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6
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 4 
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Abstract 9 

A series of cationic binuclear (η6-cymene-Ru)2 complexes with N2S2-ligands were synthesized in 10 

64% to 85% yield by reaction of [Ru(η6-cymene)Cl2]2 with bis-S,S’-(ortho-aminothiophenol)-11 

xylenes as BF4
- and PF6

- salts. The compounds were studied using NMR, HRMS, UV-vis and IR 12 

spectroscopy, EA and inductively coupled plasma (ICP) MS. It was determined that the 13 

binuclear Ru complexes were anti and syn diastereomers obtained in 2:1 ratio for ortho- and 14 

meta-xylylene bridged ligands and in a 1:1 ratio for the para-xylylene bridged ligand. An anion 15 

effect was found for the presence of NaBF4 with the meta-xylylene bridged system yielding the 16 

targeted binuclear Ru complex and a mononuclear Ru complex. This mononuclear S,S’-17 

coordinated η6-cymene Ru chloride structure lacked amine-metal coordination and was obtained 18 

in a 1:3 ratio of anti:syn diastereomers which were insoluble in CH2Cl2 and soluble in DMSO 19 

and DMF. X-ray crystallographic analysis was obtained for the N2S2 ligand, 1,2-bis{(2-20 

aminophenyl)thiomethyl}benzene, showing a CS symmetry with amine groups facing outwards 21 

with a tilt of 28.95° from the ortho-aminothiophenol pendant ring. The interatomic sulfur-sulfur 22 

distance (S-S’) is 4.6405 Å within the crystal structure while accommodating a potential metal 23 

bite angle from 1.0 Å to 5.9 Å when allowing rotation of the methylene phenyl bond.    24 
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Introduction 25 

Metal-metal synergic interactions in binuclear transition metal complexes have received 26 

considerable attention since the discovery by Stanley and co-workers of dirhodium catalysts for 27 

hydroformylation reactions.1, 2 The increased reactivity of metal-metal systems – with or without 28 

the presence of intermetallic bonding – is based on concerted mechanisms by activation of a 29 

substrate with both metal centres or by sequential activation of two substrates, one at each metal 30 

centre.3-11 Binuclear transition metal complexes can generate mixed-valent species that can be 31 

exploited for electronic and magnetic applications. These complexes can be further enhanced 32 

with ligands that have non-innocent properties. Weighardt and co-workers reported ortho-33 

dithiolene and ortho-aminothiolate ligands complexed to Fe as well as iminothione 34 

benzosemiquinonate π-radical ligands.12, 13 Binuclear complexes provide a great diversity for 35 

supramolecular chemistry of anion recognition and metalloreceptors due to their geometry and 36 

electrochemical properties.14-18 Typical ligand systems bridging the two metals are bipyridines, 37 

terpyridines, polyacetaldehydes, ethynyl and para-substituted phenylene.19-32 Mono- and 38 

binuclear Ru polypyridine complexes display electro- and photochemical properties associated 39 

with metal-to-ligand charge transfer transitions.33-38 Binuclear η3-allyl- and η6-arene Ru 40 

complexes showed a remarkable absorption in the visible region and electrochemical studies 41 

revealed interactions between the two metals, allowing for potential application as molecular 42 

wires.39 N-heterocyclic carbene (NHC) complexed η6-arene Ru compounds show two mutually 43 

dependent oxidation processes.40 η6-Arene Ru half-sandwich complexes with bis(bipyridines) are 44 

utilized for the visible light induced photocatalytic splitting of CS2 to elemental sulfur and a 45 

carbon-sulfur polymer.41 Joulie et al. reported molecular switches based on Ru complexed to 46 

N,N’ bipyridines.42   47 
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 Hybrid ligands bearing hard N and soft S donor atoms can be used, as a chelate or 48 

bridging unit, to bind either hard/soft metals.43, 44 Recently, we have reported the synthesis of 49 

ortho-aminothiophenol based N,S-ligands with ortho-, meta- and para-xylene bridges (1a-c).45, 46 50 

These N2S2-ligands are targeted systems for small biomimetic metal models for the analysis of 51 

redox-active non-blue/type-II copper enzymes such as peptidylglycine α-hydroxylating 52 

monooxygenase (PHM), which is one of the two non-coupled copper ion domains of the 53 

bifunctional peptidylglycine α-amidating monooxygenase (PAM, EC 1.14.17.3).47, 48 Hamaker 54 

and co-workers reported structures and reactivities of half-sandwich η6-arene Ru complexes 55 

using N,S-ligands based on ortho-aminothiophenols, N-(aryl-methylene)-ortho-alkylthioanilines 56 

and ortho-thiosalicylimines.49-52 In addition, binuclear Schiff base ruthenium complexes have 57 

been used in ring-closing metathesis and ring-opening metathesis polymerizations.53 We were 58 

interested in examining the N,S-Ru chelate within binuclear complexes with various Ru-Ru 59 

distances using hybrid, tetradentate N2S2-ligands. “Herein, we present the results related to the 60 

coordination chemistry of N2S2-ligands with η6-arene Ru centres.” 61 

Results and discussion 62 

N2S2 Ligand 63 

Xylylene bridged bis chelate ligands provide an exceptional ligand platform for hinged binuclear 64 

metal complexes as the phenylene ring substitution pattern is structurally rigid while the 65 

methylene groups allow some flexibility. Recently, we have reported the synthesis of ortho-66 

aminothiophenol based N,S-ligands with ortho-, meta- and para-xylene bridges and report herein 67 

the X-ray crystallographic analysis of the related 1,2-bis{(2-aminophenyl)thiomethyl}benzene, 68 
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1b,. 45, 46 The compound has C2 symmetry with a diametrically arrangement of the pendant 69 

ortho-aminothiophenol rings (Fig. 1 and 2, Table 1 and 2).  70 

 71 

Fig. 1 Perspective view of 1b showing the atom labelling scheme.  Non-hydrogen atoms are 72 

represented by Gaussian ellipsoids at the 20% probability level.  Hydrogen atoms are shown with 73 

arbitrarily small thermal parameters.  Primed atoms are related to unprimed ones via the 74 

crystallographic twofold axis (0, y, 1/4) passing through the midpoints of the C1–C1’ and C3–75 

C3’ bonds 76 
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 77 

Fig. 2 Alternate view of 1b. Protons attached to aromatic carbons removed for clarity. 78 
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Table 1  Crystallographic Experimental Details 79 

