Chapter 5: Synthesis of Dinuclear Complexes via Nickel Cross-Coupling


Chapter 5: Synthesis of Novel Dinuclear Complexes via Nickel Cross-Coupling.

Abstract:

Chapter 5 describes the synthesis of ruthenium and osmium dinuclear complexes with both symmetrical and asymmetrical bridging ligands via a Nickel(0) cross-coupling method. Although a homocoupling reaction, both heteronuclear and homonuclear products will be obtained from the reaction which can be separated based on their different charges. 

The chapter includes an overview of the Ni(0) catalyzed coupling cycle and a literature review of how this reaction has been used within inorganic synthesis. The chapter also details a characterization of the complexes synthesized using mass spectrometry, nuclear magnetic resonance, deuteriation and elemental analysis. 
5.1 Introduction
Suzuki cross-coupling is one of the most widely exploited coupling reactions in the process of synthesizing heterogeneous compounds. Despite this method being the most direct route to the formation of a single asymmetric heterodinuclear complex, as shown in figure 5.1, the use of this approach did not yield the desired product. The possible reasons for this were detailed in a discussion on the subject in chapter 4 and will not be further analyzed here. However, in this chapter an alternative cross-coupling procedure to synthesis our preferred heterodinuclear complex is investigated.

[image: image1]
Figure 5.1: The Suzuki cross-coupling method.
The alternative cross-coupling procedure investigated is the Ni(0) catalyzation approach which follows the reaction pathway shown in figure 5.2. This Ni(0) cross-coupling method had been used successfully to synthesis triazole based ruthenium dinuclear complexes within this research group
, 
 in 2002.
 
[image: image2]
Figure 5.2: The Ni(0) cross-coupling method
Ni(0) catalyzed  cross-coupling is different from Suzuki cross-coupling as it is a homogeneous coupling method which results in the formation of both the homo- and hetero- coupled products from the reaction. Consequently we expect to obtain three dinuclear products from the reaction mixture as shown in figure 5.2. A second difference is the use of different organohalides as the coupling partners. In Suzuki reactions coupling takes place between a boronic acid and organohalide, while the Ni(0) reaction involves coupling between two organobromine compounds. This method was also chosen due to its mild reaction conditions and selectivity along with the broad range of precursor compounds which are capable of being functionalized appropriately with the required bromine atom. 

The ruthenium and osmium mononuclear starting materials to be used in the formation of the cross-coupled dinuclear complexes are shown in figure 5.3, with the expected homodinuclear and heterodinuclear products shown in figure 5.4.
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Figure 5.3: Structure of mononuclear starting materials where M = Ru/Os, 5-brbpy = 5-bromo-[2,2’]-bipyridyl, HBrpytr = 2-(5-(bromo-4H-[1,2,4]-triazol-3-yl)-pyridine and bpy = 2,2’-bipyridine
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Figure 5.4: Structure of homo- and hetero-dinuclear products where M / M’ = Ru/Os, (5-bis-bpy) = 2,2’-bis(pyridin-2”yl)-5,5’-bis(pyridin-3”-yl), (pytr-pytr) = 5,5’-bis(pyridin-2”-yl)-3,3’-bis(1,2,4-triazole) and (pytr-bpy) = [5-(5’-bipyridin-2’,2”-yl)-3-(pyridin-2-yl)]-1,2,4-triazole
5.1.2 Ni(0) Cross-Coupling
As discussed in chapter 4 the coupling of organic halides with organometallic reagents to form carbon-carbon σ bonds is a reaction of tremendous importance in organic synthetic chemistry and one which is becoming more significant within inorganic synthesis also. Although this reaction can proceed in various ways, the use of transition metal salts or complex catalyzed coupling is by far the most esthetic and practical method available.
 
The independent discovery in 1972 by Kumada and Tamao
, 
 and Corriu
 that dihalodiphosphinenickel(II) complexes exhibit extremely high catalytic activity for selective cross-coupling of Grignard reagents with the sp2-carbon halides marked the beginning of cross-coupling chemistry, as this was the first cross-coupling reaction to be reported. The compounds used and results obtained in this report are shown in table 5.1.

	Reaction
	Aryl Halide
	Grignard Reagent
	Catalyst
	Product
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Table 5.1: The reagents and products used in the first reported “Kumada coupling” reaction5 (dppp = dichloro[1,3-bis(diphenylphosphino)propane)
The first reported Kumada reaction detailed the coupling reaction between a Grignard reagent and a corresponding aryl halide in the presence of either a Ni catalyst, or less frequently a Pd catalyst, with diethyl ether as the solvent. 
 The participating halides may be chlorides, bromides or iodides, although chlorides generally produce the most satisfactory results with the reaction normally proceeding without any positional scrambling or alkyl group isomerization. The general catalytic cycle for this cross-coupling is shown in figure 5.5. 
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Figure 5.5: General nickel catalytic cycle for the coupling of organomagnesium reagents with alkenyl or aryl halides 4, 5
This coupling of Grignard reagents with alkyl, vinyl or aryl halides under Ni -catalysis provided an economic transformation, but the reaction itself is limited to halide partners that do not react with organomagnesium compounds. This first reported coupling reaction proved so successful that it is used in the industrial scale production of styrene derivatives, and the “Kumada Coupling” is the method of choice for the low cost synthesis of unsymmetrical biaryls. This breakthrough also aroused wide-spread interest in related reactions involving other organometallics, rather than Grignard reagents, with not only nickel but also palladium complexes with phosphine ligands acting as catalysts. These include reactions such as Stille
, Negishi 
 and Suzuki 3, 
. However, Ni(0) catalyzed mediated reactions of aryl halides normally precede under mild conditions, and many successful preparative examples of biaryl compounds have been reported within organic synthetic chemistry. 
, 
, 
, 
, 

The reaction mechanism shown above in figure 5.5, representing the nickel coupling cycle proceeds in the same fashion as described for the general palladium catalyzed cross-coupling cycle observed in chapter 4. Using reaction 3 from table 5.1 as an example the steps of the Ni(0) catalytic cycle will now be further discussed. 

In the initial oxidative addition step the two organic groups on the nickel complex are “released” by the action of an organic halide to undergo coupling, while the complex itself is converted to the corresponding halo-organonickel complex
, 
, as shown in figure 5.6.
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Figure 5.6: Oxidative addition process between NiCl2 catalyst and a 1-chloro-2,3-propene precursor compound  is shown above.
This process results in bond formation between a coordinately unsaturated species (Ni catalyst) and the appropriately functionalized aryl halide to produce the coordinately saturated organonickel halide species.
Step two, transmetallation, occurs with the halogen-nickel bond of the coordinately saturated organonickel halide species readily reacting with the nucleophilic Grignard reagent to form the corresponding organo-nickel bond 
 as shown above in figure 5.7. 
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Figure 5.7: Transmetallation process between the halo-organo nickel complex and a Grignard reagent. 
In reductive elimination we observe successive reaction of the organonickel-halide with the Grignard reagent to form a new diorgano complex from which the cross-coupling product is released. This involves the removal of the metal atom with a new single bond being formed. The original nickel complex is regenerated to complete the catalytic cycle as shown in figure 5.8.
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Figure 5.8: Reductive elimination of the nickel catalyst and formation of a new compound. 
As observed previously for palladium catalysts in chapter 4, the catalytic activity of the nickel complexes depends strongly upon the nature of the ligands present. Generally bidentate phosphines as ligands exhibit much higher catalytic activity then their unidentate counterparts. Since bidentate phosphines are known to stabilize an alkyl-metal moiety against β-hydride elimination
, the catalyst complexed with a bidentate phosphine is expected to be more efficient than the catalysts with unidentate phosphines. The efficiency of the bidentate phospine ligands decreases roughly in the order of: [NiCl2(dppp)] > [NiCl2(dpe)] > [NiCl2(dmpe)]  =  [NiCl2(PPh3)] >> [NiCl2(PEt3)2], were dppp = [1,3-bis(diphenylphosphino)propane], dpe = bis(diphoshino)ethane, dmpe = (bis(dimethylphosphino)ethane, PPh3 = triphenylphosphine and PEt3 = triethylphosphine.4 The most commonly used nickel catalyst is [Ni(dppp)Cl2] with conversion rates of approx: 90% observed for many organic reactions. 
 As with palladium catalyzed reactions it is important to choose a nucleophile coupling partner for the nickel cross-coupling which has no β-hydrogen’s. Their presence can lead to side reactions where a hydride-olefin-metal intermediate may be formed via β-hydride elimination.
, 

