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Carbon Dioxide as Solvent and C1 Building Block in Catalysis: 
General Introduction 

 

In  the  last decades homogeneous catalysis has achieved an  important role  in chemical 
industries. An aspect that is receiving increasing attention is the use of less hazardous 
reagents or solvents for environmental friendly reactions. This also leads to explore the 
possibilities of reuse, recover and recycle the emissions (basically carbon dioxide) prior 
to their release into the environment. One possible application of carbon dioxide is as an 
environmental benign reaction medium in its compressed form (liquid or supercritical, 
scCO2), also providing opportunities  for  facilitating  the  recovery and  recycling of  the 
catalyst. On the other hand, CO2 could be reused as a remarkable C1 feedstock because of 
its low cost, its natural abundance and relatively low toxicity. 
 
The literature reveals that uses of CO2 have great potential in the chemical industry and 
that careful application of CO2 technology can result in products and processes that are 
cleaner, less expensive and of higher quality than with classical technologies. 

This  introductory  chapter  reviews  the  literature  on  the  use  of  carbon  dioxide  as  an 
alternative  solvent  to  perform  copolymerisation  reactions  of CO  and  vinyl  arenes  to 
obtain polyketones, and the use of carbon dioxide as C1 building block in CO2/epoxides 
copolymerisation reactions to produce polycarbonates. 
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General Introduction 

2 

1.1 Green Chemistry 

Green chemistry appears during the second half of the 20th century as a new way 

to understand the chemistry. It is focused on minimizing the hazard and maximizing the 

efficiency of any chemical choice reducing waste, and reducing or eliminating pollution 

and environmental damage.[1]  

Paul T. Anastas and John C. Warner developed the 12 principles of green 

chemistry.[1] These concepts help researchers to do greener chemistry in the way that 

when they design a new product they use renewable feedstocks, when possible, or at 

least less hazardous and toxic reagents. The synthetic route should prevent waste and 

minimize the derivatisation. The requirements of energy should be as low as possible, as 

well as the chemical risk. All these concepts are not always possible to incorporate in a 

new designed procedure, but as much as they are incorporated, greener chemistry will 

be done.  

From the point of view of green chemistry, the organic synthesis has the 

problem of producing high amounts of waste in fine chemicals industry. Therefore, it 

could be advisable to replace classical stoichiometric reagents with cleaner and more 

selective catalytic alternatives.[2]  On the other hand, one of the key transformations in 

organic synthesis is C-C bond formation. An important way to do it greener is using 

renewable feedstocks such as CO or CO2, two gases widely use as C1 building blocks in 

catalysis.  

Another important issue in green chemistry is reducing the use of organic 

solvents. Since, so many of the solvents that are favoured by organic reactions have 

been blacklisted, researchers try to avoid them.[2] Indeed, the best solvent is no solvent 

and if a solvent is needed, then water or other non-classical reaction media (compressed 

carbon dioxide and/or ionic liquids) are preferred to avoid environmental problems 

and/or to facilitate catalyst recovery and recycling. 

1.2 Homogeneous Catalysis 

The main advantage of catalysis is that it can provide the desired product at 

lower temperature and pressure with higher selectivity and generating less waste than 

non-catalysed reactions. The responsible of these advantages is the catalyst, a substance 

that increases the rate of the reaction without being consumed or modified (Figure 1.1). 
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The catalyst combines with the reagents generating intermediate species, which are 

easily transformed into the desired products by the different steps of the catalytic cycle. 

 
Figure 1.1. Catalyst’s effect on the reaction. 

Catalysis has been traditionally divided in two different kinds. One of those is 

homogeneous catalysis in which the catalyst, the reagents and products are in the same 

phase. The other is heterogeneous catalysis in which the catalysts are insoluble in the 

reaction medium, so the reaction occurs at the surface. Recently, other possibilities have 

been developed (biphasic catalysis, multiphasic, supported catalysis, etc.) making this 

classification between these two concepts less clear. Some homogeneous catalysts are 

based on coordination or organometallic complexes containing organic ligands, which 

can modulate the properties of the catalyst. In Table 1.1 different properties of both 

kinds of catalysis are compared. Despite the advantages presented by homogeneous in 

front of heterogeneous catalysis, homogeneous catalysis has the important drawback of 

catalyst separation, recovery and recycling. 

Table 1.1. Comparison of homogeneous and heterogeneous catalysis.[3] 

 Heterogeneous Homogeneous 

Catalyst form Solid, often metal or metal oxide Metal complex 
Mode of use Fixed bed or slurry Dissolved in reaction medium 
Solvent Usually not required Usually required – can be product 

or by-product 
Selectivity Usually poor Can be tuned 
Stability Stable to high temperature Often decompose ≥ 100ºC 
Recyclability Easy Can be very difficult 
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Over the past few decades, methods and techniques in homogeneous catalysis 

achieved remarkable progress on catalyst separation, recovery and recycling. One of the 

first solutions studied was to heterogenise the homogeneous catalysts by attachment to 

organic or inorganic supports or by using semipermeable membranes.[4]  However, this 

approach has some limitation such as poor catalytic activities, poor reproducibility, 

selectivity and leaching of the catalyst. Another solution was using liquid-liquid 

biphasic systems, where the catalyst was dissolved in one phase and the reactants and 

products in the second phase. The catalyst is easily recovered by phase separation. 

These systems can be formed by two immiscible organic solvents, water phase, fluorous 

solvents, ionic liquids or supercritical carbon dioxide.[5] Even more, recently it has been 

developed the concept of organic aqueous tuneable solvents (OATS),[6] which optimised 

the reactions and separations simultaneously. In these systems the reaction takes place 

in a miscible aqueous-organic solvent mixture, while the addition of modest pressure of 

CO2 (50-60 bars) split the solvents into two immiscible phases, where the catalyst 

persists in the aqueous solution and the product in the organic one. 

Especially carbon dioxide has been proposed as an environmental benign 

medium for catalytic reactions and extraction processes, since the catalyst can be easily 

separated from the products by releasing the pressure. 

1.3 Supercritical fluids 

A supercritical fluid (SCF) is any substance at pressure and temperature above 

the critical point. In this situation a new phase is formed with properties intermediate 

between gas and liquid.[7,8] The use of supercritical fluids is a green strategy to replace 

volatile organic compounds (VOCs) and to enable new and clean technologies, when 

non-toxic substances are used. One example, which has been practiced in industry for 

more than twenty years on various scales, is the extraction of natural products by 

supercritical carbon dioxide.[7]  

The main advantage of supercritical fluids as reaction media is that some solvent 

properties can be modified from gas-like to liquid-like, changing pressure and 

temperature conditions. SCF can have liquid-like densities and solvent strength. 

Furthermore, the solvent strength of SCFs can be adjusted by modification of the 

medium density (and therefore the density-dependent solvent properties such as 

dielectric constant, viscosity, etc.) by pressure control giving more controllable and 
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selective reactions.[8,9] On the other hand, SCF also share many of the advantages of 

gases including low viscosities,[10] high gas miscibilities and high diffusivities,[11] 

providing faster reactions in case of diffusion-controlled processes involving gaseous 

reagents, for example hydrogen, oxygen or carbon monoxide. 

Among supercritical fluids, carbon dioxide and water are the most commonly 

used. Particularly carbon dioxide is considered to be an alternative solvent for chemical 

synthesis[12] because of its practical physical and chemical properties. It has a readily 

accessible critical temperature and pressure (Figure 1.2, Tc = 31.1ºC, Pc = 73.8 bars, δc 

= 0.468 g/ml). Moreover, is non-toxic, non-flammable, inexpensive and abundant. [8,13]  

 
Figure 1.2. Qualitative representation of the CO2 phase diagram. 

Using a window adapted reactor the CO2 phases can be easily observed. When 

the reactor is pressurized with the liquid at the vapour pressure, two separated phases 

can be observed, where the meniscus is clearly defined (Figure 1.3a). Once the 

temperature increases, the meniscus is less defined (Figure 1.3b and c), and finally at 

supercritical conditions only one phase is observed (Figure 1.3d).  

 

          
     (a)         (b)               (c)      (d) 

Figure 1.3. Phases adopted by carbon dioxide. 
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Although CO2 is the most popular solvent, its low polarity causes problems of 

solubility, especially in homogeneous catalysis where the catalysts are often polar 

substances. It is known that most organic molecules of molecular weights below 1000 

and with low to medium polarity are moderately soluble in scCO2, and their solubility 

increases greatly with increasing volatility of the compound. The presence of highly 

polar functional groups like carboxylic acids, their salts or aromatic rings strongly 

reduces the solubility.[14] Solubility of the catalysts in scCO2 can be adjusted by 

introducing CO2-philic group in the ligands.[8] The type of ligands that are known to be 

sufficiently CO2-philic or at least sufficiently non-polar to be soluble or usable in scCO2 

include highly fluorinated ligands (such as highly fluorinated phosphines),[15,16] 

carboxylates, diketonates,[17] trialkylphosphines,[15,18] carbonyl ligands[19] and ligands 

functionalized with trimethylsilyl or polysiloxane groups.[20] Moreover, the solubility of 

the complexes can be increased by the addition of co-solvents or surfractants.[21] 

The introduction of the perfluorinated groups in meta or para position of the 

aromatic ring are normally done using –(CH2)x-(CF2)y-CF3 “ponytails” where x ranges 

generally from 0 to 3 and y ranges from 0 to 8. Some examples of these ligands used in 

catalytic systems in compressed carbon dioxide are depicted in Figure 1.4.[8,15,22-26] The 

solubility of the catalyst is sensitive to the length and number of fluorinated ponytails, 

longer or more tails decreases the pressure required for solubility.[27] Besides, -CF2- 

groups have electron-withdrawing effect and the methylene spacers –(CH2)x– between 

the aromatic ring and the perfluoroalkyl chain are inserted in order to minimize it. 

However, in some cases are avoided, due to beneficial effects in catalysis.  

On contrast, it should be noted that even cationic catalyst precursors can be used 

in scCO2 if the anion is carefully chosen so as to optimize the solubility. Anions that are 

preferred are those that are large and highly fluorinated such as BArF¯ (tetrakis(3,5-

bis(trifluoromethyl)phenyl)borate). One example is found in the asymmetric 

hydrogenation of α-amidoacrylic acid reaction in supercritical carbon dioxide.[28] The 

catalyst involved is based on [Rh(cod)(Et-Duphos)][BArF] (cod = 1,5-cyclooctadiene, 

Et-Duphos = 1,2-bis[(R,R)-2,5-diethylphospholano]benzene) and the results are better 

than the ones obtained in conventional solvents. 
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Figure 1.4. Some examples of perfluorinated ligands used in compressed carbon 

dioxide.  

Furthermore, an advantage of supercritical fluids as reaction media is the 

recovery and reuse of the catalyst. There are a wide variety of ways in which 

homogeneous catalysis can be recovered. In some cases the catalyst precipitates by 

lowering the pressure[16a,29] or cooling the SCF.[16a,29,30] In other cases, is the product 

which precipitates from the reaction media.[31] Another type of separation processes are 

based on the use of a second solvent in which the catalyst or the products are 

soluble[21b,27b,32,33] on catalyst immobilization[34] and on a selective separation of the 

catalyst through membrane.[35] 

Another possibility which has been taken into consideration is the use of other 

liquids together with compressed CO2. In the mixture the liquid expands volumetrically 

forming a single phase gas-expanded liquid (GXL), above the bubble point curve but 

below the critical composition.[36] The properties of the resulting liquid phase are 

considerably different from those at atmospheric pressure. This phenomenon may have 

a positive effect in catalysis and it should be taken into consideration when the liquid 

and/or reactants occupy more than 5% of the reactor volume. Expanded liquids combine 

the beneficial properties of compressed gases (CO2) and the solvent (or substrate), 

leading to a new class of tuneable solvents. Some of these advantages are raised 

solubility of gases and catalysts (solvent power), the possibility to work under milder 

pressures (tens of bars) compared to scCO2 (hundreds of bars) and enhanced transport 
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rate. One example is found in oxidation reactions of substituted phenols and 

cyclohexene.[37]  

Not all liquids expand equally in the presence of CO2 pressure, as they have 

different ability to dissolve in CO2. So, we can found liquids divided in three different 

classes depending on their ability to dissolve in CO2. The first (class I) contains liquids 

which are not sufficiently soluble in CO2 and therefore do not expand significantly and 

only change the acidity. One example of class I is water. The second (class II) includes 

liquids which dissolve in large amount in CO2 and consequently expand greatly. Their 

expansion only depends on the mole fraction of CO2 in the liquid phase. Examples of 

class II are common organic solvents such as hexane, methanol, etc. Finally, the class 

III are liquids which dissolve in moderate quantities, and then expand only moderately. 

