indicate that the molecules exhibit
two different adsorption geometries on the Ag(111) surface and that their stability can be attributed to the dom ligand interacting with the
substrate. More generally, these results show that this type of compound can be used for experiments in which single larger Ru complex
would be studied and manipulated using the special properties of STM for potential applications in the field of quantum computation.
Moreover, it opens the route to the physics of the Kondo effect at the single molecule scale for instance,’®*? in particular due to the
presence of the Ru(lll) paramagnetic centre, or to studies dedicated to the magnetic information transfer through molecular adlayer or
molecular wire. 635!

Experimental Section

Materials. All chemicals and solvents were of reagent grade or better. The complexes were purified by column chromatography using Silica gel 60 (Merck
or Agela). Elemental analyses were performed by the ‘Service de microanalyse ICSN-CNRS Gif/Yvette’.

Physical Measurements. UV-Visible spectra were recorded on a Varian Cary 5000 spectrophotometer. Cyclic voltammograms were obtained with an
Autolab system (PGSTAT100) in CH,Cl, (0.1 M tetrabutylammonium hexafluorophosphate, TBAH as supporting electrolyte) at 25°C. A three electrode cell
was used comprising a 1 mm Pt-disk working electrode, a Pt wire auxiliary electrode, and an aqueous saturated calomel (SCE) reference electrode. Mass
spectra were recorded by the ‘Service de Spectroscopie de Masse” of Paul Sabatier University using FAB (Nermag R10-R10, NBA matrix) in positive mode.
1H NMR spectra were taken on Bruker Avance 300MHz and 500MHz equipment in CD,Cl,.

STM Studies. STM experiments have been performed at T = 4.5 K on an ultra-high vacuum STM (LT-Omicron) with a base pressure of 1.5.10"** mbar. The
Ag (111) crystal is cleaned by repeated Ar+ bombardment cycles followed by annealing at 810 K. The molecules are evaporated from a 0.15 mm tungsten
filament submitted to high temperature outgassing cycles before the evaporations. These latter have been conducted while the substrate was held at liquid
helium temperature, i.e. directly on the STM head. In this case, the vacuum never exceeds 1.4.10™° mbar in the STM chamber. Tips made of 200 um diameter
tungsten wires are prepared by electrochemical etching in a 1M-NaOH solution and are cleaned in the UHV preparation chamber using direct current heating.
All the STM images presented in this paper are given without any data processing.

X-ray diffraction studies. All the crystals were obtained either by slow evaporation of a solution of CH,Cl,/pentane (for 1, 2 and 4) or precipitation at low
temperature (for 3 and 6). Suitable crystals were first selected under a binocular and then mounted onto a goniometer head using cyanolite. The diffraction
data were collected using an Enraf Kappa-CCD automatic X-Ray single crystal diffractometer, using MoKa radiation, for which a graphite monochromator
was used. Intensities were measured using an Apex2 detector at sample to detector distance of 40mm. The crystallographic cell was found using EVAL-CCD.
%8 The point group determination was followed by the determination of the position of all non-hydrogen atoms by direct methods using SIR2004%" and
refined in the WinGX software packagel® using SHELX-97.1%9 Absorption corrections were performed using the SADABS program™ ™. The refined cell
constants and additional crystal data are given in Table S1. The non hydrogen atoms were easily localized after structure determination and subsequent
Fourier analyses have revealed the position of the hydrogen atoms. The latter were introduced as riding with their relevant parent atoms. The refinements
were performed using anisotropic thermal displacement parameters for all the non-hydrogen atoms.

Synthesis of the complexes

Preparation of [Ru(dbm)] 1.

