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Abstract 

A bimetallic metal complex involving a fluorene linker between two redox active 

bis(cyclopentadienyl)molybdenum dithiolene moieties has been synthesized and characterized 

by electrochemistry and spectroelectrochemistry. Cyclic voltammetry experiments show 

sequential oxidation of the two redox centers with small ΔE values between the first and the 

second redox processes and between the third and the fourth ones. Comparative electrochemical 

studies carried out using either [NBu4][PF6] or the poorly coordinating supporting electrolyte 

[Na][B(C6H4(CF3)2)4] in dichloromethane indicate strong electrostatic effects on consecutive 

electron transfers, especially for highly charged species. Spectroelectrochemical investigations 

together with DFT calculations evidence that the two molybdenocene dithiolene electrophores 

are weakly electronically coupled through the organic bridge. 
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1. Introduction 

Metal complexes with non-innocent ligands such as 1,2-dithiolene ligands are promising 

candidates for the elaboration of either single or multi component conducting molecular 

materials.1 The non-innocent character is associated to the redox activity of the ligand and to 

the electronic delocalization within the MS2C2 metallacycle, leading to complexes where the 

oxidation state of the metal is unclear.2 More recently, these ligands have also been used for the 

formation of conducting one- and two-dimensional polymeric materials called coordination 

nanosheets.3,4,5,6,7,8 In order to build such polymeric materials, di- and/or tritopic ligands are 

used with the dithiolene moieties connected by a conjugated organic bridge (Chart 1). Among 

the few ligands used so far, only planar di- and/or tritopic ligands can be found such as 

tetrathiooxalate (tto),4,9 1,2,4,5-benzenetetrathiolate (btt),5,10 benzenehexathiolate (bht)6 or 

triphenylene hexathiolate (tpht).8 In these ligands, the dithiolene moieties are fused to a 

conjugated and/or aromatic structure allowing potential electronic communication between the 

two- or three-coordinated metal ions.3-8  

 

Among the rare bimetallic complexes using bis(dithiolene) ligands such as tto or btt, we 

recently analyzed the electronic interaction between two redox-active bis(cyclopentadienyl) 

molybdenum dithiolene moieties (Cp2Mo(dithiolene)) through a phenyl bridge using, either the 

benzene-1,4-bis(ethylenedithiolate) (1,4-Ph) to generate the corresponding complex Mo21,4-
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Ph, or the 4,4′-bis(benzenedithiolate) (bbdt) to afford Mo2bbdt (Chart 2).11 In order to 

determine to what extent the length and nature of the organic bridge will allow for electronic 

interaction, we have investigated here a new bis(dithiolene) ligand involving a fluorene organic 

linker, which can be viewed as a rigid and planar biphenyl unit. Then, we have studied the 

formation of the bimetallic complex with two Cp2Mo(dithiolene) redox active moieties at the 2 

and 7 positions of the 9,9-dipropylfluorene moiety to yield Mo2Flu (Chart 2). Electrochemical 

and spectroelectrochemical investigations in the UV-vis-NIR range, evidence the influence of 

the fluorene linker in Mo2Flu vs the biphenyl one in Mo21,4-bPh on the electronic interaction 

between the two metalladithiolene units. DFT calculations have been carried out on bis-

molybdenocene dithiolene complexes linked by a fluorenyl, (in Mo2Flu), or a biphenyl, (in 

Mo21,4-bPh) organic bridge to analyze the influence of these linkers with a similar length but 

a different rigidity. The synthesis of the new bis(dithiolene) ligand and its bis(molybdenocene) 

complex Mo2Flu together with the electrochemical, spectroscopic and theoretical modeling 

investigations are discussed herein. 

Target bis(molybdenocene) complexes 

 

 

2. Results and discussion 

2.1.Synthesis of the proligand.  
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Several dithiolene proligands can be used to synthesize the target bimetallic complex: here, 

we focused our attention on the proligand where the dithiolene is protected by a carbonyl group 

in a dithiole-2-one heterocycle.12 The synthetic strategy used to reach this proligand 4 is 

outlined in Scheme 1. In order to insure the solubility of our bis(ligand), we first inserted on the 

fluorene core two propyl chains. This was performed by treating fluorene with tBuOK followed 

by the addition of iodopropane. Then acylation of the fluorene core was realized through the 

use of acyl chloride in the presence of AlCl3 to generate 2 in 72% yield.13 Bromination of the 

two acetyl groups was realized using Br2 in acetic acid to afford 3. The 1,1'-(9,9-dipropyl-9H-

fluorene-2,7-diyl)bis(2-bromoethan-1-one) 3 was reacted with an excess of potassium 

isopropyl xanthate and the ring closure was performed in acidic medium to afford the 4,4’-(9,9-

dipropyl-9H-fluorene-2,7-diyl)bis(1,3-dithiol-2-one) 4. This cyclisation into a dithiol-2-one 

ring has been investigated with two different acids: sulfuric acid or perchloric acid. It is 

noteworthy that the use of the latter gave a quantitative yield which is almost twice the yield 

obtained with sulfuric acid (Scheme 1). 