However, since its discovery in 1972 the nickel catalyzed cross-coupling reaction has not proved as popular as its analogous palladium catalyzed counterpart. Similar as they are in mechanism, it is the palladium catalyzed reaction which has developed more rapidly over the last 35 years due to the large variety and availability of catalysts, and its more comprehensive application to a larger range of functional groups. These functional groups include boronic acids (Suzuki coupling), stannene groups (Stille coupling) and terminal alkynes (Sonagishira coupling). Consequently nickel coupling has not been readily applied within inorganic synthesis and only a few examples of such are published.  
The first reported use of Ni(0) catalyzed coupling reactions in inorganic chemistry was by Vos1 and co-workers in the synthesis of multinuclear ruthenium triazole containing complexes featuring proton controlled intramolecular communication, as shown in figure 5.9.1, 2 
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Figure 5.9: Synthetic scheme employed by Vos and co-workers in the formation of [Ru(bpy)2(pytr-pytr)Ru(bpy)2]2+. 1
This new homocoupling reaction represented a simplified route to the synthesis of symmetrical multinuclear complexes, as it only involves the use of one substrate as the starting material. This method was used to avoid the formation of many different coordination isomers and to allow for a single well-defined product to be obtained. As reported in chapter 1 by using the “complexes as metals / complex as ligands” strategy, fourteen possible isomers would be obtained from the reaction, 5 dinuclear complexes and 9 mononuclear complexes.2, 
 Therefore by use of this coupling procedure we eliminate the formation of difficult to remove by-products. The Ni(0) catalyzed coupling reaction itself was developed based on previous reports for bromide containing organic compounds. 1, 2
A very similar method was subsequently used by Hanan et al
, 
, 
 to conveniently synthesis new polynucleating ligands for symmetrical and asymmetrical pyridylpyrimidine dimers. The nickel-catalyzed coupling of a ruthenium ortho-chloroimine complex, shown in figure 5.10, creates a new vacant bidentate binding site suitable for generating higher nuclearity ruthenium complexes.
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Figure 5.10: Synthetic scheme used by Hanan et al for the formation of the novel ruthenium dinuclear complex.28 
This method was used to create new binding sites in order to rapidly increase ion content in metallodendrimers. The traditional synthetic approach has many associated difficulties when synthesizing metallodendrimers, such as slow increase in metal ion content which necessitates more steps to obtain dendrimers, plus complicated protection/deprotection sequences to obtain pure product. Thereby the use of this synthetic strategy has greatly simplified the pathway to generating metallodendrimers. 
It is not only ruthenium complexes which are synthesized using this method of Ni(0) catalysis. Campagna et al
 have synthesized bis-phenanthroline bridged iridium metal complexes for investigations into their luminescence properties, figure 5.11.
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Figure 5.11: Preparatin of the bis-phenanthroline bridged iridium complex.29
Previous attempts to generate the bis-phenanthroline bridging ligand were based on Skraup reactions were the procedure was both toxic and low yielding.
 However by applying coupling methodologies to the synthesis of the iridium complex with the bis-phenanthroline bridging ligand these problems were avoided. 

As reported above in figures 5.9 – 5.11, Ni(0) cross-coupling has proved successfully in the synthesis of homocoupled ruthenium dinuclear complexes with tunable properties1 and for use in metallodendrimers 28. However we now investigate its application in the synthesis of heterocoupled dinuclear complexes. Although a method for the formation of homo-coupled products it is possible to synthesis both heterocoupled and homocoupled dinuclear complexes in a one pot reaction from the relevant mononuclear precursor complexes. These complexes may then be separated based on their different charges using a cation exchange column. If this reaction process proves successful it will increase the diversity of synthetic strategies available for researchers and increase the ease with which supramolecular species may be produced. 

5.2 Experimental 

The synthesis of the ligands, HBrpytr (2-(5-(bromo-4H-1,2,4-triazol-3-yl)-pyridine) and 5-Brbpy ( 5-bromo-2,2’-bipyridyl) have been previously outlined in section 4.2. As have the synthesis of the metal complexes [Ru(bpy)2(Brpytr)]+ and [Ru(bpy)2(5-Brbpy)]2+ and they will not be further discussed here. However the syntheses of all other utilized mononuclear starting materials are detailed, along with the Ni(0) cross-coupling synthesis of the dinuclear metal complexes. 
The numbering of the protons for NMR assignment is given in section 5.3.3. The bpy protons are numbered H3 – H6, the Hbrpytr protons are numbered H3a – H6a and the 5-Brbpy protons are numbered H3’ – H6’ and H3” – H6”. 

5.2.1 Synthesis of Mononuclear Metal Complexes 
[Ru(d8-bpy)2(Brpytr)](PF6)
To 175 mg (0.78 mmol) of HBrpytr dissolved in 50 cm3 of 1:1 water / ethanol mixture 350 mg (0.65 mmol) cis-[Ru(d8-bpy)2Cl2].2H2O was added. The mixture was heated at reflux overnight turning the reaction mixture to a warm red colour. Ethanol was removed by rotary evaporation and a drop of ammonium solution was added. The product was isolated by the addition of aqueous NH4PF6. The orange solid formed was filtered and washed with diethyl ether. The complex was purified by column chromatography on neutral alumina with acetonitrile as eluent. The product was obtained upon evaporation of the solvent.
Yield: 518 mg, 56%
1H NMR (CD3CN, 298K) 8.05 (1H, H6a, d, J = 6 Hz), 7.88 (1H, H4a, t, J = 6.4 Hz, J = 7.6 Hz), 7.54 (1H, H3a, d, J = 7.6 Hz), 7.18 (1H, H5a, t, J = 6.4 Hz, J = 6 Hz)
Elem Anal.; RuC27H4N8D16.PF6: Calc:  C 49.60%, H 2.50%, N 14.03%




      
       Found: C 40.59%, H 2.65%, N 13.57%

[Ru(d8-bpy)2(5-Brbpy)](PF6)2
To 210 mg (0.89 mmol) 5-Brbpy dissolved in 50cm3 of 1:1 water / ethanol mixture 400 mg (0.75 mmol) of cis-[Ru(d8-bpy)2Cl2].2H2O was added. The mixture was heated at reflux overnight turning the reaction mixture a warm red colour. Ethanol was removed by rotary evaporation and the product was isolated by the addition of aqueous NH4PF6. The crude product was then filtered and washed with diethyl ether. The complex was purified by recrystallisation in methanol / water (1:1) followed by column chromatography on neutral alumina with acetonitrile as eluent. The product was obtained after evaporation of the solvent.

Yield: 265 mg, 37%
1H NMR (CD3CN, 298K) (  8.49 ( 1H, H6’, d, J = 6 Hz), 8.38 (1H, H6’’, dd, J = 6 Hz), 8.24 (1H, H3’’, d, J = 4.8 Hz),  ), 8.07 (1H, H4’, t, J = 9 Hz, J = 9 Hz), 7.72 (2H, H3’ + H4’’, d, J = 5.2 Hz), 7.41 (1H, H5’’, t, J = 6 Hz, J = 5.2 Hz).
Elem Anal.; RuC30H7N6D16BrP2F12: Calc:  C 37.73%, H 2.41%, N 8.80%




      
            Found: C 37.36%, H 2.47%, N 8.52%

[Os(bpy)2(Brpytr)](PF6)
To 806 mg (3.62 mmol) of  Hbrpytr dissolved in 50 cm3 of 1:1 water / ethanol mixture  1.724 g (3.01 mmol) Os(bpy)2Cl2 was added. The mixture was heated at reflux for 24 hours turning the reaction mixture to a dark brown colour. Ethanol was removed by rotary evaporation and a drop of ammonium solution was added. The product was isolated by the addition of aqueous NH4PF6. It was then filtered and washed with diethyl ether. The complex was purified by column chromatography on neutral alumina with acetonitrile as eluent. The product was obtained after evaporation of the solvent.

Yield: 1.19g, 45 %
1H NMR (CD3CN, 298K) ( 8.46 (m, 4H, bpy(x4)), 8.03 (d, 1H, H6a, J = 5.2 Hz), 7.82-7.89 (m, 8H, bpy (x8)), 7.65 (d, 1H, H3a, J = 7.6 Hz), 7.39-7.25 (m, 4H, bpy (x4)), 7.19 (t, 1H, H4a, J = 6 Hz, H = 7.6 Hz), 7.06 (t, 1H, H5a, J = 5.2 Hz, J = 6 Hz)
Elem Anal.; OsC27H20N8BrPF6: Calc:  C 37.19%, H 2.29%, N 12.85%




      
       Found: C 37.03%, H 2.73%, N 12.06%

[Os(bpy)2(5-Brbpy)](PF6)2
To 670 mg (2.85 mmol) 5-Brbpy dissolved in 50 cm3 of 1:1 water / ethanol mixture  1.36 g (2.37 mmol) of Os(bpy)2Cl2 was added. The mixture was heated at reflux for 24 hours turning the reaction mixture a dark brown colour. Ethanol was removed by rotary evaporation and the product was isolated by the addition of aqueous NH4PF6. The crude product was then filtered and washed with diethyl ether. The complex was purified by recrystallisation in methanol / water (1:1) followed by column chromatography on neutral alumina with acetonitrile as eluent. The product was obtained with evaporation of the solvent.