Crystal Data 1b 

formula C20H20N2S2 

formula weight 352.50 
crystal system orthorhombic 

space group Pbcn (No. 60) 
a (Å) 8.4685 (3) 
b (Å) 12.1683 (4) 
c (Å) 17.2063 (5) 
V (Å3) 1773.06 (10) 
Z 4 

ρcalcd (g cm-3) 1.321 

µ (mm-1) 0.304 

radiation (λ [Å]) graphite-monochromated Mo Kα (0.71073) 
temperature (°C) –100 
scan type ω scans (0.3°) (15 s exposures) 
data collection 2Θ limit (deg) 55.02 
total data collected 14660 (-11 ≤ h ≤ 11, -15 ≤ k ≤ 15, -22 ≤ l ≤ 22) 
independent reflections 2038 (Rint = 0.0173) 
number of observed reflections (NO) 1841 [Fo2 ≥ 2σ(Fo2)] 
structure solution method direct methods (SHELXD) 
refinement method full-matrix least-squares on F2 (SHELXL–97) 
absorption correction method Gaussian integration (face-indexed) 
range of transmission factors 0.9313–0.8918 
data/restraints/parameters 2038 / 0 / 117 
goodness-of-fit (S) [all data] 1.068 
final R indicesa  

R1 [Fo2 ≥ 2σ(Fo2)] 0.0284 

wR2 [all data] 0.0788 
a
R1 = Σ||Fo| – |Fc||/ Σ |Fo|; wR2 = [Σ w(Fo

2 – Fc
2)2/ Σ w(Fo

4)]1/2.  80 
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Table 2 Selected details of the X-ray crystallographic structure of ligand 1b.a  81 

Interatomic Distances   
 S-C10 1.8402(13) Å 
 S-C11 1.7714(12) Å 
 N-C12 1.3733(17) Å 
Bond angles   
 C10-S-C11 101.92(5)° 
 S-C10-C1 109.66(8)° 
Torsion angles   
 C11-S-C10-C1 –161.66(8)° 
 C10-S-C11-C12 –78.72(10)° 
 S-C11-C12-N 8.27(16)° 
 C10-C1-C1’-C10’ –2.0(2)° 
a More information available in Supplementary Information document. 82 

The interatomic sulfur-sulfur distance (S-S’) is 4.6405 Å and the bond angle of the 83 

thioether group (C10-S-C11) is 101.9° which lies in the expected range of alkyl-aryl thioethers. 84 

All three aromatic ring systems are planar with only minimal deviation of the planarity that are 85 

less that 1.18° when analyzing torsion angles of any 4 C atoms within each ring. In comparison 86 

to central xylene ring, both ortho-aminothiophenol pendants are tilted 28.95°. The amine groups 87 

are pointing outwards and are slightly bent downwards out of the aromatic ring plane due to 88 

steric or electronic interactions with the adjacent sulfur atom based on the torsion angle of S-89 

C11-C12-N of 8.26°. The relative angles of both ortho-aminothiophenol pendants planes are not 90 

coplanar as they are bent downwards approximately 9° to 10°. The theoretical S-S’ distance can 91 

vary from 1.0 Å to 5.9 Å based on geometric spatial cones of the S atom positions after the 92 

rotation of the C1-C10 and C1’-C10’ bonds. This flexibility makes 1b very versatile to adjust to 93 

the appropriate bite angle of S,S’ chelation and N,S-M to M-N,S in binuclear complexes. 94 
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Ruthenium Complexes 95 

Based on a modified synthetic procedure reported by Hamaker50, a series of new η6-arene 96 

ruthenium complexes (2a-c) were prepared by reacting equimolar amounts of [Ru(η6-p-97 

cymene)Cl2]2, the corresponding N2S2-ligand (1a-c) and NaX salts (X = BF4 or PF6) (Scheme 1). 98 

The N2S2-ligands are ideal bridging template ligands to investigate the structures and properties 99 

of different Ru-Ru distances within the resulting binuclear N2S2-Ru2 complexes as the central 100 

xylylene moiety forces the pendant N,S-chelate subunits into small, medium and large spacing 101 

depending on the substitution pattern. We suggest the use of the term ‘hinged binuclear 102 

complexes’ to describe compounds 2a-c contrasting them with other types of binuclear 103 

complexes such as dimeric structures involving small bridging ligands, A-frame type systems 104 

and macrocyclic complexes. This does not preclude formation of metal-metal bonds or small 105 

ligand molecule bridges but ensures, when such bonds are broken, that one complex with two 106 

metal centres continues to exist as one entity as tethered bis-chelates. BF4
-
 and PF6

- anions were 107 

chosen for substitution of the chloride anion in order to stabilize the cationic moieties and to 108 

promote the growth of crystals for single crystal X-ray diffractrometry. The yields of the Ru 109 

complexes were good (64% to 85%), except for the meta-xylylene hinged Ru complex 2b (10%) 110 

obtained from the BF4
- reaction in which a mononuclear Ru complex (3) formed preferentially 111 

(~50% yield). CHN elemental analyses were congruent with theoretical yields for 2a-c and were 112 

supplemented by Ru content measurements using inductively coupled plasma mass spectrometry 113 

(ICP-MS). ICP-MS analysis confirmed the presence of two Ru atoms per cation with a 114 

theoretical value of 22.61 wt% Ru compared to the experimental values of 22.65 ± 0.91 wt% (2a, 115 

X = BF4), 22.31 ± 0.89 (2c, X = BF4) and 23.79 ± 0.95 wt% (2c, X = PF6). Mononuclear Ru 116 

complex 3 had a slightly higher value of 18.46 ± 0.73 wt% from the theoretical value of 16.22 117 
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wt% as the compound contains a small amount of diruthenium complex 2b increasing the Ru 118 

content. Ruthenium and diruthenium content is also evident by the respective characteristic 119 

isotopic patterns in TOF HRMS analysis (see below). IR analysis of the ruthenium complexes 120 

showed the characteristic vibrations of νNH of the aniline group with a broad band at 3430 cm-1 121 

and relatively sharp νCH bands at 2960 and 2870 cm-1 from the N2S2 backbone and cymene 122 

ligands. The fingerprint region of 1,500 cm-1 to 400 cm-1 had sharp and intense bands typical for 123 

aromatic rings. The counterion BF4
- and PF6

- salts are easily recognized by their respective very 124 

strong absorption band at 1080 cm-1 and 842 cm-1. We were unable to assign a vibration band for 125 

a Ru-S bond in complex 3 due to obstruction by aromatic CC vibrations in the finger print 126 

region. UV-vis spectra of all Ru complexes had a strong absorption in the UV region with 127 

maxima at 230 nm for all complexes and shoulders at 260 nm corresponding to the aromatic ring 128 

systems. There was an extended low intensity absorption band from the UV region to 500 nm for 129 

all complexes. In mononuclear Ru complex 3 we observed an additional maximum at 440 nm 130 

which we tentatively assign to the S,S’-Ru complexation as this maximum is not observed with 131 