 

 

Scheme 1. Synthetic path to the proligand 4 
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Crystals of precursors 2, 3 (see SI, Figures S1 and S2) and the proligand 4 were obtained by 

slow concentration of their CH2Cl2 solution. The molecular structure of 4 is presented in Fig. 

1. This proligand is almost planar as the dihedral angles between the dithiol-2-one rings and the 

fluorene core amount to 9.56° (O1) and 1.73° (O11). 

 

 

Fig. 1. Molecular structure of proligand 4. H atoms have been omitted for clarity. 

 

2.2.Synthesis of the complex.  

Having in hand this proligand, we conducted the formation of the bimetallic complex, 

Mo2Flu. Deprotection of both dithiolene units in 4 was performed through the addition of 

MeONa to a THF solution of 4. After 2 h at 45 °C, addition of two equivalents of Cp2MoCl2 in 

the medium allowed the synthesis of Mo2Flu in 82 % yield (Scheme 2).  

 

 

Scheme 2. Synthesis of Mo2Flu. 
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It should be noted that this compound has the tendency to oxidize easily under air. For instance, 

the isolated complex left for crystallization into a dichloromethane solution leads to a powder 

that exhibits a less resolved 1H NMR spectrum. Within electroactive complexes such as 

Cp2Mo(dithiolene) complexes, this is often associated with the presence of radical species due 

to partial oxidation of the molecule. Thus the electrochemical properties of this powder was 

investigated in CH2Cl2 containing Bu4NPF6 as supporting electrolyte through voltammetry at a 

Rotating Disk Electrode (RDE). The resulting RDE voltammogram (Fig. 2) shows indeed that 

the isolated Mo2Flu complex is a mixture of neutral and oxidized species, in a 83:17 ratio 

respectively, as determined by the relative limiting current magnitude (Ilimit
ox=2.77µA and 

Ilimit
red =-0.55µA).  

This result was also confirmed by an EPR spectroscopic study of the same powder 

collected after leaving a dichloromethane solution of Mo2Flu under air. The EPR spectrum of 

the powder in CH2Cl2 at room temperature exhibits an unresolved singlet, as reported before 

for other Cp2Mo(dithiolene) complexes.14,15 This observation is consistent with the RDE 

voltammogram (Fig. 2) discussed above and hence confirms the presence of a small amount of 

oxidized Cp2Mo(dithiolene) complex. 
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Fig. 2. Investigation of the powder collected after leaving a dichloromethane solution of 

Mo2Flu under air: (top) Rotating platinum disk electrode voltammogram (10 mV/s, 1500 rpm, 

3 mm diameter) of the powder dissolved in CH2Cl2/Bu4NPF6 0.1 M and (bottom) X-band EPR 

spectra of the powder in CH2Cl2 solution at 298K. 

 

2.3.Electrochemical studies 

The electrochemical analyses have been performed on freshly prepared complexes in order 

to avoid oxidation by air. The redox properties of Mo2Flu have been studied by cyclic 

voltammetry (CV) and Differential Pulse Voltammetry (DPV), in CH2Cl2 in the presence of 0.1 

M NBu4PF6 as supporting electrolyte (Fig. 3). The oxidation potentials are collected in Table 1 

together with the data of analogous complexes Mo21,4-Ph and Mo2bbdt for comparison (Chart 

2).11 

Table 1. Redox potentialsa of complexes, in CH2Cl2 with |Bu4N][PF6] 0.1 M (E in V vs SCE).  

Compound E1/2
1 (Ep)b E1/2

2(Ep) E1/2
3(Ep) Ref 

Mo2Flu 0.06 (60)  0.14(60)  0.83(100)  This work 

Mo21,4-Ph 0.03 (60) 0.19 (60) 0.91 (70) 11 

Mo2bbdt 0.25 (60) 0.37 (60) 1.02 (100) 11 

a oxidation processes, taken as the average of the anodic and the cathodic peak potentials. b 

Ep (in mV) : peak-to-peak separation.  

 



8 

 

Cp2Mo(dithiolene) moieties are known to be redox active species that can be reversibly and 

successively oxidized to the cation radical and to the dicationic species.16 The CV of Mo2Flu 

shows two main redox processes. A closer look at the first redox process reveals that this system 

originates from two closely spaced oxidation processes (E1 = 0.06 V and E2 = 0.14 V), as 

confirmed by DPV which has been fitted into two closely spaced redox processes (Fig. 3). The 

splitting between these two oxidation systems is independent of the concentration of Mo2Flu 

(between 10−2 to 10−5 M). This indicates the presence of intramolecular interactions between 

the two Cp2Mo(dithiolene) units through the organic spacer. At this stage, the present results 

evidence a stabilization of the cation radical intermediates Mo2Flu+.. Then, the oxidation 

system observed on the CV of Mo2Flu at 0.83 V corresponds to the oxidation of bisoxidized 

species to the tetracationic system Mo2Flu(4+). Actually, for this last oxidation process, two 

closely spaced anodic peaks can be also observed on the forward scan of the CV whereas the 

reverse scan exhibits a cathodic desorption peak which indicates that adsorption has occurred 

at the electrode upon oxidation to (Mo2Flu)4+. 