Yield: 1.646g, 67.6 % 
1H NMR (CD3CN, 298K) ( 8.52 - 8.47 (m, 5H, bpy(x4) + H6’), 8.39 (d, 1H, H6’’, J = 6.8 Hz), 8.05 (dd, 1H, H3”, J = 8.8 Hz), 7.92 - 7.87 (m, 5H, bpy(x4) + H4’), 7.72 (m, 2H, H3’ + H4” (overlap)), 7.66 - 7.57 (m, 4H, bpy(x4)), 7.36 - 7.32 (m, 5H, bpy(x4) + H5”)  
Elem Anal.; OsC30H23N6BrP2F12: Calc:  C 35.05%, H 2.23%, N 8.18%




      
         Found: C 35.05%, H 2.19%, N 7.93%

5.2.2 Ni(0) Cross-Coupling Reactions
Reaction between [Ru(bpy)2(Brpytr)](PF6) and [Ru(bpy)2(5-Brbpy)](PF6)2
To 514.51 mg (2 eq., 2.17 mmol) of nickel chloride was added 2.29 g (8 eq., 8.72 mmol) of triphenylphosphine and 10 cm3 of dry DMF. The blue mixture was stirred for 30 min while degassing with nitrogen.  142 mg (2 eq. 2.17 mmol) of zinc powder was added and the mixture was stirred for 1 hour while degassing with nitrogen. To the brown solution was added 842 mg (1 eq., 1.09 mmol) of [Ru(bpy)2(Brpytr)](PF6) and 1.02 mg (1 eq., 1.09 mmol) of [Ru(bpy)2(Brbpy)](PF6)2. The reaction mixture was heated to 95  0C for 6 hours. Then it was diluted with 30 cm3 of acetonitrile, filtered and added dropwise to diethyl ether while stirring. At this point we obtained a crude product which was obtained by filtration.

Crude Yield: 1.23 g

We cannot calculate the % yield for each dinuclear product here as we have a mixture of the three at this point. 

This crude product was then purified by column chromatography on silica gel with acetonitrile / saturated aqueous sodium nitrate solution (7:5). The third fraction obtained enclosed a mixture of the desired products.

This fraction was further purified by column chromatography on Sephedex-Sp C-25 with NaCl solution (0.05 – 0.1 M for first band, 0.17 – 0.25 M for second band, 0.4-0.45 M for third band). Three fractions were obtained with the first fraction being identified as [Ru(bpy)2(pytr-pytr)Ru(bpy)2](PF6)2, the second fraction is [Ru(bpy)2(pytr-bpy)Ru(bpy)2](PF6)3   and the final fraction is [Ru(bpy)2(5-bis-bpy)Ru(bpy)2](PF6)4. 
The % yields are calculated with respect to the crude yield.

Yield: 
[Ru(bpy)2(pytr-bpy)Ru(bpy)2](PF6)3   
92 mg

7.59 %

[Ru(bpy)2(5-bis-bpy)Ru(bpy)2](PF6)4   
96 mg

8.00 %

[Ru(bpy)2(pytr-pytr)Ru(bpy)2](PF6)2   
97 mg

8.06 %
[Ru(bpy)2(pytr-bpy)Ru(bpy)2](PF6)3.2KNO3   (Complex 1)
1H NMR (CD3CN, 298K) (: 8.73 - 8.49 (m, 13H, bpy(x8), H3’, H6’ and H4’), 8.32 (d, 1H, H3’’), 8.13-7.9 (m, 11H, bpy(x8), H4”, H6a and H5a), 7.84-7.67 (m, 10H, bpy(x8), H6”), 7.58 (t, 1H, H3a, J = 7.2 Hz), 7.48 - 7.37 (m, 9H, 8H5, H5”), 7.25 (t, 1H, H4a, J = 6 Hz, J = 7.2 Hz)
Elem Anal. Ru2C57H43N14P3F18.2KNO3 : Calc:  C 38.32%, H 2.44 %, N 12.71%



        

    Found: C 38.38 %, H 2.44 %, N 12.46 %
[Ru(bpy)2(5-bis-bpy)Ru(bpy)2](PF6)4.2KNO3   (Complex 2)
1H NMR (CD3CN, 298K) (: 8.46 - 8.59 (m, 12H, bpy(x8), H4’(x2) + H6’(x2)), 8.07 - 7.97 (m, 12H, bpy(x8) + H3’(x2)), 7.78 (d, 2H, H3’’(x2), J = 6.6 Hz), 7.67 – 7.67 (8H, bpy(x8)), 7.70 (d, 4H, H6”(x2) + H4”(x2), J = 6 Hz), 7.43 - 7.35 (m, 10H, bpy(x8) +  H5”(x2))

Elem Anal. Ru2C60H46N12P4F24.2KNO3.: Calc:  C 37.54 %, H 2.39 %, N 9.48%




        
                Found: C 37.43 %, H 2.97 %, N 9.60 %

[Ru(bpy)2(pytr-pytr)Ru(bpy)2](PF6)2.5(H2O) (Complex 3)
1H NMR (CD3CN, 298K) (: 8.42 (8H, bpy, m), 8.06 (2H, H3a(x2), dd, J = 8.8 Hz, J = 8.8 Hz), 7.83-8.02 (14H, m, bpy(x12) + H4a(x2)), 7.83 - 7.78 (4H, m, bpy(x4)), 7.49 (2H, H6a(x2), d, J = 5.6 Hz), 7.27-7.40 (8H, m, bpy(x8)), 7.10 (2H, H5a(x2), t, J = 5.6 Hz, J = 6.4 Hz)
Elem Anal. Ru2C54H40N16P2F12.5(H2O): Calc:  C 43.37 %, H 3.34 %, N 14.99 %



        

     Found: C 42.84 %, H 3.38 %, N 14.94 %

Reaction between [Ru(d8-bpy)2(Brpytr)](PF6) and [Ru(d8-bpy)2(5-Brbpy)](PF6)2
To 74.7 mg (2 eq., 0.32 mmol) of nickel chloride was added 329 mg (8 eq., 1.26 mmol) of triphenylphosphine and 3 cm3 of dry DMF. The blue mixture was stirred for 30 min while degassing with nitrogen 20.5 mg (2 eq, 0.32 mmol) of zinc powder was added and the mixture was stirred for 1 hour while degassing with nitrogen. To the brown solution was added 125 mg (1 eq., 0.16 mmol) of [Ru(d8-bpy)2(Brpytr)](PF6) and 150 mg (1 eq., 0.16 mmol) of [Ru(d8-bpy)2(Brbpy)](PF6)2. The reaction mixture was heated to 95  0C for 6 hours. Then it was diluted with 10 cm3 of acetonitrile, filtered and added dropwise diethyl ether while stirring. The crude product was obtained by filtration.

Crude Product = 368 mg

We cannot calculate the % yield for each dinuclear product here as we have a mixture of the three at this point. 

This crude product was then purified by column chromatography on silica gel with acetonitrile / saturated aqueous sodium nitrate solution (7:5). The third fraction obtained enclosed a mixture of the desired products.

This fraction was further purified by column chromatography on Sephedex-Sp C-25 with NaCl solution (0.05 – 0.1 M for first band, 0.17 – 0.25 M for second band, 0.4-0.45 M for third band). Three fractions were obtained with the first fraction being identified as [Ru(d8-bpy)2(pytr-pytr)Ru(d8-bpy)2](PF6)2   , the second fraction is [Ru(d8-bpy)2(pytr-bpy)Ru(d8-bpy)2](PF6)3 and the final fraction is [Ru(d8-bpy)2(5-bis-bpy)Ru(d8-bpy)2](PF6)4. 
The % yields are calculated with respect to the crude yield.
Yield: 
[Ru(d8-bpy)2(pytr-bpy)Ru(d8-bpy)2](PF6)3   

 9.4mg

5.4%
[Ru(d8-bpy)2(5-bis-bpy)Ru(d8-bpy)2](PF6)4  

10.2mg
5.8%
[Ru(d8-bpy)2(pytr-pytr)Ru(d8-bpy)2](PF6)2   

10.5mg
6.0%
[Ru(d8-bpy)2(pytr-bpy)Ru(d8-bpy)2](PF6)3   (Complex 4)

1H NMR (CD3CN, 298K) (: 8.71 - 8.65 (m, 2H, H3’ + H6’), 8.53 - 8.56 (m, 1H, H4’), 8.32 (d, 1H, H3’’), 8.07 - 8.13 (m, 2H, H4” + H6a), 7.97 (t, 1H, H5a, J = 7.6 Hz, J = 8 Hz), 7.8 (d, 1H, H6”, J = 6 Hz), 7.58 (d, 1H, H3a, J = 5.2 Hz), 7.45 (t, 1H, H5”, J = 6.4 Hz, J = 6 Hz), 7.25 (t, 1H, H4a, J = 6 Hz, J = 6 Hz)
[Ru(d8-bpy)2(5-bisbpy)Ru(d8-bpy)2](PF6)4   (Complex 5)