Examples of class III are ionic liquids, liquid polymers and crude oils.[36]  

1.4 C­C bond reactions using CO and CO2 

C-C bond formation is one of the key transformations in organic synthesis. Some 

C-C bond reactions involve the introduction of a molecule of carbon monoxide (CO)[38] 

or carbon dioxide (CO2)[39] into substrates such as olefins, alkynes, alkyls and epoxides 

giving a wide variety of products. These processes include reactions such as 

hydroformylation, hydrocarboxylation, hydroesterification, carbonation, carboxylation 

and copolymerisation (Scheme 1.1) to obtain aldehydes, carboxylic acids, esters, 

polyketones, polycarbonates, cyclic carbonates, pyrones, lactames and other cyclic 

products. In this work we studied the copolymerisation reactions, which give as 

products polyketones and polycarbonates. 

  
Scheme 1.1. C-C bond formation using CO and CO2. 
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In the next sections we will focus on the copolymerisation reaction using CO or 

CO2 as C1 building block with olefins or epoxides, respectively. 

1.4.1 Copolymerisation of CO/ vinyl arenes 

Over the past years, the palladium catalyzed alternating copolymerisation of 

vinyl arenes and carbon monoxide yielding perfectly alternated polyketones (Scheme 

1.2) has been the focus of great attention for four primary reasons. First, the monomers 

of most polyketones are readily available. Second, due to the carbonyl functionality in 

the polymer backbone, polyketones are photodegradable. Third, the carbonyl backbone 

also provides a possible mode for biodegradation. Finally, it is possible to introduce 

new functionality into the polymer chain by post-polymerization reactions with the 

carbonyl group.[40] Special interest has been devoted to palladium (II) based complexes 

with heterocyclic sp2 nitrogen donor chelating ligands and weakly coordinating anions 

X (like OTs¯, OTf¯, BF4¯, PF6¯ and tetraarylborates).[40c,41] The fine tuning of the 

palladium catalyst, mainly achieved by ligand variation, allows the control of the 

stereochemistry of the synthesized macromolecule[42] and the regiochemistry of the 

polyketone.[43] The family of 2,2’-bipyridine (bpy), 1,10-phenantroline (phen)[44] and 

pyridine-imidazoline[45] are ligands highly efficient in terms of productivity and 

molecular weight of the synthesized copolymers. 

  
Scheme 1.2. Alternating copolymerisation of α-olefins with CO (R = H, CH3, Ar). 

 

The complexes generally used as precatalyst are mono [Pd(N-N)(CH3)(L)][X] or 

dicationic compounds [Pd(N-N)2][X]2 characterized by the presence of one molecule of 

bidentate ligand, one methyl and one monodentate Lewis base (e.g. acetonitrile) or two 

molecules of bidentate ligands, respectively.[42a-c,46] The solvents commonly used are 

dichloromethane, methanol and 2,2,2-trifluoroethanol (TFE). In particular, it has been 

reported that, when the copolymerisation was carried out in TFE in place of methanol, 

the decomposition to inactive palladium was avoided due to its lower nucleophilicity 

allowing the synthesis of polyketones in high productivity and high molecular 

weight.[44e] Moreover, the influence of various counterions has also been investigated, 

with the result that the catalytic activity decreased in the order BArF¯ (B[3,5-

UNIVERSITAT ROVIRA I VIRGILI 
CARBON DIOXIDE AS SOLVENT AND C1 BUILDING BLOCK IN CATALYSIS 
Ariadna Campos Carrasco 
ISBN:/DL:T. 1023-2011 



General Introduction 

10 

(CF3)2C6H3]4) > SbF6¯ / PF6¯ > BF4¯ > OTf¯ (triflate) >> BPh4¯. The strength of the 

interionic interactions has been shown to have a negative effect on the productivity of 

the catalyst.[44a] 

1.4.1.1 Ligands used 

The copolymerisation of styrene and its derivatives with CO requires the use of 

palladium (II) catalysts with N,N- or P,N-donor chelating ligands. Low molecular 

weight oligomers are in fact generally obtained with palladium catalysts stabilized by 

chelating diphosphines. The palladium nitrogen modified catalysts are long life catalysts 

compared to phosphorus modified catalysts, since β-H elimination does not prevail over 

propagation to polymer. In the following sections we will describe the different N,N- or 

P,N-donor ligands used in palladium catalysed CO/α-olefins copolymerisation and the 

results obtained as well as the effect in catalysis of the ligand’s modification. 

a) Nitrogen‐donor ligands 

Ligands containing sp2-hybridized nitrogen atom, particularly when the N-atom 

is part of an aromatic system are the most applied in copolymerisation of CO/ vinyl 

arenes. Acetonitrile is also commonly used in copolymerisation, due to its lability, 

which lead to its replacement by the substrate. 

In general nitrogen ligands in organometallic chemistry can form strong σ bonds 

to the metal centre and π interactions are also possible with ligands containing sp2-

hybridized N-donors. The strength of the M-N bond will be much more affected by 

steric effects than that of the corresponding M-P bonds. The N-donors, generally, in 

low-spin complexes are less thermodynamically stable and more kinetically labile than 

their analogous with P-donors. The strength of M-C bonds is directly related to the 

electron density of the metal centre. In this way, the organometallic complexes with N-

ligands exhibit high reactivity.[41a]  

The most effective catalytic systems are cationic palladium complexes with sp2 

nitrogen-chelating ligands (Figure 1.5) such as bipyridines (bpy, 6),[42b,44b,44d,47-50] 

phenantrolines (phen, 7),[42b,44c,44b,47-52] bisoxazolines (8 and 9),[53] pyridine-oxazoline 

(10, X=O and no R3),[54] pyridine-imidazoline (10, X=N, and 11),[45,46a-b] pyridine-imine 

(12),[55] α-diimines (13 and 14)[42d,46c] or chiral diketimines (15)[56] and weakly 

coordinating anions.[41c] 
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Among these ligands, bpy and phen (6 and 7, respectively, Figure 1.5) provide 

very effective catalysts. The use of 2,2’-bipyridine and 1,10-phenantroline was reported 

for the first time by Shell, using palladium catalytic system for CO/styrene.[47] The first 

well-defined precatalyst was reported by Brookhart et al. in 1994, using a monocationic 

complex [Pd(CH3)(NCCH3)(N-N)][BArF] (N-N = 6 or 7, Figure 1.5).[42b] Milani et al. 

found that dicationic bischelated complexes of general formula [Pd(N-N)2][X]2 

efficiently catalysed the CO/styrene copolymerisation in methanol with no addition of 

acid or co-catalyst and in the presence of benzoquinone, despite they decomposed easily 

to palladium metal.[48] 
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Figure 1.5. Nitrogen-donor ligands used in CO/vinyl arenes copolymerisation. 

The analysis of the effect of the N,N-donor ligand showed that the bpy complex 

and phen derivative have similar activities. However, in the presence of 1,4-

benzoquinone (BQ) the two catalysts showed different productivities, bpy showing 

higher activity due to the different stability of the corresponding active species.[44b] 

Moreover, studies of the substituent’s effect, showed that methyl substituents in the 5,5’ 

positions of bpy and the mono-substituted in 5 show slightly higher productivities (up to 

11.5 kg CP/g Pd, in 14 h) and molecular weights (up to Mw = 167000) compared to the 

non-substituted bpy.[44d] A similar observation was found with phen substituted in 

position 3 by an alkyl group (3-R-phen) the productivity and molecular weight values 

increased on increasing the bulkiness of the substituents.[44c,51] However, complexes 
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with phenanthroline substituted in position 2 and 9[52] and bipyridine in 6-[49] were 

inactive due to the presence of sterical demanding group in the ortho position. On the 

other hand, it was found that the addition of [(N-N)H][PF6] as co-catalyst increased the 

productivity one order of magnitude. This effect was attributed both to the acidic 

function, as co-catalyst, and its capability to provide an additional stability to the active 

species, due to a ligand exchange reaction.[50] 

The most significant result with catalyst containing C2-symmetrical 

bisoxazolines (8 and 9, Figure 1.5) was that copolymers were obtained with highly 

isotactic microstructure (all stereogenic centres have the same configuration).[53] 

Nevertheless, they showed rather poor catalytic activity due to the quite fast 

decomposition of the catalyst to inactive palladium black. 

Despite the chiral nature of the pyridine-dihydrooxazole ligands 10 (X=O and no 

R3, Figure 1.5), all the copolymers synthesized show a prevailing syndiotactic 

microstructure (the stereogenic centres show alternated configuration) and was found 

that the nature of the group in position 5 (R2) played a crucial role in this reaction. 

Moreover, catalyst stability was enhanced upon addition of free ligand.[54] 

Pyridine-imidazoline ligands 10 (X=N, Figure 1.5) were characterized by the 

presence of different groups on the sp3-nitrogen atom that were found to affect the 

stereochemistry of the complexes synthesized as well as their catalytic behaviour. 

Surprisingly, different tacticity were observed when R,R-ligand or R,S-ligand were used, 

showing syndiotactic copolymers with R,R-ligands and less basic R,S-ligands, and 

atactic (randomly distribution of configuration of the stereogenic centres) copolymer 

with basic R,S-ligands.[45,46b] 

Cs-symmetry ligands with pyrazole moiety (11, Figure 1.5)[46a] showed again the 

important influence of the presence of substituents in the proximity of the nitrogen-

donor atom. With these systems they were synthesized copolymers with syndiotactic 

microstructure. Even more, using Pd(II) pyridine-imine ligands (12, Figure 1.5)[55] was 

found that the syndiotacticity decreased with increasing the substituent’s size.  

α-Diimines (13 and 14, Figure 1.5)[42d,46c] with steric hindrance above and below 

the square planar coordination plane were used to demonstrate that polymerization 

required a free apical position on the palladium to produce regioregular copolymers, 

since with these substituents only small amount of atactic polyketones was formed. 
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Finally, highly syndiotactic copolymers with moderate productivities and high 

molecular weights were obtained with chiral diketimine ligands (15, Figure 1.5).[56] 

b) Phosphorus‐Nitrogen ligands 

In P,N-donor ligands, the soft and hard nature of phosphorus and nitrogen are 

known to bind in a unique way, in which the phosphorus moiety acts only as a weak π-

acceptor and the nitrogen moiety as a good σ-donor. The two binding modes are 

electronically different, which can lead to regioselectivity. They can act as hemilabile 

ligands by reversible dissociation of one arm of the ligand and thus favouring the 

formation and stabilization of intermediate species.[57] Owing to the different 

stereoelectronic properties of the two coordination sites they may induce selective 

processes, allowing control over the reactivity of the metal centre. 

There are few P,N ligands tested in CO/α-olefins copolymerisation. The best 

results were obtained in CO/styrene or its derivatives copolymerisation. For example, 

Consiglio and Gsponer[58] reported the best results in terms of productivities for 

CO/styrene copolymerisation with the catalytic system [Pd(16b)(H2O)2][OTf]2 (Figure 

1.6, productivity 84.8 g CP/g Pd·h and Mn = 13000, at 320 bars CO, 50ºC, with 40 

equivalents of benzoquinone). The copolymer formed with this system presented 

unsaturated end-groups as a consequence of chain termination through β-H elimination. 

Ligands 17,[59] 18,[60] and 19[61] (Figure 1.6) were applied in palladium catalysed 

CO/ethylene copolymerisation with moderate productivities (up to 357 g CP/g Pd in 6 

h) with [Pd(CH3)(NCCH3)(17b’)][SbF6]. 

When we focus on CO/styrene copolymerisation, the main studies are related to 

understand the stereoselectivity of the reaction.[62] Consiglio et al.[43] have reported that 

the nature of the phosphorus substituent in phosphine-oxazoline hybrid ligands 20 

(Figure 1.6) strongly affects the stereoregularity of the CO/styrene polyketone. The 

regularity was found to decrease in the order of the phosphorus substituent phenyl > p-

anisyl > o-anysil > o-tolyl (20b, d-f, Figure 1.6). Steric factors have been claimed to be 

more important than electronic factors in controlling the regioselectivity. It has been 

suggested, in fact, that the enantioface discrimination is determined within a complex 

showed in Figure 1.7 for which they assumed a site-selective coordination of the olefin 

and a secondary insertion for the incoming styrene unit. Steric repulsion between the 
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substituent R of the ligand and the Ph group of the substrate determines enantioface 

selection during chain growth. 
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Figure 1.6. P-N reported ligands in CO/α-olefins copolymerisation. 