 

Fig. 3. Cyclic voltammogram (bottom) of Mo2Flu in CH2Cl2/[Bu4N][PF6] 0.1 M (100 mV/s) 

together with DPV (5 mV/s) (top), E in V vs SCE. 
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The shape of the Mo2Flu CV is similar to that of Mo21,4-Ph and Mo2bbdt.11 The main 

difference lies with the potential difference between the two first closely-spaced redox 

processes which amounts to E = 80 mV for Mo2Flu, 160 mV for Mo21,4-Ph11 and 120 mV 

for Mo2bbdt.11 The fact that the E is halved for Mo2Flu when compared with Mo21,4-Ph is 

associated with its longer fluorenyl organic spacer between the two electrophores compared 

with the phenyl one. Indeed, the Mo•••Mo distance is 16.06 Å in Mo2Flu and 12.65 Å in 

Mo21,4-Ph. In Mo2bbdt, the two phenyl rings of the bridging ligand are fused with the 

metallacyles which brings the two metallacycles closer than in Mo2Flu (Mo•••Mo: 16.06 Å in 

Mo2Flu vs 12.75 Å in Mo2bbdt, vide infra).  

Different factors are known to affect the magnitude of the E value between successive 

one-electron transfers, including electrostatic effects and electronic couplings.17 In order to get 

more insights on the electrostatic contribution in the ΔE values we investigated the redox 

behaviour of Mo2Flu in the weakly coordinating electrolyte CH2Cl2-[Na][B(C6H4(CF3)2)4] (or 

[Na][BArF]).17 The BArF−
 anion is known to exhibit a very low ion-pairing strength with 

positively charged species when used as supporting electrolyte in a low polarity solvent such 

as dichloromethane, it leads to an increase in E for successive one-electron redox couples due 

to increased electrostatic interactions between cations generated at the electrode.17 For 

comparison, we also studied the reported Mo2bbdt complex using the same medium, as this 

complex exhibits the lowest ΔE value among the two previously reported complexes (Mo2bbdt 

vs Mo21,4-Ph). In these conditions, the potential difference between the first two oxidation 

systems is slightly affected by the nature of the supporting electrolyte, with E(E2 − E1) = 130 

mV for Mo2Flu (80 mV with Bu4NPF6) and E = 200 mV for Mo2bbdt (120 mV with 

Bu4NPF6).  
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It can be noticed also that for both complexes, Mo2Flu and Mo2bbdt, the third wave is 

significantly anodically shifted (Fig. 4). For instance, for Mo2Flu, the potential difference 

between the second and the third oxidation system, E(E3 − E2) amounts to 690 mV with 

Bu4NPF6 and reaches 1.0 V with [Na][BArF]. Moreover, the fourth redox system can be now 

clearly observed on the voltammograms (Fig. 4) with a potential difference with the third one, 

E(E4 − E3) of 235 mV for Mo2Flu. It is worth mentioning that this fourth system could only 

be distinguished on the forward scan using Bu4NPF6 while it is well resolved with [Na][BArF]. 

Similarly, on the CV of Mo2bbdt a fourth redox system can be also observed. However, due to 

the large anodic shift, this redox system is now located at the limit of the electrolyte potential 

window. DPV confirmed the presence of this fourth redox system (Fig. 4, bottom). 

Interestingly, using the fluorinated weakly ion pairing anion BArF− as supporting electrolyte, 

no adsorption at the electrode is observed due to the increased solubility of the polycationic 

species which allows for a better detection of this fourth redox system on the voltammograms 

in both cases. Indeed, fluorinated weakly coordinating anions, such as the BArF−, increase the 

solubility of their counter ion in low polarity media like the dichloromethane electrolyte used 

here and can prevent their adsorption when they are generated at the electrode.17 The occurrence 

of an increase of all the E using [Na][BArF] instead of [Bu4N][PF6] in dichloromethane 

indicates the existence of some through space electrostatic contributions in the E values (Table 

2). The increase of the ΔE values is smallest on the ΔE(E2 − E1) compared to the other ΔE 

values, showing that the electrostatic tuning window of the potential differences (E) is larger 

in the case of the oxidation of already charged species due to the very low ion pairing properties 

of [BArF]- in dichloromethane.  
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Table 2. ΔE in mV measured for Mo2Flu and Mo2bbdt with [Bu4N][PF6] and [Na][BArF] 

 

  

 

Fig. 4. Cyclic voltammograms of (top) Mo2Flu and (bottom) Mo2bbdt and DPV (5mV/s) in 

CH2Cl2-Na[B(C6H4(CF3)2)4] 0.02 M (red) in CH2Cl2-[NBu4][PF6] 0.1 M (black), E in V vs. 