2a-c. We then focused on NMR and HRMS studies to determine the structures of the Ru 132 

complexes.      133 
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 134 

Scheme 1 Overview of Ru complex synthesis. 135 

 136 

Ortho-xylene system 137 

The light-brown coloured Ru2 complex 2a was obtained in 76% (X = BF4) and 80% (X = PF6) 138 

yield. We employed high resolution mass spectrometry using positive electrospray ionization. 139 

The parent ion isotope envelope of 2a is located at 893 m/z corresponding to [M-1]+, 140 

C40H47Cl2N2Ru2S2 (Fig. 3).‡ A loss of HCl and a cymene ligand resulted in mass fragments 857 141 

m/z and 719 m/z, respectively. The base signal at 703 m/z was obtained on the loss of two HCl 142 

and cymene fragments and the capture of oxygen as an oxo, hydroxy or aquo ligand. We believe 143 

that the bridge motifs, Ru-O-Ru or Ru-OH-Ru, are likely species as we also observed the 144 

analogous mono-chloro mass fragment at 719 m/z. Mass fragment 703 m/z is detected in much 145 
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smaller abundances from the isomeric meta-xylylene ligand Ru2 mass fragment of 2b while there 146 

was no trace in spectrum of the para-xylylene complex 2c. This demonstrates that a bridging 147 

species is formed with the closely spaced Ru-Ru of complex 2a, while difficult with meta-148 

xylylene hinged N2S2 ligand (1b) and impossible for the para-xylylene hinged N2S2 ligand (1c); a 149 

terminal Ru=O species is ruled out as it should have been observed in all three isomers 2a-c. The 150 

mass fragments 623 m/z (C30H34ClN2RuS2) and 587 m/z (C30H32N2RuS2) are the singly bound η6-151 

cymene Ru (plus a Cl for 623 m/z) to 1a, but we cannot distinguish whether the η6-cymene Ru 152 

half sandwich is chelated through N,S or S,S’. Mass compound 462 m/z (C24H26NRuS) lost an 153 

ortho-aminothiophenol unit by cleavage of the CH2-S bond. Mass fragment 359 m/z – 154 

particularly dominant when ionization in the mass spectrometer occurred under harsher 155 

conditions – is explained by CH2-S cleavage of ligand 1a. Under higher energy ionization 156 

conditions, the mass fragments assigned to [η6-cymene Ru (C6H4)]
+ (312 m/z),[η6-cymene 157 

RuCl]+ (270 m/z) and [η6-cymene Ru]+ (235 m/z)  are also observed. Despite high energy 158 

ionization condition, we were able to detect traces of the parent ion at 893 m/z.  159 
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 160 

Fig. 3 MS analysis of 2a (X = BF4, PF6) with proposed structures of the parent ion signal (inset) 161 

and the main mass fragments. 162 

 163 

 We used NMR spectroscopy for detailed structural characterization of the Ru2 complex 164 

(2a) (Fig. 4). The 1H NMR spectrum of 2a (CD2Cl2) showed the presence of two different 165 

species in solution of which one exhibited dynamic behaviour at room temperature evidenced by 166 

the presence of sharp and broad proton resonance signals. The signals of the cymene ligand were 167 

used as internal reference showing a 1:1 ratio of the two species. The coordination of the N2S2-168 

ligand was corroborated by the diastereotopic CH2 protons (H7,7’) in the backbone with a broad 169 

signal centred at 4.18 ppm and a doublet of doublets at 3.99 ppm and 4.09 ppm with coupling 170 

2
JHH of 12.8 Hz, which is in the expected range of germinal methylene protons. The  171 
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 172 

Fig. 4 Diastereomers of cationic Ru2 complexes 2a-c (X = BF4, PF6); atom positions simplified 173 

for clarity. 174 

 175 

complexation of two η6-arene Ru centres to both N,S chelates produced two sets of 176 

diastereomers, in racemic proportions, for a syn and anti configuration, labeled 2a-syn and 2a-177 

anti (Fig. 4). We propose that the diastereomer that produced all the sharp resonances 178 

corresponds to 2a-syn due to restricted flexibility. The cymene isopropyl methyl groups (H16,16’) 179 

show three resonances at 0.96 ppm, 1.03 ppm and 1.14 ppm with characteristic doublet splitting. 180 

The signal at 1.03 ppm has twice the integration of the other signals and correlates to 2a-syn as 181 

this is a meso compound with CS symmetry. Signals 0.96 ppm and 1.14 ppm correlate to 2a-anti, 182 

but we cannot assign the Ru centre to which each belongs. Two other distinct resonances were 183 

observed for the NH2 groups of 2a-syn at 5.23 ppm and 8.32 ppm with 2JHH of 12.8 Hz. These 184 

two chemical shifts were unambiguously confirmed by absence of HSQC signals. The significant 185 
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difference in the chemical shift of the amine protons is due to a certain degree of interaction of 186 

one of the amine protons with the metal centre, shifting it upfield while the other proton is 187 

pointed away from the metal. The other set of NH2 protons are broad signals at 5.85 ppm and 188 

9.17 ppm referring to 2a-anti. In addition, there is significant 1H NMR signal overlap in the 189 

aromatic region, which we were able to resolve by comparison with the free ligand.45 We see 190 

evidence in one of the amino-thioether moieties of interaction of the aromatic ring with the other 191 

Ru centre making the aromatic rings non-equivalent.  192 

 The 13C jmod NMR spectrum of 2a (CD2Cl2) shows evidence of the presence of two 193 

different species as well. Two sets of resonances were observed for each carbon of the cymene 194 

ligand at 84.7 ppm and 84.8 ppm (C12,12’), 85.6 ppm and 85.8 ppm (C11,11’), 100.1 ppm and 102.2 195 

ppm (C10,10’), and 108.9 ppm and 109.9 ppm (C13,13’) with the exception of the resonance for the 196 