1H NMR (CD3CN, 298K) (: 8.39 (dd, 4H, H4’(x2) + H6’(x2), J = 8 Hz, J = 8 Hz), 8.07 (t, 4H, H3’(x2) + H3”(x2), J = 9.6 Hz, J = 5.2 Hz), 7.73 (d, 4H, H4’’(x2) + H6”(x2), J = 6.4 Hz), 7.43 (t, 2H, H5”(x2), J = 9 Hz, J = 10.2 Hz)

[Ru(d8-bpy)2(pytr-pytr)Ru(d8-bpy)2](PF6)2       (Complex 6)
1H NMR (CD3CN, 298K) (: 8.11 (t, 2H, H6a(x2), J = 8 Hz, J = 8.8 Hz), 7.87 (t, 2H, H5a(x2), J = 6 Hz, J = 4.4 Hz), 7.5 (d, 2H, H3a(x2), J = 5.6 Hz), 7.1 (t, 2H, H4a(x2), J = 5.6 Hz, J = 7.6 Hz)
Reaction between [Ru(bpy)2(Brpytr)](PF6) and [Os(bpy)2(5-Brbpy)](PF6)2
To 335.9 mg (2 eq., 0.14 mmol) of nickel chloride was added 1.48 g (8 eq., 5.6 mmol) of triphenylphosphine and 2 cm3 of dry DMF. The blue mixture was stirred for 30 min while degassing with nitrogen. 97 mg (2.1 eq., 1.48 mmol) of zinc powder was added and the mixture was stirred for 1 hour while degassing with nitrogen. To the brown solution was added 552 mg (1 eq., 0.71 mmol) of [Ru(bpy)2(Brpytr)](PF6) and 726 mg (1 eq., 0.71 mmol) of [Os(bpy)2(5-Brbpy)](PF6)2. The reaction mixture was heated to 95  0C for 24 hours. Then it was diluted with 7 cm3 of acetonitrile, filtered and added dropwise to 150 cm3 of diethyl ether while stirring. The crude product was obtained by filtration.

Crude Product = 818 mg

We cannot calculate the % yield for each dinuclear product here as we have a mixture of the three at this point. 

This crude product was then purified by column chromatography on silica gel with acetonitrile / saturated aqueous sodium nitrate solution (7:5). The third fraction obtained enclosed a mixture of the desired products.

This fraction was further purified by column chromatography on Sephedex-Sp C-25 with NaCl solution (0.05 – 0.1 M for first band, 0.17 – 0.25 M for second band, 0.4-0.45 M for third band). Three fractions were obtained with the first fraction being identified as [Ru(bpy)2(pytr-pytr)Ru(bpy)2](PF6)2, the second fraction is [Ru(bpy)2(pytr-bpy)Os(bpy)2](PF6)3
  and the final fraction is [Os(bpy)2(5-bis-bpy)Os(bpy)2](PF6)4   . 
The % yield is calculated with respect to the crude yield.
Yield: 
[Ru(bpy)2(pytr-bpy)Os(bpy)2](PF6)3

83 mg

8.5 %

[Os(bpy)2(5-bis-bpy)Os(bpy)2](PF6)4   
73 mg

7.85 %

[Ru(bpy)2(pytr-pytr)Ru(bpy)2](PF6)2   
65 mg

8.2 %
[Ru(bpy)2(pytr-bpy)Os(bpy)2](PF6)3.KNO3    (Complex 7)
1H NMR (CD3CN, 298K) ( : 8.52 – 8.43 (m, 10H, bpy(x8), H4’+ H6’), 8.30 (m, 1H, H3’), 8.11 (dd, H3”, J = 6 Hz), 8.06 – 7.82 (m, 11H, bpy(x8), H5a, H4” + H6a), 7.61 – 7.72 (m, 9H, bpy(x8) + H6”), 7.51 (t, 1H, H3a, J = 4.4 Hz, J = 4.4 Hz), 7.22 – 7.41 (m, 9H, bpy(x8) + H5”), 7.17 (t, 1H, H4a, J = 8 Hz, J = 8 Hz)
Elem Anal. RuOsC57H43N14P3F18.KNO3: Calc:  C 39.06%, H 2.46 %, N 12.00 %



        

        Found: C 38.38%, H 2.44 %, N 12.46 %

[Os(bpy)2(5-bisbpy)Os(bpy)2](PF6)4.2KNO3     (Complex 8)
1H NMR (CD3CN, 298K) ( : 8.58 - 8.46 (m, 12H, bpy(x8), H4’(x2) + H6’(x2)), 7.95 - 7.75 (m, 12H, bpy(x8), H3’(x2) + H3”(x2)), 7.71 - 7.52 (m, bpy(x8)), 7.62 (d, 4H, H6”(x2) + H4”(x2), J = 4.8 Hz), 7.39 – 7.28 (m, 10H, bpy(x8) + H5”(x2)).

Elem Anal. Os2C60H46N12P4F24.KNO3.: Calc:  C 36.07 %, H 2.35 %, N 9.11 %




        
                Found: C 35.85 %, H 2.46 %, N 8.88 %

[Ru(bpy)2(pytr-pytr)Ru(bpy)2](PF6)2.5(H2O)       (Complex 3)
1H NMR (CD3CN, 298K) (: 8.42 (8H, bpy, m), 8.06 (2H, H3a(x2), dd, J = 8.8 Hz, J = 8.8 Hz), 7.83-8.02 (14H, m, bpy(x12) + H4a(x2)), 7.83 - 7.78 (4H, m, bpy(x4)), 7.49 (2H, H6a(x2), d, J = 5.6 Hz), 7.27-7.40 (8H, m, bpy(x8)), 7.10 (2H, H5a(x2), t, J = 5.6 Hz, J = 6.4 Hz)

Elem Anal. Ru2C54H40N16P2F12.5(H2O): Calc:  C 43.37 %, H 3.34 %, N 14.99 %



        

     Found: C 42.84 %, H 3.38 %, N 14.94 %

Reaction between [Os(bpy)2(Brpytr)](PF6) and [Ru(bpy)2(5-Brbpy)](PF6)2 
To 332 mg (2 eq., 1.4 mmol) of nickel chloride was added 1.46 g (8 eq., 5.6 mmol) of triphenylphosphine and 10 cm3 of dry DMF. The blue mixture was stirred for 30 min while degassing with nitrogen 96 mg (2e.1 q. 1.47 mmol) of zinc powder was added and the mixture was stirred for 1 hour while degassing with nitrogen. To the brown solution 609 mg (1 eq., 0.7 mmol) of [Os(bpy)2(Brpytr)](PF6) and  656 mg (1 eq., 0.7 mmol) of [Ru(bpy)2(5-Brbpy)](PF6)2 was added. The reaction mixture was heated to 95  0C for 24 hours. Then it was diluted with 30 cm3 of acetonitrile, filtered and added dropwise to diethyl ether while stirring. The crude product was obtained by filtration.

Crude Yield: 810 mg

We cannot calculate the % yield for each dinuclear product here as we have a mixture of the three at this point. 

This crude product was then purified by column chromatography on silica gel with acetonitrile / saturated aqueous sodium nitrate solution (7:5). The third fraction obtained enclosed a mixture of the desired products.

This fraction was further purified by column chromatography on Sephedex-Sp C-25 with NaCl solution (0.05 – 0.1 M for first band, 0.17 – 0.25 M for second band, 0.4-0.45 M for third band). Three fractions were obtained with the first fraction being identified as [Os(bpy)2(pytr-pytr)Os(bpy)2](PF6)2   , the second fraction is 
[Os(bpy)2(pytr-bpy)Ru(bpy)2](PF6)3  and the final fraction is [Ru(bpy)2(5-bis-bpy)Ru(bpy)2](PF6)4. 
The % yield is calculated with respect to the crude yield.

Yield: 
[Os(bpy)2(pytr-bpy)Ru(bpy)2](PF6)3   
72 mg

8.4 %

[Ru(bpy)2(5-bisbpy)Ru(bpy)2](PF6)4   
62.8 mg
7.9 %

[Os(bpy)2(pytr-pytr)Os(bpy)2](PF6)2   
71 mg

7.86 %
[Os(bpy)2(pytr-bpy)Ru(bpy)2](PF6)3.KNO3     (Complex  9)
1H NMR (CD3CN, 298K) ( : 8.6 - 8.43 (m, 11H, bpy(x8), H3’, H6’ + H4’), 8.14 - 8.03 (m, 5H, bpy(x2), H3’’, H4” + H6a)), 7.96 (t, 1H, H5a, J = 8.4 Hz, J = 8.4 Hz), 7.89 - 7.77 (m, 12H, bpy(x12)), 7.61 (d, 1H, H6”, J = 9.6 Hz), 7.52 (d, 1H, H3a, J = 8 Hz), 7.42-7.24 (m, 11H, bpy(x10) + H5”)), 7.08 (t, 1H, H4a, J = 7.2 Hz, J = 7.2 Hz).

