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Abstract

:

The [Ru(PPh3)2Cl-piperidine(4-aminomethyl)] complex (mono-Ru) was synthesized from [Ru(PPh3)3Cl2] and 4-(aminomethyl)piperidine, whereas the [(PPh3)PdCl(Shiff-pip)] complex (mono-Pd) was obtained by reacting [Pd(PPh3)2Cl2] with its respective Schiff base ligand, both at a 1:1 molar ratio. The heterobimetallic [RuCl2(PPh3)2](μ-Schiff)Pd(PPh3)Cl] complex (Ru/Pd) was synthesized via a one-pot, three-component reaction of mono-Ru, [(Pd(PPh3)2Cl2] and salicylaldehyde. All complexes were fully characterized by FTIR, UV-Vis, and NMR spectroscopy, as well as elemental analysis, MALDI-TOF mass spectrometry, cyclic voltammetry, and computational studies. Ru/Pd was able to polymerize norbornene (NBE) by two different mechanisms: ROMP and vinyl polymerization. The Ru fragment was active for ROMP of NBE, reaching yields of 68 and 31% for mono-Ru and Ru/Pd, respectively, when the [NBE]/[Ru] = 3000 molar ratio and 5 μL EDA addition were employed at 50 °C. The poly(norbornene) (polyNBE) obtained presented an order of magnitude of 104 g mol−1 and Ð values between 1.48 and 1.79. For the vinyl polymerization of NBE, the Pd fragment was active using MAO as a cocatalyst, reaching a yield of 47.0% for Ru/Pd and quantitative yields for mono-Pd when [Al]/[Pd] = 2500 and [NBE]/[Pd] = 20,000 molar ratios were employed, both at 60 °C.
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1. Introduction


Complexes based on late-transition metals have been widely used as catalysts in a large number of catalytic reactions, such as the reactions of olefins and acetylenes with hydrogen, carbon monoxide, water, or other nucleophiles, as well as the isomerization, oligomerization, and polymerization of olefins [1,2]. Especially, ruthenium (Ru) and palladium (Pd) metallic centers have emerged as multifunctional catalysts [3,4,5,6,7,8,9,10,11]. These transition-metals have demonstrated high catalytic activity in polymerization reactions [11]. Based on the functionality of these metals, and aiming to increase the range of catalytic reactions, a large number of studies using heterobimetallic complexes composed of Ru(II) and Pd(II) fragments have been conducted [11,12,13]. Furthermore, the use of bimetallic complexes as homogeneous catalysts can increase reactivity via synergistic cooperation [14,15].



A well-defined macromolecular structure is certainly a goal in synthetic polymer chemistry. Ring-opening metathesis polymerization (ROMP) is a good alternative process that can produce high molecular weight and unsaturated polymers from a cyclic olefin, while vinyl polymerization can produce long saturated polymers [16,17,18]. Ruthenium-catalyzed ROMP of norbornene is particularly interesting to obtain unsaturated poly(norbornene) (polyNBE), since it presents high selectivity for olefins and has an electron-rich metallic center [19]. The principal application of these polymers is in the Norsorex® process [20]. PolyNBE can also be obtained by vinyl polymerization using Pd complexes as catalysts. Through this method, it is possible to obtain linear polymers with high molecular weight and saturated chains without the opening ring process [21,22]. Thus, the properties of this polymer are different from those obtained by ROMP, with emphasis on its high heat resistivity and mechanical resistance [20].



In studies conducted by our research group, ROMP has been initiated using non-carbene amine-based Ru complexes, where the active species is obtained in situ through reaction between the Ru complex and ethyl diazoacetate (EDA) [11,23,24,25,26,27]. Recently, heterobimetallic systems for multifunctional catalysts, mainly in the polymerization mechanism, have been addressed [11,28]. This study reports on the synthesis and characterization of a new heterobimetallic complex based on Ru(II) and Pd(II) for ROMP and vinyl polymerization of norbornene. This catalyst was designed to contain a phosphine-Ru(II) fragment to initiate the ROMP reactions and phosphine-Pd(II)-(N,O-Schiff) fragment to initiate the vinyl polymerization reactions (Scheme 1). In addition, the Ru(II) and Pd(II) monometallic fragments were synthesized to relate the catalytic activity to each metallic center and their contributions to the reactions.