C-NH2 (C
1) that showed only one signal at 145.1 ppm, presumably the overlap of both 197 

diastereomers. The other ipso carbons gave signals at 128.1 ppm and 129.2 ppm (C6,6’) and 133.8 198 

ppm and 134.1 ppm (C8,8’) for the anti and syn diastereomers, respectively. While we were able 199 

to identify 2a-syn and 2a-anti, we were not able to completely resolve the full NMR spectrum 200 

for each diastereomer due to signal overlap. The complexes are temperature sensitive and when 201 

the sample temperature was elevated evidence of decomposition was observed. Isolation of 202 

diastereomers is difficult as terminally bound thioether metal complexes undergo an 203 

intramolecular pyramidal inversion process with an associated low energy barrier of about 10 to 204 

15 kcal/mol.54    205 
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Para-xylene system 206 

 The reaction of the para-xylylene hinged ligand 1c with the ruthenium cymene dimer 207 

forms the light-brown coloured, binuclear Ru complex 2c as product for BF4 (70%) and PF6 208 

(79%). The mass spectra of 2c for both salts are identical and comparable to the structural isomer 209 

complex 2a. The parent ion signal, [M-1]+, at 893 m/z was detected albeit in very low abundance. 210 

The highest mass signal with significant abundance is 821 m/z of the bis-coordinated (η6-cymene 211 

Ru) to 1c through loss of two HCl from [M-1]+. 719 m/z and 703 m/z were not detected for 2c. 212 

The lack of these mass fragments supports the structure of the Ru2 dimer complex that 213 

geometrically disallows the formation of bridged Ru-Cl-Ru and Ru-O(H)-Ru structures as the 214 

central para-xylylene ring forces the ortho-aminothiophenol pendants too far apart – even 215 

though the methylene backbone link has some intrinsic flexibility. The next significantly 216 

abundant mass species is 587 m/z corresponding to a single bound η6-cymene Ru to the ligand 217 

1c. The base peak is 359 m/z of the CH2-S cleaved compound [η6-cymene Ru (C6H4NS)]+. Under 218 

harsher ionization conditions, a more fragmented mass spectrum of 2c was obtained as expected. 219 

The base signal is 359 m/z and the next two abundant mass fragments are 312 m/z and 270 m/z 220 

which are η6-cymene Ru species complexed to Cl and benzene. 221 

 Based on 1H NMR spectroscopy results, 2c is similar to the results previously described 222 

with complex 2a, evidencing the presence of the syn and anti isomers of 2c (Fig. 4) in the ratio 223 

of 1:1. We propose that the Ru centres are too far apart to have any influence on preference for 224 

any diastereomer, hence producing a statistical equimolar ratio. We do not see significant 225 

broadening of one isomer as seen with 2a as both diastereomers of 2c are flexible with little 226 

restrictions. We observe a clear set of two isomers for all 1H resonances with particularly strong 227 

chemical shifts for the methyl signals of the isopropyl cymene (H16,16’) at 1.08 ppm and 1.83 ppm 228 
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coupling to the respective, overlapping isopropyl protons at 2.74 ppm with 3JHH of 6.8 Hz. The 229 

methylene protons (H7,7’) show the characteristic geminal coupling pattern of a set of doublets, 230 

with 2JHH of 8.4 Hz with 4.15 ppm and 4.83 ppm as well as 4.18 ppm and 4.77 ppm. The 1H 231 

splitting on the resonances for the NH2 groups also show doublets at 5.10 ppm (2
JHH = 11.4 Hz) 232 

and 8.24 ppm (2
JHH = 11.4 Hz) while no broadening is observed as in 2a.  The coordination of 233 

the N,S-ligand produces a non-equivalent arene resulting in two sets of proton resonance signals 234 

for H16,16’ at 1.07 ppm and 1.83 ppm as doublets with couplings of 6.8 Hz as well as two distinct 235 

chemical shifts for methyl protons (H14,14’) at 2.05 ppm and 2.06 ppm. However, the chemical 236 

shift of the isopropyl proton (H15,15’) at 2.73 ppm was minimally affected by the diastereomeric 237 

environment producing a signal overlap. Strong resonances of the characteristic methylene 238 

groups in the xylylene backbone in the 13C{1H} NMR spectrum shows the presence of the two 239 

diastereomers, 2c-syn and 2c-anti.  240 

Meta-xylene system 241 

 The reaction of the meta-xylene bridged ligand 1b, [Ru(η6-p-cymene)Cl2]2 and NaPF6 242 

produced the expected binuclear Ru complex 2b in 87% yield. The Ru2 complex was isolated as 243 

a light-brown solid from the reaction mixture by precipitation through addition of diethyl ether. 244 

2b (X = BF4 and PF6) was analyzed by HRMS. The [M-1]+ signal and other mass fragments were 245 

congruent with the structural isomers of 2a,c. Two diastereomers of 2b were observed in the 1H 246 

NMR spectrum (Fig. 4). These two species, 2b-syn and 2b-anti, occurred in a 2:1 ratio based on 247 

cymene group integrations. We assign the minor component as 2b-anti since it also shows signal 248 

broadening due to fluxional behaviour.  The methylene (H7,7’) protons along the backbone of the 249 

ligand produce two sharp doublets for the most abundant isomer centred at 4.07 ppm and 4.92 250 

ppm with a J-coupling of 11.2 Hz and two doublets, which have a broadened shape, centred at 251 
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4.20 ppm and 4.61 ppm with J-coupling of 10.4 Hz. The coordination of the NH2 moiety is 252 

evidenced by two sets of resonances 5.08 ppm and 8.22 ppm with a 10.0 Hz coupling and 5.16 253 

ppm and 8.48 ppm for the second diastereomer with a more broadened 10 Hz coupling. With 2b, 254 

we see no interaction of the aromatic rings with the Ru centre as was observed in 2a. The 255 

13C{1H} NMR spectrum also displayed the presence of two diastereomers. Two set of 256 

resonances are observed for the methylene carbon at 42.5 ppm and 42.9 ppm. The ipso carbons 257 

of the isopropyl group in the cymene ligand are 103.5 ppm and 103.7 ppm and the isopropyl C 258 

centre was 109.1 ppm and 109.6 ppm. Additionally, the quaternary carbons are observed at 129.0 259 

ppm and 129.1 ppm for C8,8’, 134.5 ppm and 134.8 ppm for C6,6’, and with C1,1’ at 143.8 ppm and 260 

144.2 ppm. 261 

 When the reaction of 1b and [Ru(η6-p-cymene)Cl2]2 was carried out in the presence 262 

NaBF4, a dark brown solid, insoluble in common organic solvents with exception of the strong 263 

aprotic, polar solvents DMSO and DMF, was obtained after the addition of diethyl ether. After 264 

filtration, a second fraction precipitated from the organic solvent phase. The different reactivity 265 

of the BF4
- salt with ligand 1b was unexpected as reactions of 1a and 1c have resulted in similar 266 

yields, MS and NMR data for both NaBF4 and NaPF6. With NaBF4, we observed in the 1st 267 

fraction the presence of the mononuclear Ru complex (3) in approximately 50% yield as a main 268 

product in a mixture with the binuclear complex 2b. The second fraction contained the binuclear 269 