 
Figure 1.7. Representation of the olefin insertion in palladium complex with ligand 20. 

GP = growing polymer chain. 

In order to gain further insight into the factors responsible for the 

stereoregulation in CO/styrene copolymerisation, Consiglio and co-workers[54b] 

compared several P,N-donor palladium catalysts with its analogous complexes 

containing N,N-donor ligands. They used phosphino-oxazoline ligands L-L = 20g-h in 

[Pd(L-L)(H2O)2][OTf]2 (Figure 1.6). When P,N ligands were used a copolymer with ll-

triad (isotactic) was obtained, while in the case of palladium complexes with the 

analogous pyridine-oxazoline ligands uu-triad (syndiotactic) were found. Therefore, the 
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isotactic selectivity observed with ligands 20g-h was attributed to a pronounced site 

selective coordination, the olefins coordinate trans to the phosphorus atom. 

The enantioselective terpolymerisation of ethene, styrene and CO has been 

achieved using [Pd(Me)(MeCN)(21)][OTf] (Figure 1.6).[63] They found a high 

enantioface selective catalytic system during styrene insertion independently of the last 

olefin unit.  

As well, the catalytic systems studied with ligands 16, 22-24 (Figure 1.6)[58] 

showed different stereoregulation yielding syndiotactic, isotactic and completely atactic 

copolymers, respectively. These differences in the enantioface discrimination behaviour 

were attributed to differences in the dihedral angle in the coordinated atropoisomeric 

ligands.  

In a recent example a calyx[4]-based P,N-ligand 25 (Figure 1.6) was used for the 

palladium (II) catalysed CO/α-olefins copolymerisation.[64] Again, moderate 

productivities were shown (17 g CP/g Pd) in the CO/ethene copolymerisation, but the 

copolymerisation of CO with styrene did not lead to polyketones formation. 

1.4.1.2 Mechanism 

The first exhaustive mechanistic interpretation of the CO/ethene 

copolymerisation in methanol was reported by Drent et al. in 1991 (Scheme 1.3) using 

cationic palladium complexes with diphosphine ligands.[40,65] However, some of the 

kinetic and thermodynamic studies carried out in the following years have been done 

with dinitrogen ligands, in particular bpy, phen and bis(arylimino)acenaphtene (Ar-

Bian).[66] 

The proposed mechanism (Scheme 1.3) comprises two competing cycles (A and 

B) connected by two termination steps. The experimental conditions are the responsible 

to favour cycle A or cycle B. Cycle A initiates (I) with the insertion of CO in a Pd-OMe 

bond that generated a Pd-carbomethoxy complex, followed by alternating insertion of 

ethene and CO. Cycle A lead to copolymers with either keto-ester, diester or 

unsaturated olefin terminal structure. Depending on the termination step: protonolysis 

(H) of the Pd-alkyl intermediate give a keto-ester (II), the methanolysis (M) of the Pd-

acyl group produce a diester (III) and the β-H elimination (β) of the Pd-acyl group give 

a unsaturated olefin (IV). On the other hand, cycle B initiates with the insertion of 

ethene in a Pd-H bond forming Pd-alkyl complex, followed by alternating insertion of 
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CO and ethene. This cycle leads also to keto-ester (II) by methanolysis (M) of a Pd-acyl 

bond. Moreover, via protonolysis (H) of Pd-alkyl bond are obtained diketones (IV) and 

it can be also formed unsaturated ketones (VI) by β-H elimination (β) of the Pd-alkyl. 

Methanolysis (M) and β-H elimination (β) are competitive termination steps, 

and the experimental conditions favour one of both termination mechanisms. 

Some catalytic experiments carried out at different conditions have shown 

palladium-hydride as the most probable initiator and methanolysis as the main 

termination step, when methanol is the solvent.[40] 

 

Scheme 1.3. Mechanism proposed for the copolymerisation of CO/alkenes. 

The general features of the reaction mechanism discussed for the ethene 

copolymerisation are also valid for the CO/styrene copolymerisation with some 

differences explained in detail below.[40,41b,67] 

a) Initiation and termination steps 

The initiation and termination mechanisms can be determined by matrix-assisted 

laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry, studying 

the copolymer end-groups. The initiation and termination steps are strongly dependent 

on the olefin co-monomer, on the bidentate ligand present in the palladium coordination 

sphere and on the reaction medium.[41c,44b,68]  
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The end groups of the polyketones synthesized in methanol indicates the 

presence of the initiation through the Pd-carbomethoxy pathway and the termination 

through an ester end-group. On the contrary, when the copolymers were obtained in a 

fluorinated alcohol, TFE, complete suppression of alcoholysis was achieved, β-

hydrogen elimination being the only effective termination process, however, initiation 

through the insertion of TFE in Pd-H can be present.[68]   

i. The role of oxidant promoter 

The copolymerisation catalysts generally show a higher activity in the presence of 

added oxidants like quinones such as 1,4-benzoquinone (BQ) or 1,4-naphthoquinone 

(NQ). In copolymerisation reactions involving nitrogen ligands without an oxidant, Pd-

H species drops out of the catalytic cycle by decomposition to Pd(0), which 

immediately precipitates as palladium black. It is known that the role of BQ is oxidizing 

the intermediate Pd(0) complexes to active Pd(II) species (Scheme 1.4).[40c]  

 
Scheme 1.4. The role of oxidant promoter. 

In some cases the addition of an oxidant has as well negative effects, reducing 

the length of the polymeric chains because the hydroquinone (HQ) formed can produce 

alcoholisis.[68] Moreover, when bpy and phen containing catalyst are used in the 

presence of BQ, carbon monoxide become inhibiting: the productivity increases of 

almost 3 times when the CO pressure is decrease from 40 to 10 bars. Whereas, when no 

oxidant is present, CO is important for the catalyst stability and to obtain polyketones of 

high molecular weight.[41c,44b] 

b) Propagation step 

The propagation steps are identical in both ethene and styrene copolymerisation 

reactions and consist of two alternating reactions: migratory insertion of CO into the 

palladium-alkyl bond and migratory insertion of the olefin into the resulting palladium-

acyl bond (Scheme 1.5). Propagation errors, like double carbonylation or double olefin 

insertion, are oddly observed. The propagation species consist of a cationic Pd(II) 
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complex stabilized by a bidentate nitrogen ligand containing the coordinated monomer 

and the growing chain in a reactive cis-arrangement forced by the cis-coordination of 

the chelating ligand. Carbon monoxide insertion is thought to be rapid and reversible,[69] 

while olefin insertion is the slowest (rate-determining) step in polyketones formation 

(species c1 in Scheme 1.5).[66c,70] 

In the propagation steps the species responsible for the regiochemistry and 

stereochemistry control are formed for alkenes different than ethene. The palladium 

intermediate present after the insertion of the olefin into the Pd-acyl bond is a five-

membered metallacycle originated through the interaction with palladium of the 

growing chain and the last inserted carbonyl group (species d in Scheme 1.5). This 

metallacycle is considered to be responsible for the perfect alternation of the growing 

chain.[40] On the other hand, the palladium intermediated formed after the insertion of 

carbon monoxide into the Pd-alkyl bond is a six-membered metallacycle deriving from 

the interaction with palladium and the second last inserted carbonyl group of the 

growing chain (species b in Scheme 1.5), which is considered to be responsible for the 

efficient stereochemical control in CO/vinyl arenes copolymerisation.[71]  

 

 
Scheme 1.5. Copolymerisation of CO/arenes propagation step. GP = Growing Polymer. 
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i. Regiochemistry 

The olefin insertion into the polymer chain can take place in three different 

arrangements: head-to-head, head-to-tail and tail-to-tail (Figure 1.8a). If the chain 

growths with the same regioselectivity, primary (1,2-mode) or secondary (2,1-mode), 

the polymer should consist of solely head-to-tail units. The 2,1-insertion isomer could 

be stabilized by allylic coordination and the 1,2-isomer by β-aryl coordination (Figure 

1.8 b and c).[42a] 
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Figure 1.8. (a) regioselectivity of propagation (3 different arrangements) (b) 2,1-

insertion isomers and (c) 1,2-insertion isomer. 

Brookhart[42b,42a] has shown that after the 2,1-insertion, the product exists as a 

rapidly exchanging mixture of allylic (η3-π-benzyl derivate) and chelated structure 

(Figure 1.8b) demonstrating that allylic coordination is quite strong, but chelated 

structure predominate over allylic coordination when N,N-donor ligands are used (at -

80ºC in a ratio 3:1, respectively).[42a,66a] The η3-π-benzyl derivative might be responsible 

for the fact that the copolymerisation does not proceed when complexes with 

diphosphine ligands are used, since it is suggested that the Pd-styryl intermediate 

formed is so strongly stabilized by η3-π-benzyl (due to a better π back donation from Pd 

to CO) that this inhibits CO insertion and the η3-π-benzyl species proceeded by β-H 

elimination leading the final product (E-1,5-diphenylpent-1-en-3-one).[72,73]  

In the case of styrene, the olefin insertion takes place with a 2,1-mechanism and 

head-to-tail arrangement with all the N,N-donor ligands studied, while in the case of 

aliphatic olefins, regioregular and regioirregular polyketones can be obtained depending 
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on the nature of P,P-donor ligand.[40] Possibly, steric hindrance between the acyl group 

and the phenyl group in the 1,2-insertion transition state blocks the 1,2-regiochemistry. 

It could also be that interaction between the palladium atom and the phenyl ring during 

the insertion provides a lower energy insertion pathway.[40] However, two examples 

were found in the literature, where the styrene insertion takes place in a predominant 

1,2-mechanism. It was firstly observed by Consiglio and co-workers using phosphine-

oxazoline ligands (20 and 21, Figure 1.6)[43,63] and later by Nozaki et al.[46d] using the 

monocationic palladium (R,S)-BINAPHOS (complex 26a, Figure 1.9). 

 
Figure 1.9. Monocationic palladium (R,S)-BINAPHOS complex (26). 

ii. Stereochemistry 

The stereochemistry of vinyl arenes insertion along the chain determines the 

copolymer tacticity: isotactic, syndiotactic or atactic (Figure 1.10). The relationship 

between two or three units in the copolymers is named u and l, for unlike and like, 

respectively. Unlike means that two subsequent centres have different absolute 

configurations, thus they form a syndiotactic polymer, while like means that they have 

the same configuration and thus they form an isotactic polymer.[67] The tacticity of the 

copolymers with olefin containing monomers is determined by the integration of the 

signals due to the ipso carbon atom for the CO/styrene polyketones and to the metylenic 

carbon atom both for the CO/methylstyrene and CO/tertbutylstyrene copolymers in the 
13C NMR spectra (Figure 1.10b). 

Two factors may be responsible for the control of the stereochemistry of 

copolymers. On one hand, the enantioselective environment created by the chiral ligand 

may control the stereoregularity of the vinyl arene insertion, which is known as 

enantiosite control, and this may lead to isotactic polymers. On the other hand, the 
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growing polymer chain, which is also chiral because of its successive stereogenic 

carbon centres, may lead to control the insertion of styrene. This control is known as 

chain-end control, and it can produce syndiotactic polymers.[62]  

      
(a)      (b) 

Figure 1.10. (a) Tacticity of CO/vinyl arenes copolymers. R = Ph or derivatives. (b) 13C 

NMR spectra of methylene carbon atom-region of CO/TBS copolymers. 