2. Results and Discussion


2.1. Synthesis and Characterization


Mono-Pd was prepared from the reaction of [Pd(PPh3)2Cl2] with 1 equiv. of Schiff base in methanol under reflux for 12 h to obtain a dark yellow solid (Scheme 2). Prior to the complexation step, the Schiff base ligand was suspended in MeOH and deprotonated with sodium hydroxide at room temperature. Mono-Ru was prepared from the rapid reaction of the [Ru(PPh3)3Cl2] precursor complex with 1 equiv. of 4-(aminomethyl)piperidine in acetone to generate the light pink solid (Scheme 2). The heterobimetallic [RuCl2(PPh3)2](-Schiff)Pd(PPh3)Cl] complex (Ru/Pd) was obtained from the reaction between mono-Ru, [Pd(PPh3)2Cl2] and salicylaldehyde (1:1:1 equiv.) to obtain a Schiff base (N,N,O) via one-pot three-component synthesis, which linked the monometallic fragments (Scheme 2). Mono-Ru, mono-Pd, and Ru/Pd were characterized by elemental analysis, spectroscopic techniques, cyclic voltammetry, and density functional theory (DFT) calculations. All attempts to obtain crystals for X-ray diffraction (XRD) studies have not been successful so far.



The elemental analyses of mono-Ru, mono-Pd, and Ru/Pd agreed well with the molecular formula predicted for these compounds. The FTIR spectrum of mono-Ru revealed two large bands around 3255 cm−1 from asymmetric ν(N-H) stretching, indicating that 4-(aminomethyl)piperidine was coordinated to [Ru(PPh3)3Cl2] (Figure S1). The spectra of both mono-Pd and Ru/Pd showed characteristic absorption bands at 1620 and 1622 cm−1, respectively, from ν(C=N) stretching. These values are different from that of the free Schiff base, which appeared at 1619 cm−1, indicating that the ligand is coordinated by iminic nitrogen in mono-Pd and Ru/Pd. The ν(Pd-Cl) and ν(Ru-Cl) stretches in Ru/Pd at 340 and 298 cm−1, respectively, and suggesting the presence of two different metal centers in this heterobimetallic compound (Figure S1).



The 1H NMR spectra of mono-Ru and Ru/Pd exhibit peaks in the 0.48–3.51 ppm range as multiplets assigned to the CH2 hydrogen groups from the amine ring in the Ru center (Figures S2 and S4). Additionally, mono-Ru shows a triplet around 3.75 ppm, assigned to the NH2 protons from the primary amine. In Ru/Pd, the disappearance of the signal of the NH2 protons, followed by the appearance of a multiplet around 6.78 ppm for the H–C=N group proton, suggests the formation of azomethine nitrogen in Ru–Pd. As for mono-Pd and Ru/Pd (Figure S4), the signal of the azomethine nitrogen merges with the phosphine protons (Figures S3 and S4). The multiplet around 3.48 ppm is assigned to the NH group from the secondary amine for both mono-Ru and Ru/Pd. The 1H NMR spectrum of mono-Pd shows multiplets in the 0.89–2.00 ppm range for the amine ring protons. Mono-Pd, Ru/Pd, and mono-Ru show multiplets between 2.00–0.80 ppm, which are assigned to the CH2 from the primary amine. The peaks in the 6.55−7.30 ppm range for mono-Ru and Ru/Pd are assigned to the phenyl segment from the Schiff base ligand. The 1H NMR spectra of mono-Ru, mono-Pd, and Ru/Pd exhibit signals for the phosphine protons as multiplets in the 5.50–7.80 ppm range.



The 31P{1H} NMR spectra show a singlet at 23.22 ppm for mono-Pd and two singlets at 62.19 and 44.38 ppm for mono-Ru assigned to the square-based pyramid and trigonal bipyramidal structures, as previously reported (Figures S5 and S6) [29]. The 31P{1H} NMR spectrum for Ru/Pd exhibits a peak at 23.12 ppm, consistent with the presence of the Pd fragment in the new species formed (Figure S7). This spectrum also shows a number of signals that can be associated with the presence of different Ru species in the solution. The two peaks at 66.23 and 44.18 ppm in the spectrum confirm the presence of the two structural isomers for the Ru fragment in Ru/Pd, as observed for mono-Ru. The singlet at −4.90 ppm is typical of free PPh3. This is a clear indication of the release of PPh3 from Ru/Pd, suggesting the formation of a dimeric species with one singlet at 40.0 ppm. The free PPh3 and Ru center can undergo a reaction with residual O2 to produce OPPh3 and other Ru species, with sharp peaks at 29.10 and 34.00 ppm, respectively (Figure S7).



The MALDI-TOF mass spectrometry analyses of mono-Ru and Ru/Pd were recorded in CH2Cl2. The mass spectrum of mono-Ru exhibited a peak corresponding to the [mono-Ru]+H+, confirming the formation of the expected mononuclear Ru complex (Figure S8). Ru/Pd exhibited a signal at 13,170,373 m/z consistent with [Ru/Pd]+H+, thus providing strong evidence for the formulation proposed for this heterobimetallic complex (Figure S9).