Ru complex 2b in about 10% yield. An unidentified Ru-arene complex and free cymene were 270 

obtained as by-products. Compound 3 was obtained only as the BF4 salt; the precipitate with PF6 271 

as counterion was not observed. The MS and NMR data of 2b are congruent for BF4 and PF6 272 

counter anions. Using HRMS, we were able to identify compound 3 as a mono-ruthenium 273 
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complex with the parent ion at 623 m/z and a base signal of 587 m/z corresponding to loss of 274 

HCl. 3 occurs as a mixture of diastereomers. 275 

 We detected two distinct signals in the LC chromatogram of the 1st fraction. At first 276 

glance, those MS spectra look similar but there is a profound distinction between Ru2 complex 277 

2b and mono-ruthenium complex 3. The characteristic mass fragments containing two Ru 278 

centres can only be found with the analyte eluded at 0.26 min. A search for these Ru2 entities in 279 

the signal eluted at 0.20 min provides only background noise. The mono-ruthenium complex 3 is 280 

much smaller than the Ru2 species 2b and the reduced surface interaction of the non-polar C-18 281 

column causes it to elude first and allows the identification of the [(η6-cymene)Ru 1b]+ mass 282 

fragment at 587 m/z from 3 and not from 2b. 283 

 NMR analysis was conducted in DMSO-d6 as the product was not soluble in CD2Cl2. The 284 

1H NMR spectrum showed a complicated mixture of species in solution with 2b and 3 as the 285 

main components. After 16 h at room temperature, the major component was the monometallic 286 

complex 3, and according to the mass spectrometry results, the minor component in the mixture 287 

corresponds to the Ru2 complex 2b which also precipitated from the DMSO-d6 solution. We 288 

detected an approximate 3:1 ratio of 3-syn to 3-anti. 3-syn is the major compound as we 289 

postulate that the aniline pendants can pull backwards allowing a greater degree of rotation of the 290 

cymene compared to 3-anti (Fig. 5). 3-syn is a meso compound with simplified signals resulting 291 

from symmetry but identification of the minor compound was only partially possible due to 292 

small and overlapping signals. We were able to characterize that the isopropyl signals 1.30 ppm 293 

(H16’), singlet 1.93 ppm (H14’) and the septet of H15’ at 2.63 ppm belong to 3-anti. Due to its 294 

symmetry, broad singlet signals at 3.90 ppm and 4.09 ppm are observed for the methylene 295 

protons. Resolution of those signals through low temperature NMR experiments was not possible 296 
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due to the limitations of DMSO-d6. There is no coordination of the NH2 groups to Ru as 297 

observed with the binuclear Ru complexes because only a broad resonance appears at 3.52 ppm 298 

without coupling. For the main product in the mixture, it is proposed that both S atoms in the 299 

ligand are coordinated to the η6-cymene Ru moiety. The central CH aromatic of 1b appeared as a 300 

multiplet at 6.51 ppm for 3-anti and as a doublet at 6.77 ppm for 3-syn. In the 13C{1H} NMR 301 

spectrum (DMSO-d6) the resonances for these CH2-S appear at 37.2 ppm for 3-syn and 37.6 for 302 

3-anti. The structure of compound 3 gives rise to the possibility of the formation of the 303 

corresponding pincer Ru complex formed by a cyclometallation reaction.  To our knowledge, 304 

this would be the first SCS pincer complex for Ru. Cyclometallation for SCS pincer complexes 305 

of Pd is known55-58 and we have isolated the related Pd complexes59 of 1a-c. We attempted to 306 

facilitate the cyclometallation reaction of activation of the C-H of meta-xylene (3) in the DMSO-307 

d6 solution by heating to 50 °C but no reaction was observed in the 1H NMR even after 3 days. 308 

When the temperature was increased to 100 °C, the complex decomposed and free cymene was 309 

observed. 310 

 311 

Fig. 5 Diastereomers of cationic mono-ruthenium complex 3 (X = BF4).  312 
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Conclusion 313 

The series of ortho-, meta- and para-xylylene bis-(o-aminothiophenol) N2S2 ligands readily form 314 

hinged binuclear Ru complexes with η6-cymene as BF4 and PF6 salts. The η6-cymene Ru centres 315 

are complexed to the tetradentate ligands as bis-N,S chelates of the o-aminothiophenol pendants 316 

and generate racemic sets of syn and anti configuration diastereomers. With the ortho- and meta-317 

hinged ligands, the less sterically hindered anti diastereomer is favoured to the syn isomer. When 318 

using these complexes (2a-c) as precatalysts for Ru based catalysis, one must consider that the 319 

diastereomers can have different activities and that isolation of the diastereomers may be 320 

practically impossible based on inversion at the S donor atoms. The meta-xylylene hinged ligand 321 

1b exhibited different reactivity behaviour in the presence of NaBF4 and NaPF6. We postulate 322 

that the formation of the mononuclear Ru complex 3 (syn and anti diastereomers) is favoured in 323 

the presence of a small non-coordinating anion resulting in a coordinative shift of N,S-chelation 324 

to S,S’-chelation instead. Such coordination is only supported with 1b having the appropriate 325 

donor atoms spacing. Further research is required to gain further understanding of the 326 

mechanism of this complexation reaction. The resulting S,S’-Ru (η6-cymene) cation can be used 327 

as precursor of potential SCS pincers involving Ru. The Ru complexes will also be investigated 328 

for electrochemical studies and as catalysts for alkene metathesis and hydrogenation reactions. 329 

Experimental 330 

All solvents and chemicals (reagent grade) for synthesis were purchased from commercial 331 

sources (Sigma-Aldrich, Fisher Scientific and Strem Chemicals) and were used without further 332 

purification. UPLC solvents were Optima ® grade obtained from Fisher Scientific. Ligands 1a-c 333 

were synthesized according to the procedure previously reported.45 X-ray structure of 1b was 334 
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deposited with the Cambridge Crystallographic Data Centre (CCDC 967363). NaPF6 was 335 

dissolved in MeOH. NaBF4 was dispersed in MeOH and H2O was added dropwise until the salt 336 

was completely dissolved. NMR spectra were recorded on a 400 MHz Bruker Avance II 337 

spectrometer operating at 400.17 MHz for 1H and 100.6 MHz for 13C. 1H/13C NMR chemical 338 

shifts are reported in ppm and referenced to tetramethylsilane (δ = 0 ppm) or residual solvent 339 

signal (CD2Cl2 δ = 5.32 ppm/ 54.0 ppm; DMSO-d6 δ = 2.49 ppm/ 39.7 ppm) as internal standard. 340 