The symmetry of the ligand can play an important role in the stereochemistry of 

the copolymer. When C2 (no enantiopure) and C2v symmetric ligands are used, 

completely stereoregular syndiotactic copolymers can be obtained, for example α-

diimine, 2,2’-bipyridine and 1,10-phenantroline ligands.[46c,74,75] Isotactic copolymers 

can be formed, if chiral C2 symmetrical ligands are present and the site control is more 

effective than control by the chain-end.[56] For example, if enantiomerically pure C2-

symmetrical bisoxazoline ligands[42b,76] are present in the catalytic complex, only one 

enantiomer of the polymer may be obtained. However, in the case of C1 and Cs ligands 

the relative influence of the enantiosite control and chain-end control cannot be 

predicted a priori and these ligands led to isotactic,[43a,54a,76,77] syndiotactic[51,54a,74] or 

even atactic copolymers.[43]  

From the results reported in the literature,[68,76,78,79] it is clear that the control of 

the stereochemistry in the CO/α-olefins copolymerization reaction is not only related to 

the symmetry of the N-N ligand present in the palladium coordination sphere, but it is 

affected by other factors, such as the reaction medium, the anion, the nature of the 

precatalyst, and the ligand/palladium ratio. 
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1.4.1.3 Copolymerisation of CO/alkenes in scCO2 

Copolymerisation CO/vinyl arenes has scarcely been studied using scCO2 as 

solvent, in contrast to other carbonylation reactions such as hydroformylation of 1-

alkenes and vinyl arenes, which has been extensively studied in this medium.[15,80] 

There are only few examples described, which are shown below. 

In 2000, Klaüi et al.[81] studied the first example of CO/ethylene 

copolymerisation in supercritical carbon dioxide. They used a catalytic system with 

nickel (II) associated to N,O-donor perfluorinated ligands (27, Figure 1.11) affording 

alternated copolymer in a yield of 11  kg CP / g Ni in 16 h. 

Ni
PPh3

ON

CN

R

R= Me, Ph, CF3, C3F7, C7F15, OMe
27

 
Figure 1.11. Nickel catalytic system for CO/ethene copolymerisation in scCO2. 

Later, Nozaki et al.[82] studied the copolymerisation of CO and ω-perfluoroalkyl-

1-alkenes with a palladium(II) complex with (R,S)-BINAPHOS (26a, b, Figure 1.9 

Figure 1.12) in CH2Cl2 and in scCO2. They observed a 3% yield in perfluorinated 

copolymer (28, Figure 1.12) using the palladium catalytic system (26b, Figure 1.9) in 

scCO2. 

 
Figure 1.12. CO/perfluoralkyl-1-alkenes copolymers. 
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There is only one example of CO/tert-butylstyrene (TBS) copolymerisation in 

scCO2. Giménez et al.[23] studied the reaction using perfluorinated bipyridines and 

phenanthrolines as ligands with a palladium system [Pd(CH3)(NCCH3)(N-N)][BArF] 

(29, Figure 1.13). They obtained better polydispersities (Mw/Mn = 1.2) than in the 

organic solvents, with productivities up to 234 g CP/g Pd in 24 h and good molecular 

weight (Mw = 87820).  

 
Figure 1.13. Palladium catalytic system for CO/TBS copolymerisation. 

In this context, we found interesting the development of new copolymerisation 

catalysts adapted to be used in supercritical carbon dioxide. 

1.4.2 Copolymerisation of epoxides and CO2 

In the recent years, polycarbonates became indispensable polymeric material, 

since they display promising characteristics. They have good biodegradability, they are 

highly transparent to visible light and have better light transmission characteristics than 

many kinds of glass, are hard, and moreover, they could be employed to develop other 

polymers.[83,84]  For example, due to its properties polycarbonates are applied to eye-

wear lenses, CDs manufacture, impact resistant sheets, electronic and automotive 

goods. Some important commercialized products are Makrolon® (Bayer) and Lexan® 

(General Electrics). The annual consumption for polycarbonates in 2002 was estimate to 

be in two million tones,[84,85] with an increasing foresight of ca 9% in the future years. 

The industrial production of polycarbonates involves the polycondensation of phosgene 

and diols (most commonly bisphenol A, Scheme 1.6).[86] It is well known that phosgene, 

however, is notorious for its high toxicity and corrosiveness. Since polycarbonate 

reduce environmental impact with its biodegradability properties, the development of 

synthetic procedures that reduce energy consumption, the use of renewable resources 

and avoiding the use of hazard products would lead to a completely green process.[87] 
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Scheme 1.6. Polycondensation reaction of phosgene and bisphenol A.  

Carbon dioxide has been considered an attractive C1 building block for 

producing polycarbonates (Scheme 1.7) by copolymerisation with epoxides because is 

an inexpensive, non-toxic and non-flammable gas.[83] Furthermore, since it is a green 

house effect gas the development of processes devoted to transform it could be an 

efficient way to reuse it. However, the thermodynamic stability of carbon dioxide has 

hampered its utility as a reagent for chemical synthesis. To overcome this limitation, 

reactions require the use of catalysts.[86] Nevertheless, the polycarbonate synthesis can 

lead to the formation of sub-products such as cyclic carbonates or the formation of ether 

linkage, due to the non-alternating introduction of CO2. 

 
Scheme 1.7. General reaction of polycarbonates synthesis.  

The first remarkable discovery was made by Inoue and co-workers in 1969, 

when they found that a mixture of ZnEt2 and H2O was active for catalysing the 

alternating copolymerisation of propylene oxide (PO) and CO2, setting up the epoxides-

CO2 coupling chemistry.[86c,88] As a result, a significant amount of recent studies have 

been focused on the discovery and development of new catalysts and ligands for this 

process. Some example of these catalytic systems are based on alkoxides,[89] salen,[90] β-

diiminates,[91] porphyrins[92] and pyridines[93,94] chelating ligands combined with active 

metals such as Al, Cr, Co, Mg, Li, Zn, Cu and Cd.[86] Studies have shown that large 

differences in catalytic efficacy result from the organic ligands coordinated to these 

metals, especially in the case of zinc.[86]  
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1.4.2.1 Mechanism 

Epoxide-CO2 copolymerisation mechanism is generally accepted to proceed by 

two main steps (Scheme 1.8a): the insertion of CO2 into a metal alkoxide and the ring-

opening of epoxide by backside attack of the resulting carbonate. Hence, most catalyst 

(polymerization initiators) are metal alkoxide or metal carboxylate species that are 

similar to the catalytic intermediates. A competitive mechanism starting with the 

growing polymer can explain the formation of cyclic species, which are common by-

products (Scheme 1.8b). The enthalpically disfavoured consecutive insertion of two 

molecules of CO2 to give dicarbonate linkages has not been reported.[83,86b] 
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Scheme 1.8. The basic mechanism of epoxide-CO2 copolymerisation and the formation 

of cyclic carbonates.[83,86b] 

a) Regiochemistry 

In the copolymerisation of carbon dioxide and unsymmetrically aliphatic 

epoxides, epoxide ring-opening is typically favoured at the least-hindered C-O bond, 

although cleavage is normally observed at both C-O bonds, giving regioirregular 

polymers.[83,86b] 
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b) Stereochemistry 

In the copolymerisation of carbon dioxide and alicyclic epoxides, such as 

cyclohexene oxide, C-O bond cleavage typically occurs with inversion of configuration 

at the site of attack (bimolecular nucleophilic substitution, SN2 type mechanism) 

generating trans 1,2 diol units (ring opened product). There are examples of 

stereocontrol by site- control mechanisms using chiral metal catalysts.[83,86b] In this case 

three different copolymers can be obtained: syndiotactic (RSRSRS), isotactic (RRRR o 

SSSS) and atactic (irregular distribution). As well as for the CO/vinyl arenes 

copolymerisation, the copolymer chain tacticity is determined by 13C NMR 

spectroscopy analysing the carbonate region (δ 150 – 160 ppm). The model epoxide 

used is normally cyclohexene oxide (CHO). Three different carbonate 13C resonances 

were observed at δ 153.7, 153.3 and 153.1 ppm, which were assigned to syndiotactic, 

atactic and isotactic, respectively. 

 
Figure 1.14. 13C NMR spectrum of the carbonate region in a polychyclohexene 

carbonate (PCHC). 

c) Polymer‐cyclic selectivity 

It is proposed that the formation of cyclic species is due to a backbiting 

mechanism (Scheme 1.9a) of a metal-alkoxide into an adjacent carbonate linkage, with 

the result of the trans-cyclic carbonate.[86a] Moreover, if halogens are presents, the cis-
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cyclohexene carbonate can also be formed by a double inversion of the CHO carbon 

centre. As described by Kisch, first the nucleophilic attack of the halogen takes place 

and further attack of the metal-alkoxide gives the cis-cyclic carbonate (Scheme 

1.9b).[95,96] 

The percentage of polymer typically increases at lower reaction temperatures. 

Systems can be tuned to favour cyclic-species or polymer formation depending on the 

catalyst, additives, CO2 pressure, epoxide concentration, and temperature.[83,86b]  

The presence of cyclic species is analysed by FTIR, 1H and 13C NMR 

spectroscopy. Normally in CHO/CO2 copolymerisation, FTIR is used only to determine 

if there is cyclic species, which show in methylene chloride a υ(CO2) stretching 

vibration at 1803 cm-1 and 1793 cm-1 (trans and cis isomer, respectively) while the 

asymmetric υ(CO2) stretching vibration of the polycarbonate linkage was observed at 

1750 cm-1. The percentage of polycarbonate selectivity versus cyclic carbonate was 

calculated from the relative intensities of the 1H NMR signals of the methylene protons 

next to the carbonate linkage, δ 4.60 ppm for polycyclohexanecarbonate and δ 3.9 and 

4.7 ppm for trans- and cis-cyclic cyclohexane carbonate, respectively.[97]  

 
Scheme 1.9. a) Trans-cyclic carbonate formed by backbiting mechanism.[86a] b) 

Proposed mechanism for cis-cyclic carbonate formation, where X- is an halogen 

atom.[95]  

d) Polymer degradation 

The degradation of the growing polycarbonate chain leads to low molecular 

weight polymers and low intrinsic viscosity. It was suggested to occur via polymer 

degradation (Scheme 1.10) and by backbiting mechanism (Scheme 1.9a).  
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The polymer degradation mechanism was reported by Kuran and Listos for the 

degradation of polypropylene carbonate with a catalysts containing active phenolatozinc 

species.[98] The presence of high concentrations of catalyst resulted in the incorporation 

of the fenolate moiety into the chain as an end group of the polymer (Scheme 1.10).  

 

 

Scheme 1.10. Polymer degradation. 

e) Ether and dicarbonate linkages 

The presence of ether linkage as a result of consecutive epoxide enchainment 

can be observed in some aliphatic polycarbonates (Scheme 1.7). The polycarbonate and 

polyether linkages in a polymer can be determined by 1H NMR. The percentage of 

carbonate linkage in the purified polymer was calculated from the relative intensities of 

the 1H NMR signals in polycyclohexanecarbonate of the methylene protons next to the 

carbonate linkage (δ = 4.60 ppm) and ether linkage (δ = 3.45 ppm).[97] 

Most systems can be tuned to favour CO2 incorporation by catalyst selection, 

CO2 pressure, epoxide concentration, and polymerization temperature.  

1.4.2.2 Zinc as catalyst 

Darensbourg and Holtcamp reported in 1995 the first discrete zinc complexes for 

the alternating copolymerisation of epoxides and CO2.[89a] Based on this discovery 

different families of zinc catalytic systems were developed.  

a) The first family was the zinc dimeric phenolates, studied by Darensbourg 

et al.[89] (30, Figure 1.15), which promoted CO2/CHO copolymerisation efficiently. At 

temperature of 80 ºC and 55 bars, this catalyst exhibits a productivity of 790 g PCHC/ g 

Zn (averaged productivity = 16.5 g PCHC/g Zn·h). Investigations on the steric influence 

and electronic density of O-aryl substituents were performed illustrating that bulky 

ortho substituents were not essential for high copolymerisation rates and electron-

withdrawing groups resulted in higher activities (F > Cl > Br). This was related with the 
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increasing of the complex electrophilicitiy (the ability of the Zn to activate the 

epoxide).[89c,89d] Moreover, these ligands were likely to act as polymerization initiators. 