Computational studies were carried out on the monometallic and heterobimetallic complexes. Theoretical details, involving the selected bond distances and bond angles, are shown in Table 1, and the optimized structures proposed for mono-Pd, mono-Ru, and Ru/Pd are shown in Figure 1. The geometrical parameters of mono-Ru revealed a distorted square-based pyramid similar to those previously reported [30]. Analysis of the P–Ru–P angle shows a value of 163°, indicating trans-positioned phosphines in a distorted geometry. Mono-Pd showed a typical distorted square planar molecular geometry, where the N−Pd−O bond angle and Pd−P bond distance have values close to those predicted for similar complexes [11,19,31,32]. The bond angle and distance values of the monometallic complexes and their fragments in the heterobimetallic species were very similar. This similarity shows that the geometry of the Ru and Pd fragments is conserved in the formation of Ru/Pd.



The UV-vis absorption spectra of mono-Ru, mono-Pd, and Ru/Pd showed two intense absorption bands in the 200–300 nm range related to the intraligand (IL) transfer. MLCT bands can be observed for mono-Ru (λmax at 346 nm) and mono-Pd (λmax at 343 and 394 nm), and they are assigned to d→π* charge transfer transitions. Both monometallic complexes showed bands related to the metallic center or the d-d charge transfer with λmax at 640 and 636 nm for mono-Ru and mono-Pd, respectively. All bands observed in the monometallic species were also observed in Ru/Pd, with a bathochromic shift (red shift). The λmax shift on the absorption spectrum of Ru/Pd confirms that the reaction between mono-Ru, [Pd(PPh3)2Cl2], and salicylaldehyde resulted in a new species containing fragments of both monometallic species. The theoretical absorption spectrum for Ru/Pd was obtained from DFT calculations with dichloromethane as a solvent (Figure 2). The theoretical and experimental absorption spectra of the heterobimetallic species shown in Figure 2 are in excellent agreement. The comparative similarity between the theoretical and experimentally calculated oscillator strengths for Ru/Pd provides reliability to the analysis of the theoretically predicted structure.



Formal oxidation and reduction potentials of mono-Ru, mono-Pd, and Ru/Pd vs. Ag/AgCl were obtained from cyclic voltammograms recorded on a platinum electrode in CH2Cl2 containing 0.1 mol L−1 tetrabutylammonium hexafluorophosphate (n-Bu4NPF6) as a supporting electrolyte. Mono-Ru showed an irreversible oxidation peak at 0.63 V attributed to the metal-centered oxidation of RuII/III, while mono-Pd exhibited an irreversible anodic peak at 0.46 V assigned to the metal-centered oxidation of PdII/III (Figures S10 and S11). Ru/Pd showed two irreversible anodic peaks at 0.44 and 0.69 V, as scanned in the 0.0–0.9 V potential range (Figure 3). Scanning the potential to very positive and negative potentials (from −2.0 to +2.0 V) did not show any addition processes. The oxidation peak at 0.44 V is attributed to the metal-centered oxidation of PdII/III. This redox pair is slightly affected by heteronuclear compound formation. The oxidation peak at 0.69 V attributed to the metal-centered RuII/III couple was cathodically shifted by 50 mV, compared with that observed in the mononuclear Ru center. The presence of the two oxidation peaks associated with the Pd and Ru centers confirms that the heterobimetallic complex was obtained.




2.2. Polymerization Reactions


Norbornene (NBE) can be polymerized in different ways. Each route leads to its own polymer type, which is different in structure and properties. In this study, the main interest in heterobimetallic complexes lies in their possible application as bifunctional catalysts for the vinyl polymerization and ROMP of NBE. In this sense, mono-Ru, mono-Pd, and Ru/Pd were evaluated as catalytic precursors to produce different poly(NBE)s (Scheme 3). The catalytic behaviors of Ru/Pd and its Pd monometallic fragment (mono-Pd) were investigated in vinyl polymerization under different [MAO]/[Pd] and [NBE]/[Pd] ratios and temperatures (30, 60, or 90 °C). Ru/Pd and its Ru monometallic fragment mono-Ru were evaluated in ROMP reactions under different [EDA]/[Ru] and [NBE]/[Ru] ratios and temperatures (25 or 50 °C).