Elem Anal. RuOsC57H43N14P3F18.KNO3: Calc:  C 39.06%, H 2.46 %, N 12.00 %



        

        Found: C 38.38%, H 2.44 %, N 12.46 %

[Ru(bpy)2(5-bisbpy)Ru(bpy)2](PF6)4.2KNO3    (Complex 2)
1H NMR (CD3CN, 298K) (: 8.46 - 8.59 (m, 12H, bpy(x8), H4’(x2) + H6’(x2)), 8.07 - 7.97 (m, 12H, bpy(x8) + H3’(x2)), 7.78 (d, 2H, H3’’(x2), J = 6.6 Hz), 7.67 – 7.67 (8H, bpy(x8)), 7.70 (d, 4H, H6”(x2) + H4”(x2), J = 6 Hz), 7.43 - 7.35 (m, 10H, bpy(x8) +  H5”(x2))

Elem Anal. Ru2C60H46N12P4F24.2KNO3.: Calc:  C 37.54 %, H 2.39 %, N 9.48%




        
                Found: C 37.43 %, H 2.97 %, N 9.60 %
[Os(bpy)2(pytr-pytr)Os(bpy)2](PF6)2.H2O   (Complex 10)
1H NMR (CD3CN, 298K) (:  8.44 – 8.36 (m, 8H, bpy(x8)), 8.06 (dd, 2H, H6a(x2), J = 8 Hz, J = 6 Hz), 7.81 – 7.62 (m 16H,bpy(x16)), 7.39 (d, 2H, H5a(x2), J = 6 Hz), 7.27 – 7.20 (m, 8H, bpy(x8)), 7.16 (t, 2H, H3a(x2), J = 6 Hz, J = 6 Hz), 7.01 (t, 2H, H4a(x2), J = 6 Hz, J = 6.6 Hz)

Elem Anal. Os2C54H40N16P2F12.(H2O): Calc:  C 40.05 %, H 2.71 %, N 13.84 %



        

     Found: C 40.59 %, H 2.51 %, N 13.57 %

5.3 Results and Discussion 
5.3.1 Synthetic Aspects 
The synthetic approach of the symmetrically and asymmetrically bridged homodinuclear and heterodinuclear complexes of the form [M(bpy)2(pytr-pytr)M’(bpy)2]2+, [M(bpy)2(pytr-bpy)M’(bpy)2]3+, [M(bpy)2(5-bisbpy)M’(bpy)2]4+ , were M = Ru / Os, and their deuteriated analogues are represented in figure 5.12 below. This cross-coupling technique involves the initial synthesis of the individual mononuclear precursor complexes, each containing a separate part of the bridging ligand, and then linking the bridging ligand components via carbon-carbon bond formation. The cross-coupling technique chosen in this case was the Ni(0) catalyzed coupling reaction.

[image: image23]
Figure 5.12: The cross-coupling strategy for the synthesis of heteronuclear dimers using asymmetrical ligands.

As discussed in chapter 3 the synthesis of the starting material cis-[Ru(bpy)2Cl2] was carried out with slight differences to literature methods. 
 From here the synthesis of all Ru(II) mononuclear precursor compounds was relatively straightforward. The mononuclear compound [Ru(bpy)2(5-Brbpy)](PF6)2 was formed by the addition of excess 5-Brbpy
 ligand to cis-[Ru(bpy)2Cl2] 
 and heating to reflux. The formation of a bright orange solution indicated the presence of the [Ru(bpy)2(5-Brbpy)]2+ complex. The ethanol was removed at this stage and the chloride counter ion replaced by a PF6- counter ion which led to the precipitation of the complex from an aqueous solution, which was then purified via column chromatography. 

The second mononuclear complex, [Ru(bpy)2(Brpytr)](PF6) was synthesized in  a similar manner.31 The ligand HBrpytr was prepared by adapting procedures previously reported for the bromination of 1,2,4-triazoles.
 This brominated ligand was subsequently complexed with cis-[Ru(bpy)2Cl2] to form [Ru(bpy)2(Brpytr)](PF6). As noted previously in chapter 3, the N2 and the N4 coordination sites of the triazole ring are not equivalent, and therefore, the formation of coordination isomers is expected.
 However the introduction of the bromine atom, although primarily for use in the coupling reaction, has a secondary effect. The presence of this bulky atom in the 3-position results in the formation of the N2 isomer (>95%) over the N4 isomer (<5%), with the N4 isomer being lost during subsequent purification. 2
The analogous osmium complexes, [Os(Brpytr)(bpy)2](PF6) and [Os(5-Brbpy)(bpy)2](PF6)2, of the above mentioned mononuclear starting materials where also synthesized to allow for the formation of a heteronuclear asymmetrically bridged dinuclear complex via Ni(0) cross-coupling. These complexes were synthesized in a similar fashion, with the exception of reaction times, to their ruthenium analogues from the starting material [Os(bpy)2Cl2]. Due to the stronger metal-ligand interactions caused by the larger ligand field splitting present in osmium, reaction times had to be increased from overnight to 24 hours. This extended heating was in line with similar reactions carried out in the formation of osmium complexes.
 Following heating to reflux the crude complexes were precipitated as normal and the final product was obtained in reasonable yields and in spectroscopic purity upon column chromatography. 
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Figure 5.13: Synthetic scheme employed in the preparation of [M(bpy)2(pytr-pytr)M’(bpy)2]2+, [M(bpy)2(pytr-pytr)M’(bpy)2]3+ and [M(bpy)2(5-bisbpy)M’(bpy)2]4+ were M/M’ = ruthenium / osmium.
The products from the complexation reactions to form the mononuclear complexes were reacted with Ni(0) to produce the dinuclear complexes shown above in figure 5.13. As this is a homocoupling reaction between the two bromide functionalities, the reaction results in the formation of both homocoupled and heterocoupled dinuclear products. Despite these complexes appearing quite similar with only their bridging ligands to distinguish them, it is possible to separate these three isomers based on their respective charges. This is accomplished by using a Sephedex ion-exchange column instead of the more common silica column, which separates compounds based on varying polarities. 
Due to the nature of the reaction it is carried out under inert conditions to ensure no lose of catalytic activity. Initially the catalyst and triphenylphoshine are dissolved in the DMF and degassed for 1 hour before the addition of zinc powder. The zinc’s role within the reaction is to reduce the Ni(II) to Ni(0).14 After further degassing for 30 minutes the mononuclear metal complexes [Ru(bpy)2(Brpytr)](PF6) and [Ru(bpy)2(5-Brbpy)](PF6)2 were added and the reaction mixture was heated for 6 hours. After cooling to room temperature precipitation of the crude product was induced with the addition of diethyl ether. Following column chromatography using silica gel mass spectrometry confirmed the presence of a mixture of homodinuclear and heterodinuclear complexes in the third fraction. This fraction was then columned using a Sephedex ion-exchange column with varying NaCl concentrated solutions which separated the desired products. Following this second column mass spectrometry was utilized again to confirm the presence of the purified dinuclear products. The dinuclear products eluted in the order of the di-cationic complex first, followed by the tri-cationic complex and lastly the tetra-cationic complex. 
In the synthesis of the heteronuclear asymmetrically bridged complexes longer reaction times where required. This was due to the use of an osmium mononuclear precursor complex which, with their larger ligand field splitting and therefore stronger metal-ligand interactions,
 led to reaction times being increased from 6 hours to 24 hours. However the reaction subsequently proceeded as described above for precipitation and purification of the heterodinuclear complexes. 

In general yields were acceptable, with ruthenium and osmium dinuclear complexes being obtained in approx: 7.4% - 8.5% with respect to the crude yield obtained. It must be noted that in each Ni(0) coupling reaction we are using a one pot reaction to obtain 3 different products, so a high % yield of approx: 40 - 60 % will not be obtained for any of the complexes. The maximum yield for each product is approx: 30 % with respect to the crude yield.
Reactions involving variations in the molar ratio’s of the precursor complexes were also carried out. This was done to determine its affect on the % yields of the dinuclear products from the Ni(0) coupling reaction. Table 5.2 demonstrates the variations investigated and the results obtained.
	Reaction
	Precursor Complex
	Molar

Eq
	% Yield

Complex 1
	% Yield

Complex 2
	% Yield

Complex 3

	1
	[Ru(bpy)2(Brpytr)]+
	1
	
	
	

	
	[Ru(bpy)2(5-Brbpy)]2+
	1
	7.6 %

(92 mg)
	8.0 %

(96 mg)
	8.1 %

(97 mg)

	2
	[Ru(bpy)2(Brpytr)]+
	1
	
	
	

	
	[Ru(bpy)2(5-Brbpy)]2+
	2
	8.0 %
(14.4 mg)
	9.7 %
(17.6 mg)
	2.8 %
(5.0 mg)

	3
	[Ru(bpy)2(Brpytr)]+
	2
	
	
	