J values are given in Hz. Assignment of diastereotopic signals is indicated by apostrophe (‘) and 341 

overlapping signals are indicated by asterisk (*). UPLC-HRMS analyses were performed on a 342 

Waters Acquity Xevo G2 QToF using a C-18 column (Waters BEH C18 1.7 µm, 2.1 mm × 50 343 

mm) and ESI positive mode. Compounds were dissolved in 90 Vol% CH3CN : 10 Vol% 344 

nanopure H2O for UPLC-HRMS analysis. Calculated theoretical isotope envelope for [M-1]+ of 345 

2a-c isomers is listed only under 2a. MS fragmentation results are provided for major signals of 346 

isotopic pattern envelope and rounded to 0.1 m/z for signals greater than 10% of height of base 347 

signal. MS analyses of 2a-c are reported herein for one counterion as results were congruent for 348 

X = BF4, PF6, respectively. Elemental analysis (CHN) was conducted by MHW Labs, Phoenix, 349 

Arizona, US. UV-vis spectra were recorded in quartz cuvettes on a Varian Cary 100 Bio UV-Vis 350 

spectrometer. ε was not determined for 3 due to mixture with 2b (X= PF6). FTIR spectra were 351 

recorded on a Thermo Nicolet 6700 FTIR Spectrometer as KBr pellet (approximately 1.5 mg 352 

compound in 300 mg anhydrous KBr) in the 4,000 cm-1 to 400 cm-1 range with 2 cm-1 resolution. 353 

ICP-MS analysis was performed using an PerkinElmer ICP-MS NexION 300D on Ru (mass 102 354 

amu) and samples in the range of 300  ppb in a 1 wt%  HNO3 solution (50 mL) containing less 355 

than 1 wt% DMSO. Calibration was conducted with [Ru(η6-p-cymene)Cl2]2 in the range of 100 356 

to 500 ppb with EtOH substituting for DMSO. ICP- results are the averages of duplicate runs and 357 
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the measurement error is estimated to ± 4% based on measurement error, purity of calibration 358 

standard and sample preparation.  359 

 360 

Synthesis  361 

[Ru2(η
6
-p-cymene)2(1a)]X2 (X = BF4, PF6), 2a. In a 10 mL screwtop vial, a solution of 1a (57.5 362 

mg, 0.16 mmol) in 3 mL CH2Cl2 was added to a solution of [Ru(η6-p-cymene)Cl2]2 (100 mg, 363 

0.16 mmol) dissolved in 2 mL CH2Cl2. Immediately, the reaction mixture turned from red to 364 

brown. After stirring for 15 min at room temperature, NaBF4 (15.6 mg, 0.32 mmol) in 2 mL 365 

MeOH/H2O was added and allowed to stir for 3 h (for NaPF6 (54.7 mg, 0.32 mmol) in 2 mL 366 

MeOH). The reaction was quenched with H2O (3 mL) and vigorously stirred for 5 min in order 367 

to remove NaCl and excess NaX. The aqueous phase was removed and diethyl ether (20 mL) 368 

was added to the organic phase. The resulting precipitate was then isolated by filtration and dried 369 

in vacuum for 3 h yielding a light orange powder (122.6 mg, 71% yield for X = BF4; 135.2 mg, 370 

80% yield X = PF6). 
1H NMR (400 MHz, CD2Cl2): δ = 0.96 (d, 6H, H16, 3JHH = 6.8 Hz), 1.03 (d, 371 

12H, H16’, 3JHH = 7.2 Hz), 1.14 (d, 6H, C16”, 3JHH = 6.8 Hz), 1.87* (broad s, 3H, C14), 2.07 (s, 3H, 372 

C14’), 2.64* (broad sept, 2H, C14, 3JHH = 7.2 Hz), 2.69* (sept, 2H, C14’, 3JHH = 6.8 Hz), 3.99 (d, 373 

2H, H7, 2JHH = 12.8 Hz), 4.09 (d, 2H, H7, 2JHH = 12.8 Hz), 4.18 (b, 2H, H7’), 5.23 (d, 1H, NHH, 374 

2
JHH  = 12.8 Hz), 5.50* (m, 2H, H12), 5.56* (m, 2H, H12’), 5.82* (m, 2H, H11), 5.85 (b, 2H, NH2’) 375 

6.74 (d, 2H, H2, 3JHH  = 8.0 Hz), 7.11 (t, 2H, H3, 3JHH = 7.6 Hz), 7.42* (m, 2H, H3’), 7.44* (m, 376 

2H, H4), 7.46* (m, 2H, H17), 7.51 (m, 2H, H17’), 7.65 (m, 2H, H9), 7.72 (d, 2H, H5, 3JHH = 7.6 377 

Hz), 7.76 (m, 2H, H9’), 7.78* (d, 2H, H5’, 3JHH = 7.6 Hz), 8.32 (d, 2 H, NHH, 2JHH = 12.8 Hz), 378 

9.17 (b, 1H, NH2’). 
13C{1H} NMR (100.6 MHz, CD2Cl2): δ = 18.8 (C14), 21.8 (C16), 22.6 (C16’), 379 
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31.2 (C15), 40.7 (C7), 84.7 (C12), 84.8 (C12’), 85.8 (C11), 87.6 (C11’), 100.1 (C10), 102.2 (C10’), 380 

108.9 (C13), 109.9 (C13’), 128.0 (C8), 128.1 (C5), 128.6(C5’), 129.0 (C3),  129.2 (C8’), 130.5 (C3’), 381 

130.8 (C17), 131.7 (C9), 131.9 (C17), 132.0 (C4), 132.3 (C2), 133.5 (C2’), 133.8 (C6), 134.1 (C6’), 382 

145.1 (C1). Elemental analysis (%) calcd. for C40H48B2Cl2F8N2Ru2S2 (1067.61): C, 45.00; H, 383 

4.53; N, 2.62. Found: C, 44.89; H, 4.61; N, 2.55. ICP-MS calcd. for C40H48Cl2N2Ru2S2: 22.61 384 

wt% Ru. Found:  22.65 ± 0.91 wt% Ru for 2a (X = BF4). HRMS for [M-1]+ (X = BF4) calc. 385 