2.2.1. Vinyl Polymerization Reactions


Catalyst activities and polymer yields significantly depended on the applied reaction conditions for the polymerization of NBE, using mono-Pd and Ru/Pd, as shown in Figure 4 and Table 2. Initially, experiments on NBE polymerization were carried out in the absence of MAO (Al), and no catalytic activity for mono-Pd and Ru/Pd was observed (Table 2, Entries 1 and 11). Variation of the Al/mono-Pd and Al/Ru/Pd molar ratio showed considerable effect on the polymerization reaction. The yields of poly(NBE) increased with the increasing the Al/catalyst ratio for both complexes (Figure 4). However, the catalytic activity slightly decreased when the Al/Pd ratio was increased to 3000, since higher amounts of MAO deactivate the catalytic species. The concentration of NBE should meet some conditions to achieve satisfactory polymerization. Greater yields of poly(NBE) were obtained when the NBE/Pd molar ratio was increased from 10,000 to 20,000. Catalytic activity significantly decreased for molar ratios >20,000. Performance of the catalysts was also influenced by reaction temperature, and the highest activity was achieved at 60 °C for Ru/Pd (Table 2, Entry 9). For mono-Pd, quantitative yields were achieved at 30 and 60 °C (Table 2, Entries 9 and 5). A decrease in catalytic activity was observed at higher temperatures (90 °C), probably due to the decomposition of the active species (Table 2, Entry 10 and 20). Under all investigated conditions, mono-Pd showed higher catalytic activity than Ru/Pd. Vinyl polymerization was also performed using mono-Ru as pre-catalyst to evaluate the contribution of the Ru center to this heterobimetallic complex. The reaction was carried out using [Al]/[mono-Ru] = 2500 and [NBE]/[mono-Ru] = 20,000 molar ratio at 60 °C for 15 min. The experiment evidenced that the Ru fragment is not able to catalyze NBE vinyl polymerization, since no polymer yield was observed. FTIR analyses of the poly(NBE)s were performed. The characteristic bands of these polymers were similar, at ~942 cm−1. These absorptions were identified to the ring system of bicyclic heptane [33]. No absorption was observed in the 735–960 cm−1 range, which is characteristic of the ROMP structure of polyNBEs [34,35,36]. Therefore, the catalytic polymerization of NBE occurs via vinyl addition.




2.2.2. ROMP Reactions


Initially, the influence of the Pd-metal center on ROMP reactions was evaluated using mono-Pd as a pre-catalyst, and no polymer yield was observed when [NBE]/[mono-Pd] = 3000 molar ratio and VEDA = 10 μL were employed at 50 °C for 30 min. The absence of activity indicates that the Pd fragment has no effect on the ROMP reaction. The use of EDA was indispensable to obtain any ROMP activity. Mono-Ru and Ru/Pd were inactive in the absence of a carbene source. When EDA was added to generate the active species (Ru=C), polymer formation was observed. The catalytic activity of mono-Ru and Ru/Pd improved with increasing VEDA (up to VEDA = 5 μL) and declined VEDA > 5 μL (Figure 5). An excessive amount of EDA (VEDA >5 μL) causes an uncontrolled coordination of EDA to the Ru center, as verified by the decrease in the yields and Mn values, followed by the increase in the Ð values [29,37]. The [NBE]/[Ru] molar ratio was investigated to achieve the most efficient experimental condition for narrower poly(NBE)s. The yields increase when increasing the [NBE]/[Ru] molar ratio, starting from 1000, with yields <20%, reaching yields of 59 and 24% at 3000 for mono-Ru and Ru/Pd, respectively (Table 3). A decrease in the yields was observed for [NBE]/[Ru] = 5000. This behavior has been described in ROMP reactions conducted with similar complexes [18,37,38,39]. Aiming to reach a more efficient induction period, catalytic tests were also performed at 50 °C using the [NBE]/[Ru] = 3000 molar ratio and VEDA = 5 μL for 30 min. The increase in temperature generated higher catalytic activity for mono-Ru and Ru/Pd, which indicates that the induction period depends on the temperature to initiate polymerization (Table 3). For a better understanding of the differences in catalysis using mono-Ru and Ru/Pd, the kinetics of the induction period was investigated by UV-vis from the monitoring of {mono-Ru + EDA → mono-Ru=C} and {Ru/Pd + EDA → C=Ru/Pd} reactions (Figures S12 and S13). The spectra were recorded every 30 s and kobs values were determined for mono-Ru and Ru/Pd, 9.24 × 10−4, and 7.60 × 10−3 s−1, respectively. The similarity in kobs values indicate that differences in catalytic activity should not be related to the rate of formation of the active species.



Results for the ROMP and vinyl polymerization of NBE showed higher activity using monometallic species as pre-catalysts, compared with that using the heterobimetallic complex. Aiming to find correlations between the structural features and catalytic behaviors of the monometallic and heterobimetallic species, the steric properties of the active species were assessed using computational studies. Steric contour maps illustrate the steric bulk distribution for active species around the Pd- and Ru-metal centers (Figure 6).