SCE, 100 mV.s-1 

 

 

 

Complex/electrolyte E2 − E1 E3 – E2 E4 – E3 

Mo2Flu/[Bu4N][PF6] 80 690 - 

Mo2Flu/[Na][BArF] 130 1000 235 

Mo2bbdt/[Bu4N][PF6] 120 650 - 

Mo2bbdt/[Na][BArF] 200 890 370 



12 

 

2.4.Spectroelectrochemical investigations.  

UV−vis−NIR spectroelectrochemical investigations were carried out on freshly prepared 

Mo2Flu in order to get more insights into the formation and the spectroscopic signature of the 

various oxidized species and also on the electronic coupling contribution to the ΔE (E2 – E1) 

value. This was performed on a dichloromethane solution of the complex containing Bu4NPF6 

as the supporting electrolyte. The neutral complex exhibits absorption bands only in the UV-

vis range at λmax = 324 and 406 nm, close to those observed for the analogous complexes, 

Mo2bbdt and Mo21,4Ph.11 The lowest energy absorption band in these neutral complexes is 

classically assigned to a ligand-to-metal charge transfer (LMCT).15,18 As can be seen on the 

differential UV−vis−NIR absorption spectra (Fig. 5), upon gradual oxidation to the mono-

oxidized species, the growth of several new absorption bands in the UV-vis region is observed 

at 346, 496 and 774 nm together with a broad band centered at 1290 nm in the NIR region. This 

latter band is located at a notably higher wavelength than that generally observed for a single 

cation radical generated for a mononuclear Cp2Mo(dithiolene) complex (1040-1150 nm).11,14,19 

According to our previous work, this absorption band centered at 1290 nm is ascribed to an 

intervalence charge transfer (IVCT) due to the formation of a mixed-valence species. This band 

in the near IR region indicates an electronic coupling between the two electrophores along the 

organic linker. This is in line with an electronic delocalization of the unpaired electron in the 

mixed valence state. This is confirmed by the calculated distribution of the spin density in the 

mixed valence state (theoretical calculations vide infra). Note however, that this band in 

Mo2Flu+• (1290 nm) is observed at higher energy than that of Mo2bbdt (1596 nm)11, indicating 

weaker electronic interactions through this fluorene linker.20 This is in good agreement with the 

potential separation observed on the CVs between the first two oxidations. Then upon further 

oxidation to the bis(cation radical) species, the shape of the NIR absorption band changes as it 

sharpens and shifts at higher energy (1160 nm), where cation radicals of mononuclear 
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Cp2Mo(dithiolene) species usually absorbs, suggesting that the bisoxidized state in Mo2Flu is 

best described as two weakly interacting cation radical species.  

  

       

 

Fig. 5. Differential UV−vis−NIR absorption spectra of the complex Mo2Flu monitored from 

the neutral state to the monocation radical state upon electrochemical oxidation from 0 to 0.08 

V (top) and to the bis(cation radical) state upon electrochemical oxidation from 0.08 to 0.3 V 

(bottom) in CH2Cl2-[NBu4][PF6] 0.2 M. 

 

2.5. Theoretical calculations.  

DFT computational studies were performed to gain deeper insight into the electronic 

structure of the neutral molecule and its oxidized species. Geometry optimizations were carried 

out on a model of the complex using the same base and functional used earlier for Mo21,4-Ph 

and Mo2bbdt, i.e. Gaussian09, B3LYP/LanL2DZ.11 In addition, we also performed similar 
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calculations on the model complex with a biphenyl linker, Mo21,4-bPh, in order to study the 

influence of the non-rigid biphenyl unit compared to the fluorenyl one. The energy and the 

nature of the frontier molecular orbitals of Mo2Flu, Mo21,4-Ph and Mo21,4-bPh are given in 

Figure 6. The HOMO of Mo2Flu is delocalized over the whole bridging ligand with 

comparatively little Cp2Mo contribution. The nature of the HOMO is similar for both 

complexes with either a fluorenyl or a biphenyl linker. The LUMO is more centered on the 

Cp2Mo fragment (Fig. 6). The calculated energy level for the HOMO in Mo2Flu (−4.36 eV) is 

lower in energy in comparison to that of the HOMO in Mo21,4-Ph (−4.27 eV), in accordance 

with the trend observed for the first redox potential E1 determined by cyclic voltammetry. The 

presence of the non-rigid biphenyl linker in the model compound Mo21,4-bPh leads to a 

HOMO level (−4.42 eV) slightly lower than that of Mo2Flu (−4.36 eV).  

The MoS2C2 metallacycles in the Mo2Flu complex are not coplanar with the fluorene 

moiety but exhibit a dihedral angle between the C2S2 planes and the fluorene core of 31°. 