[Ru(dbm)s] 1 was prepared via a slightly modified procedure taken from Endo et al.“®!; RuCls, xH,0 (1 g, 4.1 mmol as Ru) was solubilised in the solvent
mixture ethanol/water (100:25, 125 mL) previously degassed with argon. The reaction mixture was stirred at 100°C and obtained a dark blue colour in 4-5 h.
3.3 g (14.7 mmol) of dbm were added to the cooled solution. 1h30 after the addition of the ligand to the ruthenium blue solution, a portion of KHCO; (0.78 g,
7.8 mmol) was added to the cooled solution, which had become green. The colour of the solution turned gradually from green to orange leaving a dark
precipitate. Another portion of KHCO; (0.75 g, 7.5 mmol) was added 1 h after the first addition, at which point the solution was already orange. Each time
KHCO; is added, gas formation is observed. The solution was refluxed for an additional 2 h. At the end of the reaction, the dark precipitate was filtered and
washed with cold ethanol and pentane until the ligand spot was no longer visible on the TLC plate. The complex was purified using column chromatography
on Silica with a mixture of cyclohexane/CH,Cl, (70:30). A black solid was obtained after evaporation with a yield of 47 % (1.6 g). Mass spectroscopy (FAB,
DCM, MNBA) m/z: 771 M* (calc. 770.81), 548 [M-dbm]*. IR (KBr) v/cm™ 1520 (C=0), 1598, 1586 and 1483 (C=C). CV (DCM, 0.1 M TBAH, 0.1 V.5,
vs.SCE) Eyp(Ru™/Ru") = -0.615 V, |AE| = 0.068 V, Ey,»(Ru"/Ru") = 1.000 V, |AE| = 0.076 V. UV-Vis. spectroscopy (DCM, 4.67 x 10° M) A/nm (/10> M"
t.em™) 430 (12.8), 330 (48.9), 258 (35.5). *H NMR (CD,Cl,, & = 5.32 ppm) 11.94 (12H, s, Hc), 9.28 (6H, t, J = 7.0 Hz, H,), 6.76 (12H, d, J = 7.0 Hz, Hy), -
33.12 (3H, s, Hy). *C NMR (CD,Cl,, 8 = 53.7 ppm) 135.64 (b), 125.50 (a), 113.79 (c), 100.63 (d).

Preparation of [Ru(dbm),(CH3;CN),]CF;SOs 4.



[Ru(dbm),(CHsCN),]CF5SOs 4 was synthesized according to the procedure given by Baird 1. R. et al.®™ A particularly notable colour change from red-brown
to green was observed. (Yield: 96 %, 1 g) Mass spectroscopy (FAB, DCM, MNBA) m/z: 630 [M-CF3;SOs]* (calc. 629.67), 589 [M-CH;CN]*, 548 [M-2
CHsCNJ". IR (KBr) v/em™ 1523 (C=0), 1598, 1587 and 1484 (C=C), 2325 and 2297 (C=N), 2992 and 2927 (CH sp3). CV (DCM, 0.1 M TBAH, 0.1 V.s™,
vs.SCE) E1p(Ru"/Ru') = 0.150 V, |AE| = 0.063 V, Eox = 1.724 V. UV-Vis. spectroscopy (DCM, 4.94 x 10° M) A/nm (¢/10° M™.cm™) 633 (1.8), 388 (11.9),
336 (37.6), 263 (20.9), 228 (16.2).

Preparation of [Ru(dbm),(acac)] 2 and [Ru(dbm)(acac),] 3

[Ru(dbm),(acac)] 2 was prepared by two different procedures (cf. scheme 1 and 2).

- First, the complex was prepared from [Ru(dbm),(CHsCN),;]CFs;SO3 4 (0.8 g, 1.03 mmol) solubilised in a solvent mixture ethanol/water (90:10, 100 mL)
previously degassed with argon. Acac (0.135 mL, 1.3 mmol) and KHCO; (0.13 g, 1.3 mmol) were added. The reaction mixture was stirred at 100 °C. The
colour of the solution turned from green to pink-red in about 15 minutes after reflux. After 1 hour the TLC plates no longer showed the spot for
[Ru(dbm),(CHsCN),]CFsSOs, and thus, the reaction was stopped. The solution was evaporated to dryness. To remove the solution’s salts, the crude product
was extracted with ca. 40 mL portions of dichloromethane and ca. 3 X 20 mL portions of water. The extract was evaporated to dryness. Then it was purified
by column chromatography on Silica with, first, toluene, and afterward, a mixture of hexane/CH,Cl, (70:30) to give black crystals (yield: 11 %, 80 mg).