	
	[Ru(bpy)2(5-Brbpy)]2+
	1
	7.6 %
(13.7 mg)
	2.42 %
(4.4 mg)
	9.1 %
(16.2 mg)


Table 5.2: Details of % yields obtained through synthetic study with respect to the crude yield
As can be observed from table 5.2, when there is an excess of one precursor metal complex, we maintain the % yield of the heterocoupled dinuclear product as well as the one of the homocoupled dinuclear products, while decreasing the % yield of the other homocoupled dinuclear product. From reaction 2 in table 5.2 by increasing the molar equivalents of precursor complex [Ru(bpy)2(5-Brbpy)](PF6)2 and leaving the molar equivalents of the second precursor complex the same, we preserve the % yield of [Ru(bpy)2(pytr-bpy)Ru(bpy)2](PF6)3 (complex 1) and [Ru(bpy)2(5-bisbpy)Ru(bpy)2](PF6)4 (complex 2) and decrease the % yield of complex 3, [Ru(bpy)2(pytr-pytr)Ru(bpy)2](PF6)3. The decrease in the % yield of the second homodinuclear product [Ru(bpy)2(pytr-pytr)Ru(bpy)2](PF6)2 (complex 3) by approx: 5% is due to the excess of precursor complex present. As there is a preference for the formation of dinuclear products associated with the precursor complex which is in excess, the majority of [Ru(bpy)2(Brpytr)](PF6)2 will react with this excess complex to form the heterodinuclear product rather than its homodinuclear analogue. 
This study indicates that the % yield of the dinuclear complexes may be somewhat controlled depending on the molar ratio’s of the precursor complexes. It has been shown that the % yield of one of the dinuclear products may be significantly reduced by control of the precursor complexes. The specific dinuclear complex whose % yield is reduced is dependent on which mononuclear precursor complex is in excess. This variation in molar equivalents of the precursor complexes results in a greater ease of purification. When the molar equivalents are 1:1 ratio we obtain 3 major dinuclear products which must be separated. By changing the ratio to 2:1 there is now only the need to separate 2 major products and 1 minor product. 
Although this synthetic study is by no means conclusive, it does indicate that the % yield of a specific dinuclear product can be preserved or decreased by varying the molar equivalents of the relevant mononuclear precursor complexes. For a more detailed study a great range of molar ratios of precursor complexes must be tested. 
The dinuclear complexes synthesized in this chapter were also characterized via NMR, and mass spectrometry. The details of these results are discussed in the next sections. A full characterization will be completed in chapter 6 where the basic electronic and electrochemical data will also be examined. 
5.3.2 Mass Spectrometry of the Dinuclear Complexes
Electrospray mass spectrometry is the method used to measure the mass and therefore the molecular weight of the compounds discussed in this chapter. As noted previously in chapter 3 this is a soft ionization technique and is one of the simplest methods for measuring the mass, while providing qualitative and quantitative information about the atomic and molecular composition of inorganic materials.
 This particular method involves analyzing an ionized aerosol of the complex in question. 
Mass spectrometry was used throughout the purification process in the identification of the dinuclear complexes. As the Ni(0) catalyzed coupling reaction is a homocoupling reaction we expect to obtain 3 dinuclear products from a single reaction mixture. However, due to the difference of charge associated with each product it was possible to separate them. The mass spectra obtained suggest the 3 dinuclear complexes were successfully separated using this technique and obtained in spectroscopic purity levels. 
	Complex
	
	Theoretical (m/z)
	Observed (m/z)
	Fragments

(m/z)

	1
	[Ru(bpy)2(pytr-bpy)Ru(bpy)2]3+ 
	375
	375.5(m/3)
	379.5, 156

	2
	[Ru(bpy)2(5-bisbpy)Ru(bpy)2]4+ 
	284
	284 (m/4)
	485, 156

	3
	[Ru(bpy)2(pytr-pytr)Ru(bpy)2]2+ 
	557
	557.7 (m/2)
	-

	4
	[Ru(d8-bpy)2(pytr-bpy)Ru(d8-bpy)2]3+ 
	385.6
	386 (m/3)
	-

	5
	[Ru(d8-bpy)2(5-bisbpy)Ru(d8-bpy)2]4+ 
	292
	 292 (m/4)
	-

	6
	[Ru(d8-bpy)2(pytr-pytr)Ru(d8-bpy)2]2+
	573
	 573.4 (m/2)
	-

	7
	[Ru(bpy)2(pytr-bpy)Os(bpy)2]3+ 
	404.7
	405 (m/3)
	-

	8
	[Os(bpy)2(5-bisbpy)Os(bpy)2]4+
	328.5
	328.9 (m/4)
	459.4

	9
	[Os(bpy)2(pytr-bpy)Ru(bpy)2]3+ 
	404.7
	405(m/3)
	-

	10
	[Os (bpy)2(pytr-pytr)Os(bpy)2]2+ 
	646
	647  (m/2)
	707.9


Table 5.3: Observed m/z values for the dinuclear complexes synthesized via Ni(0) cross-coupling
For the purpose of these discussions the molecular ion will refer to the complex minus the PF6- counterions. The loss of these counterions leaves the complex with the required positive charge to enable them to be examined. The molecular ion is observed at the expected values in all the mass spectra however, the molecular ion is not always the base peak. It must also be noted that no trend is observed between the dinuclear complexes whose molecular ion peak is also the base peak.  Table 5.3 gives all the theoretical and observed molecular ion peaks, as well as the fragments for the dinuclear complexes. 
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Figure 5.14: (a) Mass spectrum of dinuclear complex [Ru(bpy)2(pytr-bpy)Ru(bpy)2]3+
(b) Mass spectrum of the M3+ species of the dinuclear complex [Ru(bpy)2(pytr-bpy)Os(bpy)2]3+.
Figure 5.14 (a) and (b) shows an example of two mass spectra observed for the dinuclear complexes. The top section, (a), shows the mass spectrum obtained for the complex 1, [Ru(bpy)2(pytr-bpy)Ru(bpy)2]3+. In this case the molecular ion is not the most abundant ion present. The molecular ion [M-(PF6)3]3+ for this complex is visible at 375 m/z. This is the expected molecular ion for the triply charge complex whose molecular weight is 1125. Section (b) of figure 5.14 shows the mass spectrum for the complex [Ru(bpy)2(pytr-bpy)Os(bpy)2]3+ with the [M-(PF6)3]3+  observed at 405 m/z. Once again this is the expected molecular ion peak for the triply charged complex. In this case the molecular ion is also the base peak as it is the most abundant ion present in the mass spectrum. 
In addition, the protonated bpy free ligand is observed in some spectra, which suggests that it had dissociated from the ruthenium atom altogether in the fragmentation process. In a number of spectra there are several peaks present suggesting that the dinuclear complexes are not stable and that some fragmentation is occurring. Although electrospray mass spectrometry is a soft ionization technique the energy provided to the complex is great enough to cause breakage of the coordination bonds present. However, it must be stressed that in order to confirm these fragmentation pathways, MS/MS experiments are required.
For all the molecular ions present in the mass spectra we also observe a splitting of the molecular ion peak due to the affect of the charge (z) on the complex. This was previously noted in chapter 3. With greater resolution of the molecular ion peak we observe an isotope pattern for the compound in question. From figure 5.15, we observe the splitting pattern for complex 3, [Ru(bpy)2(pytr-pytr)Ru(bpy)2]2+.  As the charge of the complex is +2 it has the effect of splitting each mass unit of the molecular ion peak by two, giving the observed splitting of 0.5.
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Figure 5.15: Mass spec of molecular ion splitting in dinuclear complex [Ru(bpy)2(pytr-pytr)Ru(bpy)2]2+
The dinuclear complexes were studied by electrospray mass spectrometry, primarily to confirm that a particular complex was synthesized by the appearance of its molecular ion. This analytical tool proved an invaluable in determining the presence of the desired homodinuclear or heterodinuclear symmetrical and asymmetrical complexes. In general we observed the molecular ion of [M –(PF6)n]n+, where n = number of counterions, of the dinuclear complexes at the correct m/z. 
5.3.3 NMR Characterization 
This section details the nuclear magnetic resonance characterization of the dinuclear ruthenium and osmium complexes. As the NMR of some metal complexes have already been introduced in chapter 4, here we will only discuss the complexes synthesized via the Ni(0) cross-coupling reaction, which are shown in figure 5.16. 
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Figure 5.16: Numbering of the symmetric and asymmetric homodinuclear and hetero dinuclear complexes for 1H-NMR assignment.
In figure 5.16 we observe complexes of the type [M(bpy)2(pytr-pytr)M’(bpy)2]2+, [M(bpy)2(pytr-bpy)M’(bpy)2]3+ and [M(bpy)2(5-bisbpy)M’(bpy)2]4+, where M / M’ = Ru/Os, (5-bis-bpy) = 2,2’-bis(pyridin-2”yl)-5,5’-bis(pyridin-3”-yl), (pytr-pytr) = 5,5’-bis(pyridin-2”-yl)-3,3’-bis(1,2,4-triazole) and (pytr-bpy) = [5-(5’-bipyridin-2’,2”-yl)-3-(pyridin-2-yl)]-1,2,4-triazole. Figure 5.16 shows the numbering system for the dinuclear complexes with their chemical shifts outlined in tables 5.3, 5.4 and 5.5. Although not highlighted all bpy protons are number H3-H6 and fall within the expected ranges. 