As described earlier, the vinyl polymerization is not related to the Ru fragment. In this sense, the Pd center accessibility in the olefin coordination step was investigated, considering the active species for mono-Pd and Ru/Pd. Thus, the chloride and phosphine ligands were removed, and the methyl group was inserted in the Pd center (Figure 5). The difference in the monometallic and heterobimetallic systems is quantified by the percentage of buried volume, % VBur, which is 62.6 for mono-Pd and 63.0 for Ru/Pd. Steric influence on ROMP reactions was evaluated considering the Ru center with the loss of two PPh3 and addition of EDA to mono-Ru and Ru/Pd (Figure 6). In contrast to the behavior of heterobimetallic complex in vinyl polymerization, a more pronounced difference was found. The % VBur is only 81.4 for mono-Ru and 84.5 for Ru/Pd. As expected, the steric contour maps revealed that the heterobimetallic system is less accessible to the olefin coordination than the corresponding monometallic system.






3. Experimental Section


3.1. General Remarks


Unless otherwise stated, all syntheses and manipulations were performed under nitrogen (5.0-nitrogen, Air Liquide) atmosphere, following standard Schlenk techniques. Toluene and dichloromethane (CH2Cl2) were distilled in a calcium hydride system and stored under nitrogen. Norbornene (NBE), ethyldiazoacetate (EDA), 4-(aminomethyl)piperidine (pipNH2), salicylaldehyde, methylaluminoxane (MAO), and triphenylphosphine were obtained from Aldrich and used as acquired. The [RuCl2(PPh3)3] and [PdCl2(PPh3)2] complexes were prepared following the literature, and their purity was verified by satisfactory elemental analysis and spectroscopic examination [40,41].




3.2. Analyses


Elemental analyses were performed on a Perkin-Elmer CHN 2400 instrument. Infrared spectra were obtained on a Perkin Elmer Frontier instrument equipped with a diamond ATR module. The absorption spectra were recorded on a Shimadzu (model UV-1800) spectrophotometer using 1 cm-path length quartz cells. The 1H and 31P{1H} NMR spectra were obtained on a 500 MHz Bruker Avance III instrument (Bruker BioSpin, Bremen, Germany). Resonance frequency was 500.16 MHz for 1H NMR and 202.46 MHz for 31P{1H}. Chemical shifts were referenced using TMS and reported in ppm (δ). The analyses were performed in CDCl3. The chemical shifts are listed in ppm downfield of TMS and referenced from the solvent peaks or TMS. The signals were labeled as s = singlet, d = doublet, t = triplet, q = quartet, sept = septet, and m = multiplet. MALDI-TOF analyses were carried out on a Bruker Daltonics Autoflex III Smartbeam. The molecular weights and molecular weight distribution of the polymers were determined by gel permeation chromatography using a Shimadzu Prominence LC system equipped with a LC-20AD pump, DGU-20A5 degasser, CBM-20A communication module, CTO-20A oven at 40 °C, and RID-10A detector equipped with two Shimadzu columns (GPC-805: 30 cm, Ø = 8.0 mm). The retention time was calibrated according to poly(methyl methacrylate) standards using HPLC-grade THF as eluent at 40 °C, with a flow rate of 1.0 mL min−1. Electrochemical measurements were performed using an Autolab PGSTAT204 potentiostat with a stationary platinum disk and wire as working and auxiliary electrodes, respectively. The reference electrode was Ag/AgCl. The measurements were performed in CH2Cl2 with 0.1 mol L−1 of n-Bu4NPF6 at 25 °C ± 0.1.




3.3. Computation Details


The structures of the compounds under study were optimized and had their vibrational frequencies calculated at the density functional theory (DFT) level using the hybrid functional M06 implemented in the Gaussian 09 software and DGDZVP basis set [42,43,44]. The influence of the solvent on the optimizations was evaluated using the IEFPCM model [45]. The electronic spectra were calculated for the first 30 singlet electronic states, also considering the molecules solvated in dichloromethane (IEFPCM), using the CAM-B3LYP density functional combined with valence triple-zeta quality with double polarized def2-TZVPP basis set [46]. The topographic steric maps of active species in vinyl polymerization and ROMP reactions were obtained using the SambVca 2.1 software [47] from the optimized structures of mono-Pd, mono-Ru and Ru/Pd.




3.4. ROMP Procedure


In a typical ROMP experiment, 2.4 or 1.1 µmol of mono-Ru and Ru/Pd, respectively, were dissolved in CHCl3 (2 mL) with an appropriate amount of NBE (1.12 g for mono-Ru and 0.53 g for Ru/Pd), followed by addition of a carbene source (EDA). The polymerization was performed for different times (5–60 min). The reaction mixture was stirred at 25 or 50 °C in a silicon oil bath. At room temperature, 10 mL methanol were added, and the precipitated polymer was filtered, washed with methanol, and dried in a vacuum oven at 40 °C, until constant weight was reached. The reported yields are average values from catalytic runs were performed at least three times, and the listed values are the arithmetic averages. The isolated polyNBEs were dissolved in THF for GPC data interpretation.