898.0656 (25%), 897.0641 (55), 896.0655 (55), 895.0648 (90), 894.0655 (85), 893.0653 (100), 386 

892.0659 (90), 891.0659 (75), 890.0666 (60), 889.0668 (45), 888.0676 (25). Found: 898.0596 387 

(30%), 897.0642 (70), 896.0694 (65), 895.0628 (100), 894.0690 (85), 893.0635 (97), 892.0648 388 

(95), 891.0604 (80), 890.0689 (65), 889.0657 (45), 888.0753 (30). MS (X = PF6; ESI low 389 

energy, m/z) 893.1 (<1%), 857.3 (10), 786.2 (15), 730.1 (15), 719.1 (28), 703.1 (100), 623.2 390 

(20), 587.2 (70), 498 (12), 462.2 (15), 359.1 (50). λmax/nm for 2a (X = BF4, CH2Cl2) 230 (ε/dm3 391 

mol-1 cm-1 81 500) and 260 (sh). IR (2a, X = BF4, KBr) 3422, 3225, 3060, 2965, 1603, 1585, 392 

1477, 1447, 1389, 1306, 1282, 1080, 1050, 877, 822, 765 cm-1.    393 

 394 

 [Ru2(η
6
-p-cymene)2(1b)](PF6)2, 2b. Following the procedure described for 2a, [Ru(η6-p-395 

cymene)Cl2]2 (100 mg, 0.16 mmol),   1b (57.5 mg, 0.16 mmol) yielded light brown solid (148.3 396 

mg, 85% yield. 1H NMR (400 MHz, CD2Cl2): δ = 1.05 (d, 6H, H16,  3JHH = 6.8 Hz), 1.13 (d, 3H, 397 

H16’, 3JHH = 6.8 Hz), 1.31 (d, 3H, 3JHH = 6.8 Hz), 2.04 (s, 3H, H14), 2.07 (s, 3H, H14’), 2.75* 398 

(sept, 2 x 1H, H15,15’, 3JHH = 6.8 Hz), 4.07 (d, 2H, H7, 2JHH = 11.2 Hz), 4.20 (d, 2H, H7’, 2JHH = 399 

10.4 Hz), 4.61 (d, 2H, H7”,  2JHH = 10.4 Hz,), 4.92 (d, 2H, H7”’, 2JHH = 11.2 Hz), 5.08 (d, 2H, 400 

NHH, 2JHH = = 9.6 Hz), 5.16 (d, 2H, NH’H, 2JHH = 10.8 Hz), 5.44* (m, 4H, H12,12’), 5.71* (d, 401 

2H, H11, 3JHH = 8.0 Hz), 5.77* (d, 2H, H11’, 3JHH = 8.0 Hz), 7.37-7.72 (m, 10H, H2,3,4,9,17,18), 8.22 402 
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(d, NHH’, 2JHH = 10.8 Hz), 8.47 (b, 2H, NHH). 13C{1H} NMR (100.6 MHz, CD2Cl2):  δ =18.7 403 

(C14), 22.1 (C16), 22.4 (C16’), 31.2 (C15), 42.5 (C7), 42.9 (C7’), 84.5 (C11), 85.2 (C11’), 85.3 (C12), 404 

85.6 (C12’), 100.3 (C10), 103.7 (C10’), 109.0 (C13), 109.2 (C13’), 128.0 (C9), 128.1 (C9’),  129.0* 405 

(C8), 129.1* (C8’), 129.2 (C5),  129.4 (C5’),  129.9 (C17),  130.2 (C18), 131.7 (C3), 131.8 (C3’), 406 

132.0 (C4), 132.8 (C2), 133.7 (C2’), 134.5 (C6), 134.8 (C6’), 143.8 (C1), 144.2 (C1’). Elemental 407 

analysis (%) calcd. for C40H48Cl2F12N2P2Ru2S2 (1183.93): C, 40.58; H, 4.09; N, 2.37. Found: C, 408 

40.73; H, 4.16; N, 2.28. HRMS for [M-1]+ found: 898.0781 (20%), 897.0642 (55), 896.0632 409 

(50), 895.0751 (90), 894.0690 (85), 893.0697 (100), 892.0648 (90), 891.0727 (90), 890.0628 410 

(55), 889.0657 (50), 88.0569 (30). MS (ESI medium energy, m/z) 893.1 (<1%), 857.1 (3), 821.1 411 

(5), 719.1 (5), 703.1 (1), 687.0 (10), 582.9 (10), 462.1 (7), 357.1 9100), 317.0 (15). λmax/nm 412 

(DMF) 266 (ε/dm3mol-1cm-1 17 100), 303 (sh) and 439 (4 900). IR (KBr) 3425, 3064, 2967, 413 

2876, 2381, 2348, 2316, 1628, 1605, 1557, 1475, 1446, 1124, 1080, 1058, 999, 870, 843, 804, 414 

732 cm-1. 415 

    416 

 [Ru2(η
6
-p-cymene)2(1c)]X2 (X = BF4, PF6), 2c. Following the procedure described for 417 

2a, [Ru(η6-p-cymene)Cl2]2 (100 mg, 0.16 mmol), 1c (57.5 mg, 0.16 mmol) yielded light brown 418 

solid (110.4 mg, 64% yield for X = BF4; 134.3 mg, 79% yield for X = PF6).  
1H NMR (400 MHz, 419 

CD2Cl2): δ = 1.08 (d, 6H, H16
, 

3
JHH = 6.8 Hz), 1.83 (d, 6H, H16

, 
3
JHH = 6.8 Hz), 2.05 (s, 3H, H14), 420 

2.06 (s, 3H, H14), 2.73* (sept, 2 x 1H, H15, 3JHH = 6.8 Hz), 4.15 (d, 1H, H7, 2JHH = 8.4 Hz), 4.18 421 

(d, 1H, H7’, 2JHH = 8.4 Hz), 4.77 (d, 2H, H7”, 2JHH = 8.4 Hz), 4.83 (d, 2H, H7”’, 2JHH = 8.4 Hz), 422 

5.12 (broad d, 1H, NHH, 2JHH =11.6 Hz), 5.36 (m, 4H, H11), 5.54* (m, 2H, H12), 5.55* (m, 2H, 423 

H11’), 5.68 (m, 2H, H12’), 7.38* (m, 4H, H5), 7.40* (m, 4H, H4), 7.52* (m, 4H, H3), 7.54* (m, 4H, 424 