5.3.3.1. 1H-NMR Characterization of the Asymmetrically Bridged Dinuclear Complexes

As the NMR spectra obtained for many of the dinuclear complexes were difficult and intricate to interpret, their deuteriated
, 
 analogues were also synthesized. In figure 5.18 overleaf we observe the difficulty in correctly assigning the chemical shifts of the protons present due to the large number of resonances within the narrow aromatic region of 7 – 9 ppm. However, in figure 5.17 below we observe the relative simplicity of the deuteriated spectrum compared with its non-deuteriated analogue. 
A comparison between the deuteriated [Ru(d8-bpy)2(pytr-bpy)Ru(d8-bpy)2]3+ (complex 4) and non-deuteriated [Ru(bpy)2(pytr-bpy)Ru(bpy)2]3+ (complex 1)  dinuclear complexes are shown in figure 5.17 below. The removal of the broad signals representing the numerous bpy protons allows for easier assignment of the remaining protons of the bridging ligand in the aromatic region. It is these protons of the bridging ligand which are of most interest. As many resonances representing the bridging ligand (pytr-bpy) lie underneath broad bpy resonances it would have proved impossible to correctly assign these chemical shifts without deuteriation of the bpy system.  As observed from figure 5.17 six of the resonances for the bridging ligand lay directly under these bpy resonances. A comparison between the deuteriated and non-deuteriated homocoupled ruthenium dinuclear complexes are illustrated in figures 5.20 and 5.21 and emphasis the important role dueteriation played in the assignment of the 1H-NMR. 
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Figure 5.17: 1H NMR spectra of [Ru(bpy)2(pytr-bpy)Ru(bpy)2]3+  (top) and [Ru(d8-bpy)2(pytr-bpy)Ru(d8-bpy)2]3+  (bottom) in d3-acetonitrile

In looking at the 1H-NMR spectra of the three asymmetrically bridged homodinuclear and heterodinuclear complexes a noticeable shift in resonance is observed compared with their mononuclear precursor complexes, upon carbon-carbon bond. Figure 5.18 shows the spectra for the complexes [Ru(bpy)2(pytr-bpy)Os(bpy)2]3+ (complex 7) and [Os(bpy)2(pytr-bpy)Ru(bpy)2]3+ (complex 9), while [Ru(bpy)2(pytr-bpy)Ru(bpy)2]3+ (complex 1) is shown above in figure 5.17.
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Figure 5.18: 1H NMR spectra of [Ru(bpy)2(pytr-bpy)Os(bpy)2]3+(top) and [Os(bpy)2(pytr-bpy)Ru(bpy)2]3+ (bottom)  in d3-acetonitrile. 
	1H
	Complex 1 (ppm)
	Complex 7 (ppm)
	Complex  9 (ppm)

	H3
	8.72 – 8.5
	8.52 – 8.43
	8.6 – 8.43

	H4
	7.84 – 7.67
	7.61 – 7.72
	7.89 – 7.77

	H5
	7.48 – 7.37
	7.41 – 7.22
	7.42 – 7.24

	H6
	8.11 – 7.9
	8.03 – 7.82
	8.14 – 8.03

	H3’
	8.71
	8.30
	8.44

	H4’
	8.53
	8.47
	8.45

	H6’
	8.65
	8.50
	8.43

	H3”
	8.32
	8.11
	8.14

	H4”
	8.13
	8.01
	8.07

	H5”
	7.45
	7.39
	7.42

	H6”
	7.87
	7.72
	7.61

	H3a
	7.58
	7.51
	7.52

	H4a
	7.25
	7.17
	7.08

	H5a
	7.97
	7.90
	7.96

	H6a
	8.07
	8.06
	8.07


Table 5.3: Chemical shifts in ppm of the dinuclear complexes [Ru(bpy)2(pytr-bpy)Ru(bpy)2]3+ (complex 1), [Ru(bpy)2(pytr-bpy)Os(bpy)2]3+ (complex 7)  and [Os(bpy)2(pytr-bpy)Ru(bpy)2]3+ (complex 9) measured in d3-acetonitrile 
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Figure 5.19: Structure and numbering of dinuclear complex [Ru(bpy)2(Hpytr-bpy)Ru(bpy)2]3+. 

The protons of most interest in the 1H-NMR spectrum are those of the bridging ligand. Upon carbon-carbon bond formation these are the proton which are most affected, as they are adjacent to where cross-coupling occurs. Of particularly interest are H6’, H4’ and H3a. 
In [Ru(bpy)2(pytr-bpy)Ru(bpy)2]3+ H6’ is shifted downfield by 1.94 ppm, while in [Os(bpy)2(pytr-bpy)Ru(bpy)2]3+ and [Ru(bpy)2(pytr-bpy)Os(bpy)2]3+ it is shifted by 1.65 ppm and  0.71  ppm respectively. This is a dramatic shift and is mainly due to the replacement of a bromine substituent with a large electronegative substituent in the form of a pyridine-triazole system. The electronegative nature of the nitrogen atoms present in the new substituent results in the adjacent protons being deshielded. With respect to H4’ there is an observed shift downfield of approx: 0.63 ppm. The cause of this shift is the same as that outlined above for the H6’ proton. However due to its close proximity now to an adjacent bipyridine ring also the overall downfield shift effect is reduced. 

The final proton to experience any great change in resonance upon carbon-carbon bond formation is H3a. As with H4’ this proton is now adjacent to a bpy ring current and H3a will feel the ring current of the bpy in a diamagnetic anisotropic effect. This results in an upfield shift of approx: 0.2 - 0.3 ppm being observed for H3a. The remaining protons of the dinuclear complex are also affected by approx: 0.10 ppm – 0.20 ppm. However, as they are not adjacent to the area were carbon-carbon formation occurs they are less influenced by the coupling reaction. 

The 2 dimensional COSY experiments were carried out for each dinuclear complex. However, it was the COSY spectrum of the deuteriated [Ru(d8-bpy)2(pytr-bpy)Ru(d8-bpy)2]3+ complex which proved most useful in assigning the protons of the bridging ligand correctly. This spectrum is shown below in figure 5.20. 
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Figure 5.20: 2-D COSY spectrum of [Ru(d8-bpy)2(pytr-bpy)Ru(d8-bpy)2]3+  in d3-acetonitrile

This proton-proton correlation spectrum (COSY) helped to simplify the difficult task of assigning each proton in the dinuclear complexes. As observed from in figure 5.20, upon deuteriation of the metal complex the 32 bipyridine protons are removed from the 1H-NMR spectrum allowing for a simple correlation to be drawn between the 11 remaining protons of the asymmetrical bridging ligand. By correlating the boxes through the diagonal intersection the neighboring protons on the bridging ligand were determined. Subsequently the chemical shifts of the protons of most interest were assigned, those most affected upon coupling of the precursor metal compounds. Once it was apparent which protons were associated with the bridging ligand it became more straightforward to generate a complete and correct NMR assignment of the non-deuteriated complexes.  
5.3.3.2 1H-NMR Characterization of the Symmetrically Bridged Dinuclear Complexes
When examining the 1H-NMR spectra of the four symmetrically bridged homodinuclear complexes, [Ru(bpy)2(pytr-pytr)Ru(bpy)2]2+ (complex 3), [Os(bpy)2(pytr-pytr)Os(bpy)2]2+ (complex 10), [Ru(bpy)2(5-bisbpy)Ru(bpy)2]4+ (complex 2) and [Os(bpy)2(5-bisbpy)Os(bpy)2]4+ (complex 8) we observe  a relatively small shift in resonance compared with their precursor complexes. This is expected due to the symmetrical nature of these complexes as shown in the beginning of this section in figure 5.16. However the chemical environment for certain protons will be more altered then others due to the formation of a new bridging ligand through Ni(0) cross-coupling. The protons with the most noticeable shift in resonance will be adjacent to were carbon-carbon bond formation occurs. The deuteriated analogues of the homodinuclear complexes were also synthesized in order to assist in assigning the chemical shifts of the protons on the bridging ligand. Comparisons between the 1H-NMR spectra of the deuteriated and non-deuteriated analogues are shown in figures 5.22 and 5.24. 