In combination to the monomeric zinc phenoxide complexes, the addition of phosphine 

derivates were studied.[89,99] The presence of phosphine ligands such as PCy3 inhibited 

the homopolymerisation of CHO to polyether. 

b) The second group was the single-site β-diiminate (BDI) zinc catalysts, 

reported by Coates and co-workers[91] (31 and 32, Figure 1.15). The combination of the 

unsymmetrical ligand geometries and the electron withdrawing cyano substituent in 32 

(Figure 1.15) yielded high active catalysts (an extremely high TOF of 2290 mol CHO 

consumed/mol Zn·h, estimated 5.0 kg PCHC/g Zn·h),[91d] polymers with narrow 

polydispersities (Mw/Mn = 1.1), although the molecular weights were moderate 

(Mn≈22000 g/mol). A positive effect was also observed with the introduction of electron 

withdrawal substituents in the ligands.[91e] 

c) The third family had as general structure [LnZn2(OX)n] (where X = Et, 

Ac and n = 1, 2) and L was based on N,N,O-Schiff base ligands (33 and 34, Figure 

1.15).[100] Catalysts 33a exhibited good activities (TOF = 142 mol CHO consumed/mol 

Zn·h, estimated 309 g PCHC/g Zn·h) under moderate conditions (only 20 bar of CO2 

and 80ºC), without any observation of ether linkage (Mn up to 21000 g mol-1 and with 

low polydispersity ratios, 1.3).[100a]    

d) The fourth family comprised the anilido-aldimine zinc complexes (35, 

Figure 1.15).[101] Complexes 35 showed high activity at diluted conditions ([Zn]/[CHO] 

= 1:16800). For example, complex 35d exhibited high TON (up to 2980 mol CHO/mol 

Zn, estimated 6.5 kg PCHC/g Zn, in 15h, average TOF= 200 mol CHO/mol Zn·h, 

estimated. 434.8 g PCHC/g Zn·h) and the highest molecular weight polymers reported 

(Mn up to 284000), although, they presented some ether linkage (91% carbonate 

linkage) and broad molecular weight distribution (Mw/Mn = 1.7). This broad 

polydispersities could be related with high copolymerisation temperature (85-75ºC).[91e] 

This high activity at such low concentration of CHO was attributed to the fact that this 

kind of complexes favour an active dimeric species. In contrast to the mononucleating 

β-diketiminate ligands (31 and 32), which needed high zinc concentration to form 

dimeric active species. As was expected the introduction of fluorine atoms in the anilido 

ring (35h)[101b] gave the highest TOF (2860 mol CHO/mol Zn·h, 6.2 kg PCHC/g Zn·h). 
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Figure 1.15. Example of copolymerisation zinc catalysts. 

Coates and co-workers[91e] performed mechanistic studies on Zn-β-diiminate 

(BDI) catalytic systems and based on their results they proposed the mechanism shown 

in Scheme 1.11a. This mechanism depends on the precatalyst used. It was observed that 

BDI zinc acetates reacted at the beginning with CHO, while BDI zinc alkoxides reacted 

with CO2. The molecular weight of the copolymer formed was determined by the ratio 

of CHO to Zn.  

The zinc alkoxide monomer (A) or dimer (A2) inserted CO2 to yield either 

carbonate complexes (B in equilibrium with B2) or an alkoxide/carbonate dimer (AB). 

B2 inserted CHO to yield AB, which subsequently reacted with CO2 to complete one 

full catalytic cycle. A2, A, and AB compounds did not react with CHO, and B and B2 

did not react with CO2. Moreover, the dimeric mechanism was proposed to exhibit an 

epoxide ring-opening transition state (Scheme 1.11b), where one zinc moiety 
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coordinated and activated the epoxide and the second zinc moiety delivered the 

carbonate propagating species to the back side of the cis-epoxide ring in a concerted 

fashion. In situ FTIR spectroscopy revealed zero-order dependence in CO2 and first-

order dependence in CHO. Thus, the insertion of CHO into a zinc carbonate was the 

rate-determining step. This mechanism suggests that various dimeric zinc complexes are 

the effective catalysts, although it can not be ruled out the possibility of a small 

contribution from a monometallic mechanism. 

CO 2

CO
2

CHO

 
Scheme 1.11. Proposed (a) mechanism of copolymerisation (b) epoxide ring-opening 

transition state (CHO = cyclohexene oxide; GP = polymer chain). 

e) Based on the necessity of two zinc metal centres for the copolymerisation 

reaction, some double metal complexes were proposed for the CHO/CO2 

copolymerisation (Figure 1.16). These compounds are double metal cyanide (DMC) 

with general formula Zn1or3[M(CN)4or6]1or2·xZnX2·yH2O·z[complexing agent] and 

different compositions depending on the preparation methods. They were formed by 

reaction of ZnX2 (X = Cl-, Br- or I-), K3M(CN)6 (M = CoIII, FeIII, CrIII or IrIII) or 

K2Ni(CN)4 and an organic complexing agent such as alcohols or ethers.[102] While most 

of these double metal compounds behave as heterogeneous catalysts, Zn-Fe cyanide 

complexes 36 and 37 (Figure 1.16) have a defined structure and presented different 

behaviour in copolymerisation.[102a] While complex 36 surprisingly provided 

exclusively the cis cyclic cyclohexene carbonate, complex 37 presented moderate 

activity for copolymer formation with 88% of carbonate linkage.[102a] Another example 
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was Zn-Ni double metal cyanide Zn[Ni(CN)4], which was found to be moderate active 

in CHO/CO2 copolymerisation, giving between 5.6 and 22.5 g PCHC/g of complex and 

low CO2 incorporation (only 30% carbonate linkage).[102c] The newest DMC found is a 

Zn-Co species, with the typical formula Zn[Co(CN)6]. This catalyst presented very high 

activity for alternating copolymerisation of cyclohexene oxide and carbon dioxide (TOF 

3815 mol CHO consumed/ mol Zn·h-1 and 24.0 kg PCHC / g Zn). The PCHC formed 

was atactic with Mn 10000 g·mol-1, broad polydispersities (2.0 - 3.0) and presented low 

carbonate linkage (44-47%).[102d] 

 
Figure 1.16. Example of double metal cyanide complexes for CHO/CO2 

copolymerisation. 

a) Asymmetric cyclohexene oxide‐CO2 copolymerisation 

When the ring-opening of a meso-epoxide proceeds with inversion at one of the 

two carbon centres with control of the absolute stereochemistry (by a chiral catalyst) 

optically active aliphatic polycarbonate with an (R,R)- or (S,S)-trans-1,2-diol unit can be 

formed. This microstructure can affect polymer properties[103] and this kind of 

copolymerisation are a potential route to obtain chiral building blocks.[104] Cyclohexene 

oxide (CHO), a meso molecule, is a model substrate for asymmetric alternating 

copolymerisation using chiral catalysts. 

Nozaki et al.[105] described an active chiral catalytic system formed with the 

amino-alcohol ligand (S)-38 (Figure 1.17) and ZnEt2 that gave good results in terms of 

yield and enantiomeric excess in the copolymerisation CO2/CHO. The polycarbonates 

contained a 100% of carbonate linkages (PCHC) and the hydrolysis of the 

polycarbonate produced the corresponding trans-cyclohexane-1,2-diol with 73% 
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enantiomeric excess. 13C NMR spectroscopic studies of model polycarbonate oligomers 

afforded spectral assignments for isotactic dyads (153.7 ppm) and syndiotactic dyads 

(153.3-153.1 ppm).[106] In more recent literature, Nozaki et al. isolated the presumed 

intermediates consisting of a dimer ((S,S)-38a, Figure 1.17), which was structurally 

characterized by X-ray diffraction.[107] When the copolymerisation was attempted with 

(S,S)-38a and 0.2-1.0 equivalents EtOH were added, enantioselectivities increased up to 

80% ee and better control of molecular weight and polydispersity resulted. End-group 

analysis by MALDI-TOF mass spectrometry and 1H NMR spectroscopy revealed that in 

the absence of EtOH, signals assignable to the amino alcohol-initiated polymerization 

were identified. This was further confirmed by end-group analysis using 1H NMR 

spectroscopy.[105-107] In 2005,[108] an exhaustive investigation of the dimeric zinc 

catalysts 38a showed that the enantiomeric excess and activity obtained depended on 

the chiral structure of the dimeric complex. When racemic mixture of 38 was used, the 

copolymerisation had lower activity (29% yield). This was found to be due to the 

formation of a heterochiral zinc dimer (R,S)-38a, which was found to be more stable 

than its counterpart (S,S)-38a and consequently less active for copolymerisation.  

  
Figure 1.17. Chiral ligand and zinc catalysts for the asymmetric copolymerisation of 

CHO and CO2. 
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In 2000, Coates and co-workers developed C1-symmetric imine-oxazoline 

ligated zinc bis(trimethylsilyl)amido compound (39, Figure 1.17) for the steroselective, 

alternating copolymerisation of CHO and CO2.[104] 39 was found to exhibit high 

enantioslectivity (RR:SS ratio=86:14; 72% ee). The resultant PCHC possessed 100% 

carbonate linkage and a Mn of 14700 g/mol with Mw/Mn of 1.35.  

More recently, in 2005, the Trost’s dinuclear zinc complex 33a (Figure 1.15) 

was reported to exhibit good activity in the CO2/CHO copolymerisation reaction, 

affording PCHC as the only product (>99% yield), with high Mn of 44100 g mol-1 and a 

relatively narrow polidispersity of 1.82 (Mw/Mn). Neverthless, the enantioselectivity 

only afforded a 18% ee with an S,S configuration of the cyclohexane-1,2-diol units.[100a] 

1.4.2.3 Copolymerisation of CO2 and epoxides in scCO2 

The copolymerisation of CO2 has been also studied using compressed carbon 

dioxide (liquid or scCO2) as a reactant and solvent.[14]  

The first example was reported by Stevens et al.,[109] who performed the 

copolymerisation of ethylene oxide and CO2 in the presence of polyhydric alcohols (for 

example ethylene glycol or glycerol) under supercritical conditions. However, the 

polymers formed had low molecular weight (up to 5000) and large sections of polyether 

linkage with only 3 to 10 % carbonate units. 

In 1995, Darensbourg et al.[110] reported a zinc glutarate heterogeneous catalyst 

for propylene oxide (PO) and CO2 copolymerisation, which presented a productivity 

between 8.0 and 34.8 g PC/ g Zn, high selectivity to carbonate linkage (up to 98%) and 

molecular weight (Mw up to 153000), although some cyclic carbonate (between 2-14%) 

was found. 
 Other example of zinc catalyst soluble in scCO2 was reported by Beckman et 

al.[111] The catalytic system was based in ZnO and fluorinated derivative of maleic 

anhydride 40 (Figure 1.18) and produced alternating copolymer from carbon dioxide 

and cyclohexene oxide at supercritical conditions. The best results are summarized in 

entry 1 (Table 1.2). The average Mw obtained was in the range of 50000-180000. A very 

careful study of phase behaviour during the reaction revealed that the cyclohexene 

oxide-CO2 binary system was the best choice for the effective copolymerisation because 

of favourable mass transfer and high reactant concentration in the same phase 

containing the catalyst.  
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Figure 1.18. Catalytic systems for CHO/CO2 copolymerisation in compressed CO2. 

 

When a CO2 soluble monomeric bulky phenoxy Zn(II) catalyst (41, Figure 

1.18)[89c,89] was used as an initiator, the copolymerisation of CO2 and CHO at 80ºC and 

50 bar produced over 400 g PCHC/g Zn (41a, R=CH(CH3)2, Figure 1.18). They 

observed that the catalytic activity was strongly influenced by the structure of the 

catalyst and the reaction conditions. The catalytic system 41c containing isopropil 

groups showed the best result (entry 2, Table 1.2). In attempt to increase the 

productivity, the catalytic system 41d was tested in scCO2 but the productivity did not 

improve (entry 3 and 4, Table 1.2).  

The chromium porphyrin complex with pentafluorophenyl substituents in the 

meso-position (42, Figure 1.18) were used in supercritical carbon dioxide as catalyst by 

Holmes and co-workers.[92b] 42 was found to be soluble in both liquid and scCO2 at high  

pressures (70-215 bars) and moderate to high temperatures (20-80ºC). The best result 

from this system is shown in entry 5 (Table 1.2). The results were strongly temperature- 

and pressure-dependent. At low temperatures and at low CO2 pressure, only oligomeric 

polyether formation was observed, while at higher temperatures or pressure, a 

significant decrease in yield and molecular weight was observed. It was found that 

depolymerisation processes led to significant weight loss.  

The related similar chromium porphyrin catalyst (43, Figure 1.16)[112] was 

supported in a polymer. Under scCO2 conditions this catalytic system showed > 90% 

carbonate introduction, low polydispersities (1.2 – 1.7), low molecular weights (Mn 

between 2200 – 7100) and better productivities than the previous chromium soluble 

porphyrin (42) up to 5.5 kg polymer /g chromium (entry 6, Table 1.2). Moreover, they 

successfully recycled the catalyst, although a decrease in molecular weight and 

productivity was observed. 
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Table 1.2. Copolymerisation of CO2 and CHO catalyzed by Cr and Zn complexes in 

liquid CO2 and scCO2. 