Similarly, in the biphenyl model, Mo21,4-bPh, a dihedral angle of 28° is observed between the 

metallacycles and the adjacent phenyl ring. This distortion from planarity is reminiscent to that 

observed in the optimized geometry of Mo21,4-Ph (24° between the C2S2 planes and the phenyl 

ring). These computed values are in relatively good agreement with those determined by X-ray 

crystallography for Mo21,4-Ph: 28.9° and 26.7° respectively.11 With the biphenyl linker, as the 

two phenyl rings are not constrained to lie in the same plane as with the fluorene, a computed 

dihedral angle of 31° can be measured between the two phenyl rings plane. The presence of an 

additional phenyl ring between the two dithiolene moieties does not modify significantly the 

HOMO-LUMO gap between Mo2Flu (2.3 eV) and Mo21,4-bPh (2.35 eV), when compared 

with that of Mo21,4-Ph (2.26 eV) (Fig. 6).  
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Fig. 6. Frontier molecular orbitals (HOMO and LUMO) and calculated energy levels 

for complexes Mo21,4-Ph (left), Mo2Flu (middle) and model compound Mo21,4-bPh (right) 

shown with a cutoff of 0.04 [e/bohr3]1/2. 

 

The Mo•••Mo distance in the optimized geometry of the neutral complexes Mo21,4-Ph and 

Mo2bbdt is 12.65 and 12.75 Å respectively, while, as expected, it is significantly longer in 

Mo2Flu and Mo21,4-bPh: 16.06 Å and 16.79 Å (Fig. S3, SI). The presence of one additional 

aromatic ring in the organic linker, fluorenyl in Mo2Flu, significantly lengthens the distance 

between the two redox active Cp2Mo(dithiolene) moieties by about 4 Å compared with Mo21,4-

Ph and Mo2bbdt and even more with the non-rigid biphenyl linker. 

 

 

Fig. 7. Frontier molecular orbitals (SOMO and LUMO) and calculated energy levels for 

complexes Mo21,4-Ph+• (left), Mo2Flu+• (middle) and Mo21,4-bPh+• (right) shown with a 

cutoff of 0.04 [e/bohr3]1/2. 
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In the radical cation state, the SOMO is essentially localized on the bis(dithiolene) ligand with 

a lower contribution on the central fluorene core (Fig. 7). A smaller dihedral angle between the 

dithiolene moieties and the central aromatic core is observed: 20° for Mo2Flu+• and 18.3° for 

Mo21,4-bPh+•. This tendency of planarization upon oxidation is also observed between the two 

phenyl rings of Mo21,4-bPh+•: 23° vs 31° in the neutral state. The energy levels of the SOMO 

for Mo2Flu+• (−6.64 eV) and Mo21,4-bPh+• (−6.64 eV), at higher energies than the SOMO of 

Mo21,4-Ph+• (−7.02 eV) is also in accordance with the trend observed for the redox potentials 

for Mo2Flu. Finally, small differences in the calculated spin density of the two mono-oxidized 

species Mo2Flu+• and Mo21,4-bPh+• are found. The spin density contribution on the organic 

linker is relatively smaller in Mo21,4-bPh+• compared with Mo2Flu+• (Fig. 8).  

We resorted to compare the outcome of the theoretical calculations on the complexes 

Mo21,4-bPh and Mo2Flu with similar Mo•••Mo distances but with organic linkers of different 

rigidity. Despite its slightly distorted structure, Mo21,4-bPh retains a non-negligible amount of 

electronic coupling, even if smaller than that found in Mo2Flu with the rigid fluorene linker. 

Concomitantly, comparable through-space electrostatic interactions are expected in both 

complexes since the Mo•••Mo distances are very close. As observed for other bis redox active 

complexes with a biphenyl organic linker,21 here the presence of a fluorenyl linker which is a 

more rigid planar biphenyl unit still allows for some electronic interactions. These electronic 

interactions are weaker due to the longer organic linker, (Mo-Mo distance = 16.06 Å, vide 

infra), compared with the complex with one phenyl ring Mo21,4P (Mo-Mo distance = 12.65 

Å). 
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Fig. 8. Spin density of Mo21,4bP+• (left), Mo2Flu+• (middle) and Mo2Flu2(+•) shown 

with a cutoff of 0.001 e/bohr3. 

 

Finally we also performed DFT calculations on the bis oxidized state of Mo2Flu (Fig 

S4) in order to evaluate which spin state, singlet or triplet, is the most stable one. A strong 

electronic delocalization in the dication should be consistent with a singlet state while 

essentially independent monocationic Cp2Mo(dithiolene)+• moieties should stabilize the triplet 

state. It appears that the triplet state in Mo2Flu2+ is more stable by 0.92 eV than the singlet one. 

The spin density contribution is now essentially located on the dithiolene moieties with a small 

contribution on the fluorenyl spacer. This finding is in agreement with the energy of the 

absorption band of the dicationic species found at a wavelength (1160 nm) similar to that 

observed for mononuclear [Cp2Mo(dithiolene)]+• radical cations (1040-1150nm).11,14,19 Thus, 

in Mo2Flu2(+•), each cation radical species is essentially localized on the Cp2Mo(dithiolene) 

moeties. In order to confirm this hypothesis we chemically generated the bisoxidized species. 