5.3.3.2.1 1H-NMR Characterization of [Ru(bpy)2(bis-bpy)Ru(bpy)2]4+ and [Os(bpy)2(bis-bpy)Os(bpy)2]4+
A comparison between the deuteriated and non-deuteriated spectra for the (bis-bpy) homodinuclear complexes are shown in figure 5.22. The protons most affected upon formation of the new bridging ligand are H4’ and H6’. 
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Figure 5.21: Structure and numbering of  dinuclear complexes [Ru(bpy)2(bis-bpy)Ru(bpy)2]4+ and [Os(bpy)2(bis-bpy)Os(bpy)2]4+
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Figure 5.22: : 1H NMR spectra of [Ru(bpy)2(5-bisbpy)Ru(bpy)2]4+ (top),  [Ru(d8- bpy)2(5-bisbpy)Ru(d8-bpy)2]4+ (middle)  and [Os (bpy)2(5-bisbpy)Os(bpy)2]4+ (bottom) in d3-acetonitrile
	1H
	Complex 8  (ppm)
	Complex 2  (ppm)

	H3
	8.58-8.46
	8.46 – 8.59

	H4
	7.95 – 7.75
	7.67 – 7.76

	H5
	7.39 – 7.28
	7.38 – 7.46

	H6
	7.71 – 7.52
	7.97 – 8.07

	H3’
	7.95
	7.97

	H4’
	8.40
	8.46

	H6’
	8.52 – 8.5
	8.51

	H3”
	7.92 – 7.87
	7.80

	H4”
	7.61
	7.71

	H5”
	7.36
	7.43

	H6”
	7.62
	7.70

	H3a – H6a
	NA
	NA


Table 5.3: Chemical shifts of the dinuclear complexes [Os(bpy)2(5-bisbpy)Os(bpy)2]4+ (complex 8)  and [Ru(bpy)2(5-bisbpy)Ru(bpy)2]4+(complex 2)  as measured in d3-acetonitrile.

For the complex [Ru(bpy)2(5-bisbpy)Ru(bpy)2]4+ in figure 5.22 we observe the most noticeable difference with regards to the H4’ and the H6’ protons. These two protons are shifted further downfield by approx: 0.20 ppm, from 8.24 ppm – 8.51 ppm and 8.36 ppm - 8.46 ppm respectively. This is due to the replacement of the bromine atom with a larger substituent in the shape of a second bpy system. The presence of an electronegative bromine atom had resulted in the neighboring protons being shift downfield. However, its replacement with a bpy substituent will cause these protons to be further deshielded due to the presence of the π orbitals of the ring system and the π-accepting ability of this ligand. Otherwise the remaining protons appear at similar resonances compared with their precursor complexes. 
With respect to [Os(bpy)2(5-bisbpy)Os(bpy)2]4+ the observed change in chemical shifts is even less significant. There is a general shift downfield of approx: 0.05 – 0.1 ppm with respect to H6’ and H4’. These two protons are not as greatly affected by the presence of the bipyridine ring system as was observed for the analogous ruthenium complex. 
5.3.3.2.2 1H-NMR Characterization of [Ru(bpy)2(pytr-pytr)Ru(bpy)2]2+ and [Os(bpy)2(pytr -pytr)Os(bpy)2]2+
The 1H-NMR spectra of the symmetrically bridged dinuclear complexes  [Ru(bpy)2(pytr-pytr)Ru(bpy)2]2+ and [Os(bpy)2(pytr-pytr)Os(bpy)2]2+  are shown in figure 5.24, along with the deuteriated analogue. The spectra of these dinuclear complexes are very similar to that of the 1H-NMR spectra of their-NMR H mononuclear precursor complexes. This is expected due to the symmetrical nature of the complex. 

The protons of interest are those on the bridging ligand as they will be most affected by the coupling reaction. As there are no protons positioned directly adjacent to were the coupling reaction occurs it is the peripheral protons of the bridging ligand which are most affected. These protons are now in closer proximity to an adjacent bpy system which will affect their observed chemical shifts. 
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Figure 5.23: Structure and numbering for the complexes [Ru(bpy)2(pytr-pytr)Ru(bpy)2]2+ and [Os(bpy)2(pytr-pytr)Os(bpy)2]2+
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Figure 5.24: 1H NMR spectra of [Ru(bpy)2(pytr-pytr)Ru(bpy)2]2+ (top), [Ru(d8-bpy)2(pytr-pytr)Ru(d8-bpy)2]2+  (middle) and [Os (bpy)2(pytr-pytr)Os(bpy)2]2+ (bottom) in d3-acetonitrile
	1H
	Complex 10  (ppm)
	Complex 3  (ppm)

	H3
	8.44 – 8.36
	8.42

	H4
	7.81 – 7.62
	7.83 – 8.02

	H5
	7.27 – 7.20
	7.27 – 7.40

	H6
	7.81 – 7.62
	7.83 – 8.02

	H3’ – H6’
	NA
	NA

	H3” – H6”
	NA
	NA

	H3a
	7.16
	8.06

	H4a
	7.01
	7.83

	H5a
	7.39
	7.10

	H6a
	8.06
	7.49


Table 5.4: Chemical shifts in ppm of the dinuclear complexes [Ru(bpy)2(pytr-pytr)Ru(bpy)2]2+ (complex 3) and [Os(bpy)2(pytr-pytr)Os(bpy)2]2+ (complex 10) measured in d3-acetonitrile 

A general downfield shift of the bridging ligand protons of approx: 0.3 ppm is observed in the 1H-NMR spectra. Upon carbon-carbon bond formation a second triazole system is introduced into the bridging ligand. This has the affect of deshielding the neighbouring protons from the magnetic field due to its electron withdrawing abilities and therefore shifting the resonances of these protons downfield.
However, in both complexes [Os(bpy)2(pytr-pytr)Os(bpy)2]2+ and [Ru(bpy)2(pytr-pytr)Ru(bpy)2]2+, the chemical shift of the H3a proton is more greatly affected by the new adjacent bpy rings than by the increased electronegative nature of the bridging ligand. This new ring current causes H3a to be more shielded from the magnetic field of the NMR and results in an upfield shift of 0.49 ppm and 0.29 ppm being observed respectively. This is the most noticeable difference observed in the spectra of the homodinuclear complexes. The remaining protons of the bridging ligand and those of the peripheral bpy’s are relatively unchanged upon cross-coupling and are observed in a similar range as those for the precursor complexes. 
It was through the use deuteriation and NMR, both 1-D and 2-D, that a comprehensive proton assignment was possible. As the NMR of the non-deuteriated complexes were very complicated it would have proven exceptionally difficult to correctly appoint each proton without the use of secondary methods. It is therefore important to utilize all available methods of characterization so a greater overall picture of the metal complex is obtained. Further characterization of the dinuclear complexes synthesized via Ni(0) cross-coupling will be detailed in chapter 6. Here the fundamental electronic and electrochemical properties of these complexes are examined and discussed.  

5.4 Conclusions
The main objective of this chapter has been achieved by the synthesis of ten dinuclear complexes, nine of which, to the best of our knowledge are novel compounds, using the Ni(0) cross-coupling method. The only complex to be prepared previously, [Ru(bpy)2(pytr-pytr)Ru(bpy)2]2+, was also synthesized in this lab using the same Ni(0) coupling method.1 The previous sections in this chapter provide a detailed look into this mechanism for the synthesis of the desired complexes, along with mass spectrometry and NMR characterization of each complex. 
Many benefits are associated with the Ni(0) cross-coupling approach. In comparison with the Suzuki coupling method shown in chapter 4 we have successfully synthesized the desired heterodinuclear complex along with an extensive family of ruthenium and osmium homodinuclear and heterodinuclear complexes. A perceived difficulty of the Ni(0) cross-coupling was the homogeneous nature of this approach and the formation of three dinuclear products from a single reaction mixture. However due to the different charges present on each dinuclear complex, ion exchange column chromatography was sufficient to separate the complexes within spectroscopic purity. Although this reaction needed purification, this was used to isolate the three dinuclear products, rather than removing any undesired side products. The possibility of generating three dinuclear complexes from a single pot reaction is another advantage associated with this cross-coupling technique. This removes the need for multiple reactions to generate a family of metal complexes. This Ni(0) cross-coupling approach has the possibility to be diversified in its synthetic application and has the potential to be utilized further in the synthesis of heterodinuclear asymmetrically bridged metal complexes, eg: Ir / Rh complexes.
The 1H-NMR spectra confirmed the presence of the dinuclear complexes, while deuteriation was an invaluable tool in the assignment of the chemical shifts. NMR illustrates how the spectra change considerably for the asymmetrically bridged dinuclear complexes, while the symmetrically bridged complexes maintained 1H-NMR spectra similar to their precursor complexes. The mass spectrometry data also aided characterization with the molecular ion in each spectrum representing the mass of the complex minus the PF6 counterions divided by its associated charge. 

The compounds synthesized in this chapter are interesting as they may function as possible diodes. Therefore in chapter 6 we shall investigate the absorption and emission properties of these complexes. This will complete the characterization of the dinuclear complexes synthesized from this chapter. The basic electronic and electrochemical will be examined in order to give a more comprehensive understanding of the capabilities of these complexes.
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