- In the second procedure, inspired by that given by Endo et al.,* RuCls, xH,O (2 g, 8.2 mmol) was solubilised in the solvent mixture ethanol/water (125:30,
155 mL) previously degassed with argon. The reaction mixture was stirred at 100 °C and obtained a dark blue colour in 4-5 h. At this time, dbm (3.7 g, 16.5
mmol) and acac (0.844 mL, 8.2 mmol) were added to the cooled solution. TLC was used to check the reaction on Silica with toluene. The solution was
refluxed for an additional 2 hours. Then, the mixture was cooled again and KHCO;3 (1.25 g, 12.5 mmol) was added to the green solution. A release of gas was
observed. During the night, the solution turned to orange and in the morning, it was cooled to add another portion of KHCO; (1.23 g, 12.3 mmol). The
solution was put under reflux yet again for 4 h, and then the last portion of KHCO; (1.24 g, 12.4 mmol) was added to the cooled solution. A black precipitate
gradually appeared with the addition of KHCOs. The heating and the stirring were held constant for a second night. The reaction was stopped after 48 hours.
The solvents were evaporated and the black precipitate purified using column chromatography on Silica with a mixture of hexane/CH,Cl, (60:40). Three
products were collected : first, [Ru(dbm)s] 1 (black powder, yield: 17 %, 1.1 g), second, [Ru(dbm),(acac)] 2 (crimson powder, yield: 35 %, 1.9 g) and third,
[Ru(dbm)(acac),] 3 (dark red crystals, yield: 4 %, 0.16 g). [Ru(dbm),(acac)] 2 C3sH2s06Ru (646.67): calcd. C, 65.0; H, 4.5; Ru, 15.6; found: C, 64.0; H, 4.7;
Ru, 13.0. Mass spectroscopy (FAB, DCM, MNBA) m/z: 647 M* (calc. 646.67), 548 [M-Acac]*, 424 [M-Dbm]*. IR (KBr) v/em™ 1520 (C=0), 1598 and 1483
(C=C), 2960 and 2921 (CH sp3). CV (DCM, 0.1 M TBAH, 0.1 V.s?, vs.SCE) E1p(Ru"/Ru") = -0.689 V, |AE| = 0.073 V, E1p(Ru"/Ru'Y) = 0.995 V, |AE| =
0.076 V. UV-Vis. spectroscopy (DCM, 5.41 x 10° M) A/nm (/10° M™.cm™) 415 (8.8), 332 (34.8), 258 (28.1). "H NMR (CD,Cl,, & = 5.32 ppm) 13,10 (4H, s,
Hi), 12.04 (4H, s, H¢), 9.81 (2H, t, J = 6.9 Hz, Hy), 9.60 (2H, t, J = 6.9 Hz, H.), 6.95 (4H, d, J = 6.8 Hz, H;), 6.42 (4H, d, J = 6.8 Hz, Hy), -0.80 (6H, s, H)), -
22.75 (1H, s, Hy), -37.02 (2H, s, Hy). *C NMR (CD.Cl,, 5 = 53.7 ppm) 137,62 (b), 137,20 (j), 124,09 (k), 122,65 (a), 111,99 (i), 109,19 (d), 108,91 (c),
103,76 (h), -32,69 (I). [Ru(dbm)(acac),] 3 CsH2s06Ru (522.53): calcd. C, 57.5; H, 4.8; found: C, 57.3; H, 4.9. Mass spectroscopy (FAB, DCM, MNBA) m/z:
523 M* (calc. 522.53), 424 [M-Acac]’, 300 [M-Dbm]*. IR (KBr) v/cm™ 1520 (C=0), 1597 and 1483 (C=C), 2919 (CH sp3). CV (DCM, 0.1 M TBAH, 0.1
V.s, vs.SCE) Eyp(Ru"/Ru") = -0.767 V, |AE| = 0.078 V, E1»(Ru"/Ru") = 0.993 V, |AE| = 0.081 V. UV-Vis. spectroscopy (DCM, 8.66 x 10° M) A/nm
(e/10°* M.em™) 504 (2.2), 404 (6.5), 335 (20.6), 262 (20.6), 229 (13.5). *H NMR (CD,Cl,, & = 5.32 ppm) 13.06 (4H, s, H.), 9.94 (2H, t, J = 6.9 Hz, H,), 6.64
(4H, d, J = 6.8 Hz, Hy), -2.46 (6H, s, H,), -4.86 (6H, s, Hy), -26.91 (2H, s, H,), -39.61 (1H, s, Hr), *C NMR (CD,Cl,, & = 53.7 ppm) 138.46 (b), 121.79 (a),
109.22 (d), 108.32 (c), -26.28 (1), -28.52 (p).

Preparation of [Ru(dbm),(acac-1)] 5 and [Ru(dbm),(acac-Br)] 6.