This was performed by adding two equivalent of [Cp2Fe][BF4] to a dichloromethane solution 

of Mo2Flu under inert atmosphere. The bisoxidized species precipitated in the medium after 

the addition of pentane. The UV-vis-NIR absorption spectrum of this precipitate redissolved in 

CH2Cl2 shows a broad band located at 1150 nm in accordance with the spectroscopic signature 

obtained for the bisoxidized species during the spectroelectrochemical experiment. Moreover, 

the EPR spectrum of a dichloromethane solution of this precipitate at room temperature displays 

an isotropic signal at giso of 2.013 which indicates an organic radical character (Fig. 9). This 

spectrum shows hyperfine splitting due to coupling of the unpaired electron spin with one 

hydrogen atom of the dithiolene metallacycle and with the molybdenum center 95Mo and 97Mo 
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isotopes (25.5%, I = 5/2). This observation is consistent with the significant spin density found 

on each dithiolene moieties by theoretical calculation of and confirmed the stable triplet state 

of the bisoxidized species, Mo2Flu2(+•) with two weakly coupled mono-oxidized electrophores. 

 

 

Fig. 9. EPR spectrum of Mo2Flu2(+•) recorded in CH2Cl2 at room temperature (black 

line). Simulated spectrum (red line) with giso= 2.0134, AMo= 3.68 10-4
 cm-1 and aH= 3.74 10-4

 

cm-1 created using a Lorentzian line shape and a 2.60 G line width. 

 

3. Conclusion 

In summary, we have presented here a chemical route for the synthesis of an original 

electroactive bis[Cp2Mo(dithiolene)] complex where the two dithiolene moieties are separated 

by a fluorene linker. We have shown through electrochemical investigations using traditional 

and weakly coordinating supporting electrolytes the existence of through space electrostatic 

interactions between the two metallacycles. Indeed, the two closely spaced first oxidation steps 

of the Mo2Flu complex shift from a E value of 80 mV with [Bu4N][PF6] to a E of 130 mV 

with [Na][BArF] in dichloromethane. The extent of electronic coupling in the complex has been 

analyzed through spectroelectochemical studies and DFT calculations, indicating that the spin 

density in the radical cation state is delocalized over the two electrophores and the organic 
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linker. The electronic interaction in the mixed valence state can be experimentally measured, 

although of lower magnitude than in its congeners with a shorter intermetallic distance (12 vs 

16 Å), and has been shown to comprise substantial through-bond and through space 

interactions. Finally the bis(oxidized) complex can be described as a stable triplet state with 

localized bis cation radical species.  

 

 

 

4. Experimental section 

4.1.General.  

Chemicals and materials from commercial sources were used without further purification. All 

the reactions were performed under an argon atmosphere. The synthesis of Mo2Fl was carried 

out by using Schlenk techniques and vacuum-line systems under an argon atmosphere. Melting 

points were measured on a Kofler hot-stage apparatus and are uncorrected. Mass spectra were 

recorded by the Centre Régional de Mesures Physiques de l'Ouest, Rennes. Methanol and 

dichloromethane were dried using Inert pure solvent column device. CVs and DPVs were 

carried out on a 10–3 M solution of complex in CH2Cl2 with NBu4PF6 0.1 M, or, when specified, 

with ca. 0.02 M NaBARF. NaBARF or [Na][B(C6H4(CF3)2)4] is Sodium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate. Potentials were measured versus the Saturated Calomel 

Electrode (SCE). DPV were measured with PH = 25 mV and SH = 5 mV (PH : Pulses height and 

SH : Step height). Deconvolution of the first oxidation wave to two independent redox systems 

was performed by using the software “Magic Plot”. Compound 1 was prepared according to a 

literature procedure.22 X-band EPR spectra were recorded on a Bruker EMX spectrometer and 

simulated using WINEPR SimFonia, Shareware version 1.25, Brüker Analytische Messtechnik 

GmbH. 
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4.2.Synthesis and characterization 

Synthesis of 1,1'-(9,9-dipropyl-9H-fluorene-2,7-diyl)bis(ethan-1-one) 2: to an ice-

cooled solution of 9,9-dipropylfluorene 1 (4.63 g, 18.52 mmol) in dry dichloromethane (30 

mL) under argon atmosphere was added dropwise a solution of AlCl3 (7.4 g, 55.56 mmol) 

and acetyl chloride (3.9 mL, 55.56 mmol) in dry dichloromethane (30 mL) (Friedel-Crafts 

conditions). The reaction mixture was stirred overnight at room temperature. After that the 

reaction mixture was washed with water and dried with MgSO4. After evaporation of the 

solvent, the product precipitated with the addition of methanol. The precipitate was 

collected by filtration and dried to produce compound 2 as a yellow solid. (4.45 g, 13.3 

mmol) in 72 % yield. Crystals of sufficient quality for X-ray diffraction were obtained by 

slow evaporation of a dichloromethane solution. mp 166 °C; 1H NMR (300 MHz, CDCl3) 