3.5. Vinyl Polymerization Procedure


In a typical procedure, 2.5 µmol of mono-Pd or Ru/Pd in 1.0 mL toluene, 1.80 g of NBE in 3 mL toluene, and an appropriated amount of toluene were added to a Schlenk flask (50 mL) under nitrogen atmosphere. After stirring at 30, 60, or 90 °C for 10 min, a certain amount of MAO was loaded into the polymerization system using a syringe, and the reaction was started. After 15 min, acidic ethanol (Vethanol:Vconc.HCl = 20:1) was added to terminate the reaction. The PNB was isolated by filtration, washed with ethanol, and dried at 100 °C for 24 h under vacuum. For all polymerization procedures, the total reaction volume was 10.0 mL.




3.6. Synthesis of [RuCl2(PPh3)2(piperidine-4(aminomethyl)] (mono-Ru)


A 100 mL Shlenck flask equipped with a stirring bar and [RuCl2(PPh3)3] (0.41 mmol) was purged three times with vacuum/argon cycles. Then, 20 mL acetone, previously purged with Ar(g), was added to the system. The solution was stirred before addition of 4-(aminomethyl)piperidine (0.41 mmol). The mixture was kept at RT for 12 h. Then, the solvent was removed by filtration and the green powder was washed with ethyl ether (3 × 5 mL) and dried under vacuum for 2 h to give mono-Ru. Elemental analysis for C42H44Cl2N2Ru: calculated C 62.22; H 5.47; N 3.46; found: C 62.48; H 5.83; N 3.21. UV–Vis λmax nm (εmax [102 L mol−1 cm−1]): 230 (1.26), 260 (0.97), 346 (0.15), 640 (0.09). FTIR (cm−1): 3255 υ(N−H), 3058 υ(C−H), 1585–1433 υ(C=C), 1089 υ(P-C), 287 υ(Ru-Cl). 1H NMR (CDCl3, 500.16 MHz, δ/ppm): 1H NMR (500.16 MHz, CDCl3): δ = 7.12−6.70 (m, 30H, CH Ar), 3.75 (t, 2H NH2), 3.48 (s, 1H, NH), 3.14−0.48 (m, 11H, CH2 amine) ppm; 31P{1H} NMR (CDCl3, 202.46 MHz, δ): 62.19, 44.38. MALDI-TOF (CHCl3) calcul./found (m/z): [mono-Ru]+H+ 811,1479/811,1387. EPR: No signal was observed. Yield: 63%.




3.7. Synthesis of [PdCl(PPh3)(N,O-Schiff)] (mono-Pd)


A solution of NaOH (0.05 mmol) in methanol was added to a solution of Schiff base in methanol, and the reaction mixture was stirred at RT for 2 h. The deprotonated ligand mixture was transferred using a cannula to a 50-mL two-necked flask fitted with a reflux condenser containing the [PdCl2(PPh3)2] (0.05 mmol) precursor. The mixture was stirred and refluxed for 4 h. A dark yellow precipitate was then filtered and washed with methanol and ethyl ether and dried under vacuum. Elemental analysis for C31H31ClNOPPd: calculated C 61.40; H 5.15; N 2.31; found: C 61.39; H 5.18; N 2.31. UV–Vis λmax nm (εmax [102 L mol−1 cm−1]): 235 (3.16), 277 (1.29), 343 (0.30), 394 (0.25). FTIR (cm−1): 3052 υ(C−H)ar, 2919–2844 υ(C−H), 1620 υ(C=N), 1488–1437 υ(C=C), 1084 υ(P−C), 352 υ(Pd−Cl). 1H NMR (CDCl3, 500.16 MHz, δ/ppm): δ = 7.75−7.45 (m, 16H, PPh3, and H-C=N), 7.27−7.26 (t, 1H, Phsalyc), 7.24−7.18 (dd, 1H Phsalyc) 6.90−6.85 (d, 1H Phsalyc), 6.62−6.56 (t, 1H Phsalyc), 3.60−3.54 (d, 2H CH2 amine), 2.00−1.90 (m, 1H, C-H amine), 1.90–0.89 (m, 10 H, CH2 amine ring) ppm; 31P{1H} NMR (CDCl3, 202.46 MHz, δ): 23.22. EPR: No signal was observed. Yield: 86%.