Entry Cat. 
Medium, 

bars 

Temp. 

(ºC) 

Time 

(h) 

g PCHC/g M  

(g PCHC/g M h) a 

Mw 

(Mw/Mn)b 

1[111] 40 scCO2, 136 110 24 457 (19) 109000 (6.4) 

2[89c] 41c CO2, 50 80 69 1441 (21) 173000 (4.5) 

3[89a,c] 41d CO2, 50 80 69 602 (9) 45000 (2.5) 

4[89a,c] 41d scCO2, 139 80 69 357 (5) n.r. 

5[92b] 42 scCO2, 230 110 18 3900 (217) 3930 (1.2) 

6[112] 43 scCO2, 170 90 24 5500 (229) 4290 (1.3) 
a Average value calculated from the reported data. b determined by GPC relative to polystyrene standards. 

n.r. = not reported. M = metal used.  
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2.1 Objectives 

The aim of this thesis is to study two aspects of the CO2 uses. In the first part the 

use of CO2 as solvent will be explored. The objective of this part is the development of 

new catalysts designed to be used in compressed carbon dioxide (liquid or supercritical, 

scCO2) and to promote the CO/vinyl arenes copolymerisation in this medium. The 

second objective is the use of carbon dioxide as C1 building block in the preparation of 

polycarbonates by the copolymerisation of CO2 and epoxides with new efficient 

catalysts.  

The specific aims are: 

 

Part 1. Preparation of new catalysts for CO/vinyl arenes soluble in compressed 

carbon dioxide: 

a) The development of new modified bipyridine ligands containing 

perfluorinated chains in 4,4’- or 5,5’- position of the aromatic ring (L1-L3, 

Figure 2.1). Most of the examples in the literature introduce the fluorinated 

chains as a perfluoroalkyl group. In this work, the introduction of the 

perfluorinated chain through an ester function will be explored. These ligands 

could be easily prepared and synthesised. The ligands will be used to synthesise 

palladium (II) complexes such as bischelated complexes [Pd(N-N)2]2+ and 

monocationic complexes [Pd(CH3)(NCCH3)(N-N)][X]. The coordination 

chemistry of these ligands to other metals is as well an object of study. The 

Pd(II) complexes will be the focus of the catalytic study using carbon dioxide as 

a medium.  

b) To explore the new possibilities of a catalytic systems with P,N-donor 

ligands, a semi equivalent bpy ligand containing a low-coordinated “soft” 

phosphorus and a “hard” nitrogen heteroatom (L4, Figure 2.1). To synthesise 

and characterize palladium (II) complexes, bischelated complex and 

monocationic complexes ([Pd(L4)2]2+ and [Pd(CH3)(NCCH3)(L4)]+, 

respectively). The coordination chemistry of this ligand towards other metals 

and its reactivity will be also studied. The activity of the Pd(II) complexes in 

copolymerisation of CO/α-olefins will be studied. 
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Figure 2.1. Bipyridine ligands (L1-L3) and 2-(2-pyridyl)-4,6-diphenylphosphinine 

ligand (L4) for palladium catalysed CO/α-olefins copolymerisation. 

Part 2. Carbon dioxide as C1 building block in the copolymerisation of CO2 and 

epoxides:  

a) To investigate the catalytic activity of Zn(II) precatalytic systems with 

chiral amino-alcohol ligands (Figure 2.2) in the asymmetric alternating 

copolymerisation of epoxides/CO2. 

b) To study the Zn-catalysed epoxide/CO2 copolymerisation with a family 

of tridentate Schiff-base ligands N,N,O, (E)-2,4-di-tert-butyl-6-(((pyridin-2-

ylmethyl)imino)methyl)phenol ligand (Figure 2.2).   

 
Figure 2.2. Chiral amino-alcohol and tridentate N,N,O ligand  for zinc catalysed 

epoxides/CO2 copolymerisation. 
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New Efficient Dicationic Palladium(II) Complexes for the 

CO/Vinyl Arenes Copolymerisation in Compressed Carbon Dioxide 

and 2,2,2-Trifluoroethanol 

 
New palladium complexes with perfluorinated 2,2ʹ‐bipyridine ligands have been prepared to be 

used  as  catalytic  systems  for  CO/4‐tert‐butylstyrene  (TBS)  and  CO/styrene  (ST) 

copolymerisation  in  compressed  carbon  dioxide  and  2,2,2‐trifluoroethanol.  Polyketones  with 

high molecular weights (up to Mw = 222000 for CO/TBS and up to Mw = 692000 for CO/ST) 

and  low polydispersities (Mw  /Mn = 1.3‐3.3) have been obtained. MALDI‐TOF analysis of  the 

copolymer  end  groups  revealed  that  the main  initiation  and  termination  steps  involved  the 

insertion  of  the  alkene  into  the  Pd‐H  bond  and  the  β‐H‐elimination  on  the  Pd‐alkyl  bond, 

respectively. Rhodium (I) complexes were also prepared to analyse electronic properties and the 

X‐ray structure [Rh(cod)(NN)][PF6] (NN = L3 and L3’) were obtained. 

 
 

This work has been done in collaboration with Dra. B. Milani (Università degli study di Trieste, 

Italy) and Dra. M.M. Reguero (Universitat Rovira i Virgili) 

UNIVERSITAT ROVIRA I VIRGILI 
CARBON DIOXIDE AS SOLVENT AND C1 BUILDING BLOCK IN CATALYSIS 
Ariadna Campos Carrasco 
ISBN:/DL:T. 1023-2011 



Dicationic Pd(II) complexes for CO/vinyl arenes in compressed CO2 and TFE 

 

54 

 

3.1 Introduction 

The carbon monoxide/vinyl arenes copolymerisation, leading to perfectly 

alternating polyketones (Scheme 3.1), is an interesting reaction,[1-6] due to the unusual 

properties of the synthesized polymers (as thermoplastics) and to the presence of the 

carbonyl functionality that allows further functionalisation along the polymer 

backbone.[2,7]  

 

Scheme 3.1. Alternating copolymerisation of vinyl arenes with carbon monoxide (R = 

H, CH3, tert-butyl). 

It is well known from the literature that for the CO/vinyl arene copolymerisation 

the best performing catalysts are based on palladium (II) complexes with nitrogen-donor 

ligands belonging to the family of 2,2'-bipyridine (bpy) or 1,10-phenanthroline (phen)[8] 

or pyridine-imidazoline.[9] In particular, it has been reported that, when the 

copolymerisation was carried out in 2,2,2-trifluoroethanol (TFE) the dicationic 

bischelated Pd-complexes of general formula [Pd(3-R-phen)2][PF6]2 (3-R-phen = 3-

alkyl substituted phen) generated very productive catalysts (up to 12.0 kg CO/ST CP/g 

Pd in 72 h; kg CP/g Pd = kilograms of copolymer per gram of palladium) for the 

synthesis of high molecular weight copolymers (up to Mw = 300000).[10]  

During the last years, the use of compressed carbon dioxide as a medium for 

catalysed reactions has represented an environmental friendly alternative to traditional 

solvents, since it is non-toxic and non-flammable.[11] Most of the examples of 

polymerisation reactions carried out in compressed CO2 dealt with free radical 

polymerisation.[12-15] The catalytic polymerisation in this medium has been less 

studied.[16] Also, carbon dioxide can be used at low pressures dissolved in a solvent 

forming carbon dioxide expanded liquid (CXL).[17] The advantage of this medium is 

that the low polarity of CO2 can be tuned with the appropriated solvent, thus increasing 

the solubility of the products in it, and that milder conditions than with supercritical 
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carbon dioxide (scCO2) can be used. Using CXL, the activities observed in some 

hydroformylation[18] and oxidation[19] reactions were higher than using net liquids or 

scCO2. 

In 2006, in the group it was reported the first example of an active catalytic 

system for the CO/4-tert-butylstyrene (TBS) copolymerisation in scCO2 based on a 

monocationic palladium complexes with perfluorinated phenantroline and bipyridine 

ligands (A and B, Figure 3.1), [Pd(Me)(NCMe)(N-N)][BArF] (N-N = A and B, BArF = 

B[3,5-(CF3)2C6H3]4), achieving a productivity of 234 g CP/g Pd in copolymers of higher 

molecular weight (Mw = 87800) and narrower polydispersities (Mw/Mn = 1.2) than in 

organic solvents.[20]  

 

Figure 3.1. Perfluorinated nitrogen chelating ligand A and B. 

More recently, the dicationic complexes [Pd(N-N)2][X]2 (N-N = A and B, X = 

BArF¯, PF6
¯, BF4

¯) were prepared and their catalytic activity in the CO/TBS 

copolymerisation in compressed CO2 was studied. The optimum catalytic conditions 

were found with [Pd(A)2][BArF]2 showing high productivity (1.4 kg CP/g Pd) and 

molecular weight (Mw = 161800) at 30 bars CO, 70 bars of CO2, 60ºC during 24h.[21] 

This is in agreement with the results reported in the literature, were bischelated catalyst 

precursors [Pd(N-N)2][X]2 provided higher productivity and molecular weight than 

monochelated systems.[8c,10a] 

As discussed in Chapter 1, Soro et al.[22] reported that [Pd(N-N)2][BArF]2 

complexes containing  bpy ligands substituted by methyl groups in 5 or 5,5' positions 

generated more productive catalysts than those containing the unsubstituted bpy. 

Therefore, we extended the series of perfluorinated bpy to the new ligands L1-L3 

(Figure 3.2) bearing equal or different substituents in 4,4'- or 5,5'- positions and 

prepared the bischelated catalyst precursors [Pd(N-N)2][X]2 (N-N = L1-L3; X = BArF¯) 

and studied their catalytic activity in the CO/vinyl arene copolymerisation in 

compressed CO2. For comparison purposes, complexes with model ligands A’ and L1’-
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L3’ (Figure 3.2) were also prepared. The coordination chemistry of these ligands was 

also studied. 

 

Figure 3.2. Perfluorinated nitrogen chelating ligand L1-L3 and model ligands A’, L1’-

L3’. 

3.2 Results and Discussion 

3.2.1 Synthesis of ligands L1­L3 

The synthesis of the 5,5’-disubstituted analogous of A was attempted following 

the same methodology as for ligands A and B based on C-alkylation of the 

corresponding dimethyl-2,2’-bipyridine,[20,23] however the non-symmetrical 5-[4-

(perfluorooctyl)butyl]-5'-methyl-2,2'-bipyridine was isolated (L1, Figure 3.2). All the 

attempts to obtain the disubstituted compound were unsuccessful. These difficulties 

prompted us to synthesise a new family of bipyridine ligands introducing the 

perfluorinated chain through an ester function (L2 and L3, Figure 3.2).  

The new family of bipyridines was obtained in a three-step reaction from 4,4'- 

and 5,5'-dimethyl-2,2'-bipyridine, which were initially oxidized with sodium dichromate 

to the corresponding bis(carboxylic) acids following a described method (Scheme 

3.2).[24] Afterwards, the acid derivatives were transformed into the corresponding acyl 

chlorides, which were reacted with the desired perfluorinated alcohol giving the 

perfluorinated bipyridines L2 and L3 as a cream powder, the last step being a variation 
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of the procedure described by Garelli and Vierling.[25] While L2 was soluble in most 

organic solvents, L3 was only soluble in toluene at 80ºC. This fact may account for the 

higher yield of L3, being its precipitation from the reaction medium the driving force of 

the synthetic procedure. 

Scheme 3.2. Synthetic pathway for ligands L2 and L3.  

Bipyridines L1-L3 were characterised by NMR, FTIR spectroscopy and mass 

spectrometry. The 1H and 13C NMR spectra of L2 and L3 showed the pattern 

corresponding to a C2 symmetric molecule, i.e. three different broad signals at the 1H 

NMR aromatic region (δ 7.9-9.3 ppm) indicating the two equivalent bipyridine rings. 

As expected, the signal of the methylenic protons α to the carboxylic group appeared 

downfield, (δ 4.0 and 4.5 ppm), while the resonances of the β and γ methylenic groups 

were between δ 1.7-2.3 ppm. As a general trend, the 1H NMR peaks of the aromatic 

protons of L3 were downfield shifted with respect to those of L2, likely due to the 

different experienced electron-withdrawing effect as a function of the substituent 

position. The presence of the ester group was confirmed by the C-O stretching 

frequency ν(CO) at 1731 and 1716 cm-1 for L2 and L3, respectively. 