[Ru(dbm),(acac-1)] 5 was obtained by a direct substitution on the 3-position of the acac ligand of [Ru(dbm),(acac)]. [Ru(dbm),(acac)] 2 (0.25 g, 0.4 mmol)
was solubilised in toluene, and the solution was degassed with argon. 0.18 g (0.78 mmol) of N-iodosuccinimide (NIS) was added and the mixture was stirred
at r.t.. The solution was dark orange. After 1 hour, as no evolution appeared on the TLC plates (Silica, toluene), the mixture was refluxed. The solution
became darker (black with red gleams). 1 hour after refluxing, 0.17 g (0.77 mmol) of NIS was added. 1 hour later a last portion of NIS (0.18 g, 0.79 mmol)
was added. The reaction was stopped after 4 hours. To remove the excess iodine, 25 mL of an aqueous solution (0.5 M) of sodium thiosulfate were added.
Then, the mixture was extracted with ca. 5 X 40 mL of toluene and ca. 4 X 100 mL of distilled water to wash the organic phase. All of the extracted organic
portions were consolidated and the toluene was evaporated. The crude product was purified using column chromatography on Silica with toluene. Dark
purple crystals were obtained with a yield of 77 % (0.2 g). CssHOsIRu (772.57): calcd. C, 54.4; H, 3.7; |, 16.4; found: C, 53.8; H, 3.7; I, 16.9. Mass
spectroscopy (FAB, DCM, MNBA) m/z: 773 M* (calc. 772.57), 647 [M-I]*, 548 [M-Acac-I]*, 423 [M-Dbm-I]*. IR (KBr) v/cm™ 1509 (C=0), 1598, 1586
and 1482 (C=C), 2923 and 2853 (CH sp3). CV (DCM, 0.1 M TBAH, 0.1 V.s, vs.SCE) Ey;»(Ru"/Ru") = -0.613 V, |JAE| = 0.073 V, Ey;»(Ru"/Ru") = 1.045 V,
|AE| = 0.074 V. UV-Vis. spectroscopy (DCM, 4.92 x 10° M) Mnm (e/10° M™.cm™) 562 (2.2), 414 (10.6), 331 (36.7), 257 (27.9), 228 (23.1). 'H NMR
(CD4Cly, 8 =5.32 ppm) 12.45 (4H, s, H;), 11.92 (4H, s, H,), 9.83 (2H, t, J = 6.8 Hz, Hy), 9.60 (2H, t, J = 6.8 Hz, H,), 6.55 (4H, d, J = 6.7 Hz, Hy), 6.52 (4H, d,
J=6.7 Hz, Hj), -1.49 (6H, s, H)), -41.08 (2H, s, Hy). *C NMR (CD,Cl,, § = 53.7 ppm) 138.44 (j), 136.86 (b), 123.43 (a), 122.24 (k), 113.08 (d), 109.55 (c),
108.00 (i), 102.54 (h), 6.46 (1).

[Ru(dbm),(acac-Br)] 6 was also obtained by a direct substitution on the 3-position of the acac ligand of [Ru(dbm),(acac)]. [Ru(dbm),(acac)] 2 (0.36 g, 0.55
mmol) was solubilised in dichloromethane, and the solution was degassed with argon. 0.1 g (0.56 mmol) of N-bromosuccinimide (NBS) was solubilised in
dichloromethane and was added dropwise to the solution. The mixture was stirred at r.t. The solution gradually became darker (black with red gleams). The
reaction was stopped after the entire addition of NBS, and the solution was evaporated to dryness. The crude product was purified using column
chromatography on Silica with toluene. Black crystals were obtained with a yied of 89 % (0.4 g). CssH2306BrRu (725.57): caled. C, 57.9; H, 3.9; Br, 11.0;
found: C, 57.9; H, 3.9; Br, 11.0. Mass spectroscopy (FAB, DCM, MNBA) m/z: 727 M* (calc. 725.57), 647 [M-Br]*, 548 [M-Acac-Br]*. IR (KBr) v/cm™
1521 (C=0), 1598, 1586 and 1483 (C=C), 2923 (CH sp3). CV (DCM, 0.1 M TBAH, 0.1 V.s?, vs.SCE) Ey,(Ru"/Ru") = -0.608 V, |AE| = 0.074 V,
E1p(Ru™/Ru"™) = 1.058 V, JAE| = 0.073 V. UV-Vis. spectroscopy (DCM, 5.17 x 10° M) A/nm (/10° M*.cm™) 556 (2.4), 412 (11.6), 331 (41.0), 258 (30.6),
228 (22.8). 'H NMR (CD,Cl,, & = 5.32 ppm) 12.38 (4H, s, Hi), 12.26 (4H, s, Ho), 9.79 (2H, t, J = 6.9 Hz, Hy), 9.67 (2H, t, J = 6.9 Hz, H,), 6.62 (4H, d, J = 6.7
Hz, H;), 6.50 (4H, d, J = 6.7, Hy), -1.76 (6H, s, H)), -40.61 (2H, s, Hy). ®*C NMR (CD,Cly, & = 53.7 ppm) 138.32 (b), 137.03 (j), 123.57 (a), 122.42 (k), 112.33
(d), 110.15 (c), 107.82 (i), 102.73 (h), -0.05 (I)
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3 and 4; Table of crystallographic data for 1-4 and 6; Table of selected bond lengths and bond angles for 1-4 and 6; Cyclic VVoltammetry of 1, 2, 5 and 6
(CHCl,, 0.1 M TBAH, 0.1 V.s™); UV-Vis spectra of complexes 1-3 in CH,Cl,; UV-Vis spectra of complexes 1, 2, 5, 6 in CH,Cly; *H NMR spectrum of
complex 1- 3, 5, 6 in CD,Cl,; **C NMR spectrum of complex 1- 3, 5, 6 in CD,Cl,.
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