3.8. Synthesis of [RuCl2(PPh3)2](μ-Schiff)Pd(PPh3)Cl] (Ru/Pd)


Mono-Ru (0.57 mmol) and [Pd(PPh3)2Cl2] (0.57 mmol) were added to a previously oven-dried 100 mL Shlenck flask equipped with a stirrer, and three vacuum/argon cycles were applied to this system. Then, a previously de-aired solution of salicylaldehyde (0.57 mmol) and dichloromethane was added. The mixture was stirred at RT for 12 h and filtered. The dark red powder was washed with diethyl ether and dried under vacuum for 2 h. Elemental analysis for C67H62Cl3N2P3PdOPRu: calculated C 61.06; H 4.74; N 2.13; found: C 61.05; H 4.73; N 2.41. UV–Vis λmax nm (εmax [102 L mol−1 cm−1]): 233 (3.80), 355 (0.37), 395 (0.29), 636 (0.07). FTIR (cm−1): 3264 υ(N−H); 3052 υ(C−H)ar, 2964–2869 υ(C−H), 1622 υ(C=N), 1481–1437 υ(C=C), 1083 υ(P−C), 340 υ(Pd−Cl), 298 υ(Ru−Cl). 1H NMR (CDCl3, 500.16 MHz, δ/ppm): 7.80−6.75 (m, 46 H, PPh3 and H−C=N), 6.78–6.27 (dd, 2H, Phsalyc), 6.30−6.10 (2t, 2H, Phsalyc), 3.53–3.45 (m, 1H, secondary amine), 2.00−0.80 (m, 11 H, 5CH2, 1CH amine). 31P{1H} NMR (CDCl3, 202.46 MHz, δ): 66.23, 44.18, 38.96, 32.59. MALDI-TOF (CHCl3) cal/found (m/z): -[Ru/Pd+H+]+: 1317,1292/1317,0373. EPR: No signal was observed. Yield: 64%.





4. Conclusions


The new heterobimetallic complex (Ru/Pd) and its monometallic fragments (mono-Ru and mono-Pd) were successfully synthesized and characterized by elemental analysis, spectroscopic techniques, cyclic voltammetry, DFT calculations, and MALDI-TOF. An excellent agreement between theoretically and experimentally calculated UV-vis spectra was obtained, which suggests that the Ru moiety presents a square-based pyramidal structure, while the Pd moiety presents a distorted planar square structure. Both fragment structures were preserved in the bimetallic species. The cyclic voltammetry of Ru/Pd exhibits two irreversible processes at 0.44 and 0.69 V assigned to the RuII/III and PdII/III redox pair, with a slight shift, compared with those from the monometallic species. The Ru/Pd system displays catalytic activity for NBE polymerization via ROMP and addition, reaching yields of 31 and 47%, respectively, in the best observed conditions. The monometallic Ru and Pd fragments proved to be active for NBE polymerization via ROMP (yield of 68%) and addition (quantitative yield). Monometallic systems were more active for both polymerizations, due to their lower hindrance effect, which facilitates olefin coordination.
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Scheme 1. The Ru/Pd heterobimetallic complex and its monometallic fragments: mono-Pd and mono-Ru. 
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Scheme 2. Overview of reactions to obtain mono-Ru, mono-Pd, and Ru/Pd. 
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Figure 1. Views of the optimized structures of mono-Pd, mono-Ru, and Ru/Pd. 
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Figure 2. Electronic absorption spectra of mono-Ru (blue dashed line), mono-Pd (orange dotted line), and Ru–Pd (marron solid line) and experimentally calculated oscillator strength (f) (dark red vertical lines) for Ru–Pd. Conditions: [Ru/Pd] = [mono-Ru] = [mono-Pd] = 1.0 × 10−4 mol L−1; CH2Cl2 as solvent, at 25 °C. 
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Figure 3. Cyclic voltammogram of Ru–Pd obtained in n-Bu4NPF6/CH2Cl2 0.1 mol L−1 vs. Ag/AgCl at a scan rate of 100 mV s−1; [Ru/Pd] = 1.0 × 10−3 mol L−1. 
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Scheme 3. Schematic representation of different types of polymerizations of NBE. 
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Figure 4. Catalytic activity as function of Al/Pd molar ratio. Vtotal = 10 mL, [NBE]/[Pd] = 20,000, mono-Pd and Ru/Pd = 2.5 μmol, and polymerization reaction at 30 °C for 15 min. 
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Figure 5. Yield dependence as a function VEDA, at 25 °C, for ROMP of NBE with and Ru/Pd in CHCl3 for 30 min; [NBE]/[Ru] = 3000. 
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Figure 6. Topographic steric maps of active species in vinyl polymerization and ROMP reactions and their respective optimized structures. Active species of mono-Pd and mono-Ru (left) and active species of Ru/Pd (right). The iso-contour curves are in Å. 
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Table 1. Theoretical bond distances (Å) and bond angles (°) for mono-Ru, mono-Pd, and Ru/Pd.
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	Geometric Parameters
	mono-Ru
	Ru/Pd
	mono-Pd