In the aliphatic region of the 1H NMR spectrum of L1 both the signals of the 

hydrocarbon chain attached to the fluorinated tail (δ 1.70-2.70 ppm) and the signal of 

the methyl group (δ 2.40 ppm) were present, while in the aromatic region only three 

well separated multiplets were observed. In the 13C NMR spectrum separated singlets 

for all the aromatic carbons, which were related to the corresponding protons in the 1H-
13C-HSQC spectrum, could be observed thus confirming the non-symmetric structure of 

the ligand. 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
CARBON DIOXIDE AS SOLVENT AND C1 BUILDING BLOCK IN CATALYSIS 
Ariadna Campos Carrasco 
ISBN:/DL:T. 1023-2011 



Dicationic Pd(II) complexes for CO/vinyl arenes in compressed CO2 and TFE 

 

58 

 

3.2.2 Palladium complexes 

The dicationic bischelated palladium complexes [Pd(N-N))2][X]2 (N-N = L1-L3, 

Scheme 3.3) with X = BArF¯ (BArF = 3,5-(trifluoromethyl)phenyl borate) as 

counterion were synthesized following a two-step procedure starting from Na2[PdCl4], 

which reacted with one equivalent of the corresponding ligand to get the neutral 

complexes [PdCl2(N-N)] (L1a-L3a, N-N = L1-L3, Scheme 3.3).[22,26] These complexes 

were handled with sodium tetrakis 3,5-(trifluoromethyl)phenyl borate sodium salt and 

another equivalent of the ligand to obtain the desired dicationic derivatives L1b-L3b. 

The driving force for the last step was the formation of NaCl, which is insoluble in 

dichloromethane, where the desired products are soluble.  

Na2[PdCl4] + 2 NaCl

+ 2 NaCl

MeOH

CH2Cl2

[PdCl2(N-N)]

[PdCl2(N-N)] [Pd(N-N)2][BArF]2NaBArF

 
N-N [PdCl2(N-N)] [Pd(N-N)2][BArF]2 

L1 L1a L1b 

L2 L2a L2b 

L3 L3a L3b 

Scheme 3.3. Synthetic pathway for the palladium complexes L1a-L3a and L1b-L3b. 

Complexes L1a-L3a were isolated in good yield as light brown or yellow solids. 

They were not soluble in common organic solvents and were characterized by FTIR 

spectroscopy and mass spectrometry (MALDI-TOF), which confirmed the formation of 

mononuclear species.  

Complexes L1b-L3b were isolated as pale brownish foams and fully 

characterized by mass spectrometry, NMR and FTIR spectroscopy. 

The 1H NMR spectrum of L1b showed separated signals in the aliphatic region, 

while the aromatic protons gave one signal for H6,6' and one overlapped multiplet for 

H3,3' and H4,4’ (see experimental section for atom numbering). For this complex, syn and 

anti isomers can be expected according to the relative coordination of the two non 
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symmetric bpy ligands. On the basis of the NMR analysis it was not possible to identify 

either if one isomer or both of them were present. 

The 1H NMR spectrum in CDCl3 at room temperature of L2b showed two sets 

of rather broad signals with different intensity both for the aromatic protons and for the 

methylenic group bonded to the oxygen atom (Figure 3.3c), while the other methylenic 

protons gave one broad resonance. The assignment of the signals was based on COSY 

experiment (see Supplementary Information, SI). No signals due to free ligand were 

present and all the signals, with the exception of that due to H5,5', were upfield shifted 

with respect to the same signals in the free ligand. These NMR data indicated the 

presence of two species, I and II, in ratio 1:1 at room temperature. In each of them, both 

the two ligands bonded to palladium and the two halves of each ligand were equivalent. 

 

   (1)      (2) 

Figure 3.3.Variable temperature 1H NMR spectra in CDCl3 of L2b (1) aromatic region, 

(2) -O-CH2- region at (a) 60ºC, (b) 40ºC, (c) room temperature, (d) 0ºC, (e) -40ºC,  

(f) -55ºC. 

NMR experiments at variable temperature from -55ºC to 60ºC were performed 

(Figure 3.3a-f). At the lowest temperature reached, only the set of broad signals 

corresponding to species I was observed. On the other hand, increasing the temperature 

above 25ºC did not affect the ratio of species I and II. However, at 40ºC a new species 

III appeared, in a ratio 1.0:1.0:0.5. A NOESY experiment performed at room 

temperature evidenced that the two species were in exchange. The NMR spectrum of 

L3b at room temperature showed also two sets of signals in the aromatic and 

methylenic regions. 
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One possible hypothesis is that the two observed species were due to the two 

conformers  twist or bow-step (Figure 3.4) arising from a geometrical distortion from 

ideal square planar geometry. These two conformers were observed in solid state for 

analogous bischelated compounds [Pd(N-N)2]2+ with bpy, phen and their alkyl 

substituted derivatives in 4,4’- and 5,5’-position;[8c,27] while in solution an average 

situation was always observed. 

 

Figure 3.4. Conformational geometries of [Pd(N-N)2]2+ cations (a) twist conformation, 

(b) bow-step conformation. 

Another possibility to take into account is that the signals were due to different 

relative positions of the carbonyl group in the bipyridine ligands. To confirm this point, 

the analogous complexes with the model ligands A’ and L2’ (Figure 3.2), 

[Pd(A’)2][BArF]2
[28] and [Pd(L2’)2][BArF]2 were prepared. In the 1H NMR spectrum of 

[Pd(A’)2][BArF]2 only one set of signals was observed at room temperature (Figure 

3.5a), while signals of three species were observed for [Pd(L2’)2][BArF]2 in a ratio 

1.0:0.2:0.3 (Figure 3.5b). This experiment points towards the relative disposition of the 

carbonyl groups being the responsible of the formation of different species. 

To confirm this point a theoretical study was performed in collaboration with the 

Quantum Chemistry group of our department (Dra. M.M. Reguero). DFT calculations 

were run, using the B3LYP functional and a 6-31Gd basis set with LANL2DZ (Los 

Alamos National Laboratory 2 double z) pseudo potentials for the palladium atom. The 

optimized geometries of the twist and bow-step conformers and of all the possible 

symmetric isomers of the [Pd(A’)2]2+, [Pd(L2’)2]2+ and [Pd(L3’)2]2+ cations were 

obtained (Figure 3.6).  
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(a)     (b) 

Figure 3.5. Aromatic region of the 1H NMR spectra at room temperature of (a) 

[Pd(A’)2][BArF]2 (CDCl3/acetone-d6) (b) [Pd(L2’)2][BArF]2 (CDCl3). 
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Figure 3.6. Relative positions of the carbonyl groups in complex [Pd(L2’)2]2+. 

The relative energies of the stable species found are collected in Table 3.1. For 

each compound, energies are relative to the most stable isomer. Assuming a Boltzmann 

distribution, the relative populations of all the minima of each compound have also been 

calculated an included in Table 3.1. 

The initial analysis was performed on [Pd(A’)2]2+ cation, where only one twist 

and one bow-step isomer are possible. For [Pd(A’)2]2+, the twist conformation was 

substantially more stable than the bow-step one, so it is expected that only this 
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conformer will be populated. This is in agreement with the obtained NMR spectra,[28] 

where only one set of signals was observed (Figure 3.5a) and in agreement with crystal 

structure reported for [Pd(A’)2][OTf]2 (OTf = CF3SO3].[28a]   

Table 3.1. Relative energies (kcal mol-1) and populations of the optimized minima 

located for all the isomers of the [Pd(A’)2]2+ (in gas state), [Pd(L2’)2]2+ and [Pd(L3’)2]2+ 

(in CHCl3 solution) cations. Magnitudes relative to the most stable isomer in each 

compound. 

[Pd(A')2]2+ 
    

Twist Bow-step 
Energy Population Energy Population 

0.00 1.00 2.63 0.012 

 

[Pd(L2')2]2+  [Pd(L3')2]2+ 
       

 Twist   Twist 
Isomer Energy Population  Isomer Energy Population 

I1 0.00 1.00  I1 0.00 1.00 
I2 0.84 0.24  I2 1.23 0.13 
I3 0.90 0.22  I3 1.32 0.11 
I5 1.76 0.05  I4 1.51 0.08 
I4 9.08 0.00  I5 2.71 0.01 

 

For [Pd(L2’)2]2+ and [Pd(L3’)2]2+ calculations showed that also the bow-step 

conformation was less stable than the twist one. The relative populations calculated 

predict that no signal will be observed for the bow-step conformers (see SI). For a better 

comparison between DFT calculation and NMR experiments it was introduced the 

solvent (CHCl3) as a variable in the DFT calculations and only twist isomers were 

analysed for [Pd(L2’)2]2+ and [Pd(L3’)2]2+ cations. The possible isomers are represented 

in Figure 3.6 and the results are shown in Table 3.1. Regarding the relative disposition 

of the carbonyl group, comparing the five possible isomers of twist-[Pd(L2’)2]2+ (Figure 

3.6), there are 3 isomers (I1-I3) with sizable populations that could give place to signals 

in a relative ratio 1.0:0.24:0.22. The intensities predicted theoretically are in qualitative 

agreement with the experimental results (1.0:0.2:0.3). Unfortunately the precision of the 
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level of theory used in these calculations does not allow obtaining more detailed 

information, but it definitely rules out the presence of bow-step conformers. 

On the other hand, for twist-[Pd(L3’)2]2+ similar results were obtained, but the 

theoretical calculations predicted that 3 isomers (I1, I2 and I3) would be observed in a 

ratio 1.0:0.13:0.11 and an isomer I4 would be at a relative ratio 0.08. This is in 

qualitative agreement with the ratio observed in the 1H NMR spectrum of L3’b in 

which three species were detected in a ratio 1.0:0.2:0.2 (Figure 3.8). In I1 (Figure 3.7a), 

the confronted substituents are =O, which generate the smallest steric repulsion and give 

place to a distinctive signal. The reason of the small stability of the other isomers seem 

to arise from the steric repulsion generated by the –OCH3 group when this is oriented 

towards the other bpy ligand. In fact, the most unstable isomer is I5 (Figure 3.7b), 

which has the four –OCH3 groups confronted two by two. I4 has only two –OCH3 

groups confronted, and consequently it is the second more stable. In both Isomer-3 and 

I4 the steric repulsion is produced by two couples of =O and –OCH3 confronted. I2, I3 

and I4 have very similar stabilities, so then, is difficult to predict which two of them 

will give place the two different signals observed.  

 

 

(a) (b)(a) (b)
 

Figure 3.7. Geometries optimized at the B3LYP level for (a) Isomer-1 of the twist 

conformation of [Pd(L3’)2]2+ cation and (b) Isomer-5 of the twist conformation of 

[Pd(L3’)2]2+ cation.  
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Figure 3.8. Aromatic region of the 1H NMR spectra at room temperature of 

[Pd(L3’)2][BArF]2, L3’b (CDCl3, 400MHz). 

To sum up, the new species observed in the 1H NMR spectra of bischelated 

complexes L2b, L3b, L2’b and L3’b were attributed to the relative position of the 

carbonyl groups. DFT calculations with model complexes L2’b and L3’b confirmed 

this hypothesis. 

3.2.3 Rhodium complexes 

Rhodium carbonyl complexes [Rh(CO)2(N-N)][PF6] were synthesized in order 

to study the coordination ability of the ligands and their electronic properties through 

the variation of the CO stretching frequency. The carbonyl species were obtained in a 

two-step reaction involving the initial isolation of the cationic complexes [Rh(cod)(N-

N)][PF6] (cod = 1,5-cyclooctadiene, L1c-L3c, Scheme 3.4),[9,21,29] which have been 

fully characterised.  

For comparison purposes, analogous Rh-complexes with the non fluorinated 

ligands L1’- L3’[30,31] (Scheme 3.4) were also prepared following the described 

methods.[32] 
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[Rh(cod)2][PF6] [Rh(cod)(N-N)][PF6]
CH2Cl2 CO

CH2Cl2
[Rh(CO)2(N-N)][PF6]

 

N-N [Rh(cod)(N-N)]PF6 [Rh(CO)2(N-N)2]PF6 

L1 L1c L1d 

L2 L2c L2d 

L3 L3c L3d 

L1’ L1’c L1’d 

L2’ L2’c L2’d 

L3’ L3’c L3’d 

Scheme 3.4. Synthesis of rhodium complexes with ligands L1-L3 and L1’-L3’. 