H2), 7.68* (s, 4H, H9), 7.69* (s, 4H, H9’), 8.36 (broad d, NHH, 2JHH = 11.6 Hz). 13C{1H} NMR 425 
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(100.6 MHz, CD2Cl2): δ = 18.7 (C14), 22.1 (C16), 22.4 (C16’), 31.2* (C15), 42.6 (C7), 42.7 (C7’), 426 

84.5 (C11), 85.2 (C11’), 85.3 (C12), 85.5 (C12’), 103.5 (C10), 109.0 (C13), 128.2 (C5), 129.0 (C8), 427 

129.4 (C3), 131.5 (C2),  131.7 (C9),  131.9 (C9’),  132.0 (C4), 134.6 (C6), 143.6 (C1), 143.7 (C1’). 428 

Elemental analysis (%) calcd. for C40H48B2Cl2F8N2Ru2S2 (1067.61): C, 45.00; H, 4.53; N, 2.62. 429 

Found: C, 45.19; H, 4.87; N, 2.78. ICP-MS calcd. for C40H48Cl2N2Ru2S2: 22.61 wt% Ru. Found:  430 

22.31 ± 0.89 wt% Ru (2c, X = BF4) and 23.79 ± 0.95 wt% Ru (2c, X = PF6). HRMS for [M-1]+ 431 

(X = BF4) found: 898.0323 (30%), 897.0244 (50), 896.0048 (70), 895.0103 (85), 894.0163 (90), 432 

893.0106 (100), 892.0178 (90), 891.0133 (70), 890.0154 (65), 889.0120 (55), 887.9969 (30). MS 433 

(X = BF4; ESI low energy, m/z) 893.1 (<1%), 587.1 (20), 462.1 (12), 359.0 (100), 312.0 (40), 434 

270.1 (60). λmax/nm for 2c (X = BF4, CH2Cl2) 231 (ε/dm3 mol-1 cm-1 53 200) and 278 (sh).  435 

λmax/nm for 2c (X = PF6, CH2Cl2) 230 (ε/dm3 mol-1 cm-1 81 500), 270 (sh) and 312 (8 300). IR 436 

(2c, X = BF4, KBr) 3435, 3234, 3062, 2965, 1606, 1556, 1503, 1477, 1389, 1282, 1080, 1050, 437 

877, 764 cm-1. IR (2c, X = PF6, KBr) 3435, 3294, 3067, 2967, 1588, 1554, 1505, 1477, 1448, 438 

1390, 1281, 1200, 1160, 1058, 1033, 842, 761, 740 cm-1. 439 

       440 

 [Ru(η
6
-p-cymene)2(1b)Cl](BF4), 3. Following the procedure described for 2a, [Ru(η6-p-441 

cymene)Cl2]2 (100 mg, 0.16 mmol), 1b (57.5 mg, 0.16 mmol) precipitated a dark brown powder 442 

upon addition of 20 mL Et2O (63.3 mg, approx. 50%). The supernatant organic phase was further 443 

treated with Et2O resulting in a light brown precipitate (17.0 mg, approx. 10%) assigned to 2b-444 

BF4 which has identical analytical data of NMR and MS as 2b-PF6. Analytical data for major 445 

compound 3 are listed here. 1H NMR (400 MHz, DMSO-d6): δ = 1.18 (d, 6H, H16
, 

3
JHH = 6.8 446 

Hz), 2.08 (s, 3H, H14), 2.82 (sept, 1H, H15,  3JHH = 6.8 Hz), 3.52 (b, 2H, NH2), 3.90 (broad 447 

singlet, 2H, H7), 4.09 (broad singlet, 2H, H7’), 5.77 (d, 2H,  H12, 3JHH = 6.4 Hz), 5.82 (d, 2H, H11, 448 
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3
JHH = 6.4 Hz), 6.51 (m, 1H, H17), 6.77 (s, 1H, H18), 7.02-7.18* (m, 4H, H2,3,4,5), 7.43-7.52* (m, 449 

3H, H9,17), 8.50 (d, 2H, NHH, 2JHH = 13.6 Hz). 13C{1H} NMR (100.6 MHz, DMSO-d6):  δ = 17.8 450 

(C14), 21.5 (C16), 29.9 (C15), 37.2 and 37.6 (C7), 85.5 (C12), 86.3 (C11), 100.2 (C10), 106.7 (C13), 451 

114.8 (C18), 127.5 (C5), 128.1 (C8), 129.2 (C9), 129.5 (C4), 130.6 (C17), 131.1 (C2), 134.7 (C3), 452 

138.5 (C6), 148.6 (C1). ICP-MS calcd. for C40H48ClN2RuS2: 16.22 wt% Ru. Found: 18.46 ± 0.73 453 

wt% Ru. HRMS for M+ calc. 627.0883 (20%), 626.0917 (25), 625.0894 (80), 624.0908 (50), 454 

623.0899 (100), 622.0907 (60), 621.0906 (40), 620.0914 (30). Found: 627.1953 (25%), 626.1990 455 

(30), 625.1947 (80), 624.1950 (50), 623.1937 (100), 622.1945 (60), 621.1926 (40), 620.1934 456 

(30). MS (ESI low energy, m/z) 623.2 (40%), 587.2 (100), 478.2 (35), 412.0 (30), 359.1 (20), 457 

312.1 (35), 271.0 (20). λmax/nm for 3 (DMF) 229, 270 and 440. IR (KBr) 3435, 3273, 3061, 458 

2964, 2873, 1601, 1561, 1473, 1388, 1280, 1080, 1020, 870, 803, 763 cm-1. 459 

 460 
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Notes and references 466 
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‡ Oxygen is available for this reaction as the complex was dissolved in a 90 Vol% : 10 468 

Vol% acetonitrile : water solution in presence of 0.1 wt% formic acid for the UPLC-HRMS 469 
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analysis. The experimental results overlapped congruently with the theoretical isotope pattern 470 

and we were only able to detect singly charged complexes in absence of fractional m/z units of 471 

multiple charged species at 446 m/z or 298 m/z.  472 

§ We were unable to obtain suitable crystalline material for X-ray structural analysis of the metal 473 

complexes. We have obtained material that appeared crystalline to the eye but did not diffract. 474 

We hypothesize that the lack of directed intermolecular forces such as H-bonding or dipole 475 

moments makes it difficult for the compounds to form suitable crystal packing. In addition, the 476 

large non-polar sphere of cymene and aromatic rings is little differentiated between the sets of 477 

diastereomers further complicating crystal stacking.    478 
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• Summary sentence: “Xylylene bridged N2S2-ligands are an excellent ligand platform for 

binuclear p-cymene ruthenium complexes with tunable Ru-Ru distances.” 
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