	Ru(1)−Cl(1)
	2.4492
	2.4528
	-



	Ru(1)−Cl(2)
	2.4510
	2.4623
	-



	Ru(1)-P(1)
	2.4497
	2.4539
	-



	Ru(1)-P(2)
	2.4583
	2.4308
	-



	Ru(1)-N(1)
	2.1425
	2.1361
	-



	Cl(1)−Ru(1)−Cl(2)
	168.420
	170.521
	-



	Cl(1)−Ru(1)−N(1)
	85.655
	85.857
	-



	Cl(2)−Ru(1)−N(1)
	98.720
	103.557
	-



	P(1)−Ru(1)−P(2)
	163.994
	162.371
	-



	Pd(1)−Cl(3)
	-
	2.3583
	2.3580



	Pd(1)−N(2)
	-
	2.0755
	2.0773



	Pd(1)−O(1)
	-
	2.0224
	2.0172



	Pd(1)−P(3)
	-
	2.2953
	2.2971



	N(2)−Pd(1)−O(1)
	-
	89.251
	89.664



	P(3)−Pd(1)−Cl(3)
	-
	86.590
	86.369
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Table 2. Polymerization of NBE with mono-Pd and Ru/Pd activated by MAO a.
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Complex

	
Entry

	
Al/Pd

	
[NBE]/[Pd]

	
T (°C)

	
Activity b

	
Yield (%)






	
mono-Pd

	
1

	
0

	
20,000

	
30

	
-

	
-




	
2

	
1000

	
20,000

	
30

	
2.4

	
31.9




	
3

	
1500

	
20,000

	
30

	
3.4

	
44.7




	
4

	
2000

	
20,000

	
30

	
5.4

	
72.34




	
5

	
2500

	
20,000

	
30

	
7.5

	
100




	
6

	
3000

	
20,000

	
30

	
6.6

	
87.2




	
7

	
2500

	
10,000

	
30

	
3.1

	
83.0




	
8

	
2500

	
30,000

	
30

	
6.7

	
59.7




	
9

	
2500

	
20,000

	
60

	
7.5

	
100




	
10

	
2500

	
20,000

	
90

	
4.0

	
52.8




	
Ru/Pd

	
11

	
0

	
20,000

	
30

	
-

	
-




	
12

	
1000

	
20,000

	
30

	
0.4

	
5.1




	
13

	
1500

	
20,000

	
30

	
0.8

	
10.4




	
14

	
2000

	
20,000

	
30

	
1.1

	
14.2




	
15

	
2500

	
20,000

	
30

	
1.7

	
23.2




	
16

	
3000

	
20,000

	
30

	
1.6

	
21.7




	
17

	
2500

	
10,000

	
30

	
0.9

	
23.0




	
18

	
2500

	
30,000

	
30

	
1.0

	
8.7




	
19

	
2500

	
20,000

	
60

	
3.5

	
47.0




	
20

	
2500

	
20,000

	
90

	
0.3

	
3.6








a Polymerization conditions: Vtotal = 10 mL; reaction time: 15 min; complexes: 2.5 μmol. b (106 g mol−1 Pd h−1).
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Table 3. ROMP of NBE with mono-Ru and Ru/Pd a.
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Complex

	
Entry

	
VEDA (μL)

	
[NBE]/[Ru]

	
T (°C)

	
Yield (%)

	
Mn b

(104 g mol−1)

	
Ð b






	
mono-Ru

	
1

	
0

	
3000

	
25

	
-

	
-

	
-




	
2

	
2

	
3000

	
25

	
54.2

	
2.1

	
1.65




	
3

	
5

	
3000

	
25

	
59.0

	
5.9

	
1.53




	
4

	
7

	
3000

	
25

	
39.8

	
6.8

	
1.62




	
5

	
10

	
3000

	
25

	
21.6

	
3.5

	
1.76




	
6

	
5

	
1000

	
25

	
19.5

	
2.1

	
1.48




	
7

	
5

	
5000

	
25

	
28.7

	
2.7

	
1.54




	
8

	
5

	
7000

	
50

	
22.6

	
3.1

	
1.48




	
9

	
5

	
3000

	
50

	
68.0

	
5.9

	
1.61




	
Ru/Pd

	
10

	
0

	
3000

	
25

	
-

	
-

	
-




	
11

	
2

	
3000

	
25

	
11.2

	
2.1

	
1.63




	
12

	
5

	
3000

	
25

	
23.9

	
2.9

	
1.58




	
13

	
7

	
3000

	
25

	
10.4

	
2.2

	
1.71




	
14

	
10

	
3000

	
25

	
5.1

	
1.9

	
1.79




	
15

	
5

	
1000

	
25

	
8.6

	
1.8

	
1.48




	
16

	
5

	
5000

	
25

	
9.9

	
2.1

	
1.54




	
17

	
5

	
7000

	
50

	
22.6

	
3.0

	
1.48




	
18

	
5

	
3000

	
50

	
31.2

	
4.5

	
1.61








a Reactions performed in CHCl3 and 30 min. b Determinate by GPC.
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