δ 7.99 – 7.96 (m, 4H), 7.86 – 7.81 (m, 2H), 2.68 (s, 6H), 2.06 – 2.01 (m, 4H), 0.67-0.59 (m, 

10H); 13C NMR (75 MHz, CDCl3) δ 197.97, 152.30, 144.43, 136.88, 128.22, 122.57, 

120.53, 55.81, 42.32, 26.87, 17.16, 14.29; IR : ṽCO = 1681 cm-1; HRMS (ESI) calcd for 

C23H26O2 [M
+.] 334.1938, found 334.1929. Anal. Calcd for [C23H26O2]: C, 82.60; H, 7.84. 

Found: C, 82.63; H, 8.05. 

Synthesis of 1,1'-(9,9-dipropyl-9H-fluorene-2,7-diyl)bis(2-bromoethan-1-one) 3 : 1,1'-(9,9-

dipropyl-9H-fluorene-2,7-diyl)bis(ethan-1-one) 2 (2 g, 6 mmol) was dissolved in acetic acid 

(60 mL), then bromine (1.91 g, 12 mmol) was added slowly. After addition, the reaction mixture 

was heated to 50 °C for 20 min. The reaction mixture poured into iced water and the precipitate 

was filtered off and washed with water and dried overnight. Purification by flash 

chromatography using dichloromethane / petroleum ether(1/1) (Rf = 0.5) afforded the product 

as a white solid (2 g, 4 mmol). Crystals of sufficient quality for X-ray diffraction were obtained 
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by slow evaporation of a dichloromethane solution: Yield 67%; mp 137 °C; 1H NMR (300 

MHz, CDCl3) δ 8.06 – 7.97 (m, 4H), 7.91 – 7.80 (m, 2H), 4.52 (s, 4H), 2.04 (dd, J = 9.6, 6.0 

Hz, 4H), 0.72 – 0.50 (m, 10H); 13C NMR (75 MHz, CDCl3) δ 191.25, 152.71, 145.02, 133.57, 

128.80, 123.61, 121.07, 56.03, 42.26, 31.16, 17.29, 14.37; UV-vis (CH2Cl2) λ (nm) (ε [L.mol-

1cm-1]) 340 (18800), 315 (13600); IR : ṽCO = 1696 cm-1; HRMS (ESI) calcd for C23H24O2 [M
+.] 

490.0137, found 490.0142 Anal. Calcd for [C25H22O2 Br2]: C, 56.12; H, 4.91. Found: C, 56.12; 

H, 5.03. 

 

Synthesis of 4,4'-(9,9-dipropyl-9H-fluorene-2,7-diyl)bis(1,3-dithiol-2-one) 4 : To a solution 

of 1,1'-(9,9-dipropyl-9H-fluorene-2,7-diyl)bis(2-bromoethan-1-one) 3 (2.4 g, 4.87 mmol) in 

100 mL dichloromethane, potassium isopropyl xanthate (2.55 g, 14.6 mmol) was added and the 

reaction mixture was refluxed overnight. Filtration through celite and evaporation of the solvent 

afforded a yellow solid with quantitative yield (2.93 g) which was used without further 

purification: 1H NMR (300 MHz, CDCl3) δ 8.07 (dd, J = 7.6, 1.4 Hz, 4H), 7.91 – 7.83 (m, 2H), 

5.74 (hept, J = 6.2 Hz, 2H), 4.71 (s, 4H), 2.05 (t, J = 7.6 Hz, 4H), 1.38 (d, J = 6.2 Hz, 12H), 

0.64 (t, J = 7.3 Hz, 10H); 13C NMR (75 MHz, CDCl3) δ 212.23, 192.20, 152.28, 144.55, 135.34, 

127.99, 122.80, 120.58, 78.76, 55.71, 43.08, 41.97, 20.95, 16.93, 14.06. Then the compound 

(1.2 g, 2 mmol) was dissolved in 50 mL of chloroform and 1.5 mL perchloric acid was added. 

The reaction mixture was stirred for 8 h at 70°C. The reaction mixture was allowed to reach 

room temperature and water was added. The organic phase was washed with NaHCO3 then 

water and dried over MgSO4. Evaporation of the solvent afforded a yellow solid (0.911 g, 1.9 

mmol) in 95 % Yield. Crystals of sufficient quality for X-ray diffraction were obtained by slow 

evaporation of a dichloromethane solution: mp 240 °C; 1H NMR (300 MHz, CDCl3) δ 7.72 (d, 

J = 6 Hz, 2H), 7.42 (d, J = 6 Hz, 2H), 7.39 (s, 2H), 6.91 (s, 2H), 2.01-1.96 (m, 4H), 0.69-0.65 

(m, 10H); 13C NMR (75 MHz, CDCl3) δ 191.9, 151.8, 140.8, 135.0, 131.8, 125.4, 120.4, 120.3, 
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111.2, 55.5, 42.3, 16.9, 14.1; UV-vis (CH2Cl2) λ (nm) (ε [L.mol-1cm-1]) 348 (37000), 235 

(15800); IR : ṽCO = 1634 cm-1; HRMS (ESI) calcd for C23H24O2 [M+.] 482.05027, found 

482.0499; Anal. Calcd for [C25H22O2 S4]: C, 62.61; H, 4.59; S, 26.57. found: C, 62.69; H, 5.05; 

S, 26.64. 

 

Synthesis of Mo2Flu : In a Schlenk containing the proligand 4 (240 mg, 0.5 mmol) dissolved 

in dry THF(10 mL) under an inert atmosphere, a solution of NaOMe (freshly prepared from 

sodium (60 mg, 2.6 mmol) in 10 mL of dry methanol was added. The reaction mixture was 

stirred for 2 h at 45 °C, then cooled to room temperature and Cp2MoCl2 (295 mg, 1 mmol) was 

added. The reaction mixture was stirred overnight at 60 °C. After evaporation of the solvent, 

dichloromethane was added and the organic layer was washed with degassed water then the 

water was removed via cannula and the product was dried under vacuum. After slow diffusion 

(CH2Cl2/pentane), compound Mo2Fl was obtained as a brown powder (361 mg, 0.41 mmol). 

Yield 82%; 1H NMR (400 MHz, CDCl3) δ 7.65 (d, J = 6.1 Hz, 2H), 7.59 (m, 2H), 7.48 (d, J = 

6.1 Hz, 2H), 6.85 (s, 2H), 5.30 (s, 20H), 1.90 (m, 4H), 1.28 (m, 4H), 0.67 (m, 6H); 13C NMR 

(101 MHz, CDCl3) δ 150.4, 138.4, 124.6, 120.1, 118.3, 98.1, 67.7, 54.8, 42.5, 25.3, 16.9, 14.3; 

UV-vis (CH2Cl2) λ (nm) (ε [L.mol-1cm-1]) 324 (24120) and 406 (12080) nm; HRMS (ESI) calcd 

for C43H38S4Mo2 [M
+.] 882.02775, found 882.028(1 ppm).  

 

 

4.3. Crystallography 

Suitable crystals of 2, 3 and 4 for X-ray diffraction single crystal experiment were selected and mounted 

with a cryoloop on the goniometer head of a D8 VENTURE Bruker AXS diffractometer, 

diffractometer equipped with a (CMOS) Photon 100 detector, using Mo-Kα radiation (λ = 0.71073 
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Å, multilayer monochromator). The structures were solved by dual-space algorithm using 

the SHELXT program,23 and the refined with full-matrix least-square methods based on F2 

(SHELXL).24 All non-hydrogen atoms were refined with anisotropic atomic displacement 

parameters. H atoms were finally included in their calculated positions. Crystallographic data 

on X-ray data collection and structure refinements are given in Table 3. CCDC 2150926-

2150928 for compounds 2, 3 and 4 respectively. 

Table 3 Crystallographic data 

Compound 2 3 4 

Formula C23H26O2 2(C23H24Br2O2),CH2Cl2 C23H26O2 

FW (g·mol–1) 334.44 1069.41 482.66 

Crystal system monoclinic monoclinic monoclinic 

Space group C 2/c P 21/n P 21/n 

a (Å) 
12.7471(11) 

 

15.0805(7) 7.8702(5) 

b (Å) 
10.4097(10) 

 

8.9063(5) 12.3606(7) 

c (Å) 
28.529(3) 

 

32.8144(17) 23.5448(12) 

 90 90 90 


94.458(3) 

 

96.116(2) 98.379(2) 

 90 90 90 

V (Å3) 3774.1(6) 4382.3(4) 2266.0(2) 

T (K) 150(2) 150(2) 150(2) 

Z 8 4 4 

Dcalc (g·cm–3) 1.777 1.621 1.415 

 (mm–1) 0.073 3.839 0.440 

Total refls. 14153 35524 17145 

Abs. Corr . multi-scan multi-scan multi-scan 

Uniq. refls. (Rint) 4161 (0.0723) 9977(0.0505) 5127(0.0355) 

Unique refls. (I > 2σ(I))  3302 8008 4373 

R1, wR2  0.0685, 0.1766 0.0524, 0.1178 0.0581, 0.1388 

R1, wR2 (all data) 0.0868, 0.1898 0.0699, 0.1258 0.0680, 0.1446 

GoF 1.036 1.025 1.070 
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4.4 DFT Calculations 

Full geometry optimization of neutral and charged complexes were performed with Density 

Functional Theory25 using the hybrid Becke-3 parameter exchange functional26 and the Lee-

Yang-Parr nonlocal correlation functional27 (B3LYP) implemented in the the Gaussian 09 

Revision D.01 software suite (or later releases) and using the LANL2DZ basis set.28 GaussView 

5.0.9 was used to generate the figures. 
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