Single crystals of L3’c and L3c, suitable for X-ray analysis, were obtained by 

recrystallization from chloroform/diethyl ether after one week at room temperature 

(Figure 3.9 and Figure 3.10, respectively). The Rh(I) atom adopts the usual square-

planar coordination geometry with the nitrogen atoms of the bipyridine ligand and the 

centre of the double bonds of the cod ligand on the side of the square plane. For 

complex L3c, the average Rh-C distance (2.101 Å) is a slightly shorter in comparison to 

the value for L3’c (2.138Å) and [Rh(bpy)(cod)]+ complex known from the literature 

(average 2.135Å).[33] Similar Rh-N bond distances were found in both complexes. The 

bite angle of the ligand L3, 77.8(6)º, is smaller than those found in [Rh(bpy)(cod)]+ 

(78.61º) and [Rh(cod)(phen)]+ (79.80º) or than of L3’ in L3’c (79.08(15)º). It should be 

noted that in complex L3c the fluorinated tails are on the same side of the square-planar 

plane and the carbonyl groups are in a relative cis position, while in complex L3’c the 

methyl and the carbonyl groups are in a trans relative position. 
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Figure 3.9. ORTEP drawing (25% probability) of complex [Rh(cod)(L3’)]PF6 (L3’c). 

Selected bond lengths [Å] and angles [º]: Rh1-N1: 2.093(4), Rh1-N12: 2.081(4), Rh1-

C21: 2.142(4), Rh1-C22: 2.124(5), Rh1-C25: 2.154(5), Rh1-C26: 2.135(5), N12-Rh1-

N1: 79.08(15), C26-Rh1-C21: 81.81(18), C22-Rh1-C25: 81.54(19), C22-Rh1-C26: 

97.89(19), C21-Rh1-C25: 89.21(19).  

 
Figure 3.10. ORTEP drawing (25% probability) of complex L3c. Selected bond lengths 

[Å] and angles [º]: Rh1-N1: 2.109(16), Rh1-N12: 2.119(14), Rh1-C75: 2.16(2), Rh1-

C76: 2.013(9), Rh1-C79: 2.14(2), Rh1-C80: 2.09(2), N1-Rh1-N12: 77.8(6), C76-Rh1-

C79: 83.2(8), C80-Rh1-C75: 82.6(8), C76-Rh1-C80: 100.3(8), C79-Rh1-C75: 88.8(7). 
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By bubbling carbon monoxide through dichloromethane solutions of L1c-L3c, 

the corresponding dicarbonyl species (L1d-L3d) were formed and precipitated adding 

diethyl ether to the solution. Their characterisation by FTIR, NMR spectroscopy and 

mass spectrometry confirmed the formation of the complexes. The 1H NMR spectra 

were performed in solution without further purification, therefore the signals of the free 

cod were observed. The complexes L2d and L3d presented solvatochromism as also 

reported for iron (II) complexes with bpy derivatives:[34] their solutions were yellow, 

while L2d was mauve and L3d was green in solid state. 

All these complexes presented in the IR spectra two stretching frequencies 

ν(CO), typical of cis arrangement of the two-coordinated carbonyl groups (Table 

3.2).[29] For comparison purposes are also considered the rhodium carbonyl complexes 

with ligands A and its analogous non fluorinated A’ ([Rh(CO)2(A)]PF6 and 

[Rh(CO)2(A’)]PF6, respectively).[21] No significant differences in the ν(CO) were 

observed between complexes with perfluorinated (A, L1-L3) and the corresponding 

non-fluorinated ligands (A’, L1’-L3’) suggesting that the methylenic fragments 

between the fluorinated chain and the pyridine ring buffer the electron-withdrawing 

effect of the fluorinated chain itself. Slightly higher ν(CO) values were observed for 

complexes L2d and L3d with respect to the ones observed for [Rh(CO)2(A)]PF6 and 

L1d, in agreement with the electron-withdrawing effect of the ester group. The position 

of the substituents does affect neither the ν(CO) frequency values. On the basis of this 

analysis, it should be expected that the new dicationic palladium complexes with 

perfluorinated substituents have electronic properties similar to the non fluorinated 

ones, with a slight differences of electron densities between the two families with and 

without ester function. 
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Table 3.2. IR ν(CO) data for L1d-L3d, [Rh(CO)2(A)]PF6 and model complexes 

[Rh(CO)2(A’)]PF6 and L1’d-L3’d in CD2Cl2.[a] 

Entry Complex ν(CO) (cm-1) 

1[21] [Rh(CO)2(A)]PF6 2098.6 2040.7 

2[21] [Rh(CO)2(A’)]PF6 2099.5 2042.5 

3 L1d 2099.9 2042.3b 

4 L1’d 2098.4 2039.8 

5 L2d 2104.4 2048.1 

6 L2’d 2101.2 2045.8 

7 L3d 2104.8 2046.2 

8 L3’d 2102.6 2046.4 
a in situ complexes measurements, free cod observed in 1H NMR. b Also a peak at 

2003 cm-1 was observed.  

3.2.4 Catalysis 

3.2.4.1 CO/4­tert­butylstyrene copolymerisation 

The dicationic Pd(II) complexes L1b-L3b were tested as catalysts for alternating 

CO/4-tert-butylstyrene (TBS) copolymerisation. In a previous study of the catalytic 

activity from dicationic palladium (II) complexes with ligands A and B, it was found 

that at conditions of liquid expanded carbon dioxide the productivity in the copolymers 

was very high.[21] We consider that since the substrate (2.2 mL) is occupying more than 

5% of the total volume (11 mL) the conditions can be considered as a liquid expanded 

carbon dioxide. Therefore, the present study was performed at these conditions. 

L1b-L3b complexes were soluble in liquid carbon dioxide at room temperature 

and 70 atm forming brownish solutions. The catalytic reactions were performed using 

2.2 x 10-3 mmol of the dicationic palladium complex placed in an 11 mL autoclave. The 

presence of small amounts of 2,2,2-trifluoroethanol provided better results. Therefore, 

after purged with vacuum, the substrate TBS ([TBS]/[Pd] = 4843) and trifluoroethanol 

([TFE]/[Pd] = 300) were introduced in the reactor. The system was pressurised with CO 

(PCO = 30 atm) and carbon dioxide (up to 70 atm aprox. δ(CO2) = 0.11 g/mL, when used) 

and heated up to the desired temperature (T = 60 °C). After the proper time, the reaction 
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was quenched by cooling down the reactor and venting the gases. The polymers were 

isolated by precipitation with methanol. The results are collected in Table 3.3. 

We observed an increase of productivity going from L1b, [Pd(A)2][BArF]2 to 

the ester containing systems L2b and L3b (entries 1-4, Table 3.3). This indicates that 

the introduction of the ester group had a remarkable positive effect on the activity of the 

catalyst, likely due to its electron-withdrawing feature, which decreases the electron 

density on palladium, as evidenced by the studies on the rhodium complexes. The 

catalyst L2b provided homopolymer, which may be due to catalyst decomposition, 

since palladium black was observed at the end of the reaction. Catalyst containing 

ligand L3 was thus far the best performing, both in terms of productivity (6.15 kg CP/g 

Pd) and molecular weight (Mw 222000) although the polydispersity was high (4.3). This 

result is in agreement with the literature data on palladium catalyst containing 5-

substituted bpys[22] and on 3-substituted phenanthrolines,[10a] suggesting that the 

presence of substituents in meta position with respect to the nitrogen donor is relevant 

for achieving excellent performing catalysts. 

The copolymers obtained with catalysts L1b and L3b were syndiotactic as 

expected for bpy based systems (example of syndiotacticity, Figure 3.11).[8c] 

 

Figure 3.11. 13C NMR spectra in CDCl3 at room temperature, region of methylenic 

carbon atom, of: CO/TBS polyketone synthesized with L1b (entry 2, Table 3.3). 
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Following this trend the complex L3’b showed a productivity of almost 5.5 kg 

CP/g Pd, close to the one obtained with L3b, suggesting that the major contribution to 

the improved productivity might be related to the electron properties of the ester group 

and only a minor part might be associated to the fluorinated tails (entry 5, Table 3.3). In 

addition, a decrease in molecular weight was observed comparing to system L3b. 

When complex L3b was applied, it was observed through the reactor windows 

that, after 6 h of reaction, the precipitation of the copolymer avoided the magnetic bar to 

stir limiting the mass and gas transfer processes. Actually, in the case of catalyst L3b 

the values of productivity per hour on the isolated polyketones at 6 h were higher than 

those obtained at 24 h (532 g CP/g Pd·h in entry 6 versus 256 g CP/g Pd·h entry 5, 

Table 3.3). 

For comparison, complexes L1b-L3b were tested in TFE as a solvent under the 

same conditions (entries 7-9, Table 3.3): a decrease in the productivity of more than one 

order of magnitude was observed for complex L3b. Polyketones of lower molecular 

weight than in liquid expanded CO2 were produced. 

Table 3.3. CO/TBS copolymerisation with precatalysts L1b-L3b and L3’b.a 

Entry Catalyst 
Time 

(h) 

Productivity

(g CP/gPd) 

Productivityb

(gCP/gPd·h) 

% 

uu 

Mw 

(Mw/Mn)c 

1[21] [Pd(A)2][BArF]2 24 1379 57 - 167000 (1.9) 

2 L1b  24 466 19 93 187700 (3.3) 

3d L2b 24 1535 64 - - 

4 L3b  24 6155  256 73 222000 (4.3) 

5 L3b  6 3197  532 76 214600 (3.1) 

6 L3’b 24 5490 228 84 197200 (3.2) 

7e L1b 24 491 20 98 68000 (1.9) 

8e L2b 24 303 13 97 34100 (1.6) 

9e L3b 24 222 9 94 25100 (2.0) 

a Reaction conditions: 2.42·10-3mmol catalyst, Vvessel = 11 mL, TBS V = 2.2 mL ([TBS]/[Pd] = 4843), 

TFE V = 52µl ([TFE]/[Pd] = 300), PCO = 30 atm, PCO2 = 70 atm; aprox. density 0.11 g/mol,  T = 60 ºC, 

time = 24 h; b average productivity; c determined by GPC versus polystyrene standards; d homopolymer 

formed, 53%. e 2.42·10-3mmol catalyst, solvent TFE V = 30mL,  TBS V = 5.9 mL ([TBS]/[Pd] =4843). 
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In a direct comparison for CO/tertbutylstyrene copolymerisation with the best 

literature results,[22] the catalytic system L3b in liquid expanded CO2 showed a slightly 

lower productivities (532 g CP/g Pd·h) than the most active catalyst in TFE 

([Pd(L1’)2][BArF]2,[22] 823 g CP/g Pd·h), but with better molecular weight (Mw = 

215000 vs. 167000) and comparable polydispersities (3.1 vs. 3.2).  

3.2.4.2 CO/styrene copolymerisation 

Complexes L1b-L3b were also found to be active catalysts for the CO/styrene 

copolymerisation (Table 3.4). In agreement with the literature data,[10a] the CO/ST 

productivities were, in general, lower than those obtained for the CO/TBS 

copolymerisation and we observed partial decomposition of the catalyst to palladium 

black at the end of the reaction . 

 When the copolymerisations were carried out in liquid expanded CO2, the trend 

of the productivities was analogous to that observed for the TBS as comonomer, being 

complex L3b the most productive (entries 1-3, Table 3.4). Again the catalyst with the 

non-fluorinated ligand, L3’b, showed a productivity very similar to that of L3b, 

however the fluorinated tails had a remarkable positive effect on the Mw (entry 3 vs. 

entry 4, Table 3.4). 

 Two series of experiments were performed in trifluoroethanol by using reaction 

conditions analogous to those of liquid expanded CO2 in one case, and analogous to 

those reported in the literature, in the other.[10] For the first series very low 

productivities were obtained together with the decomposition of the catalyst to inactive 

palladium black (entries 5-7, Table 3.4). For the second series, the increased 

[styrene]/[Pd] ratio to the a higher value of 48000 (obtained by increasing the amount of 

the vinyl arene) resulted in the complete suppression of the catalyst decomposition and 

in higher values of productivity, that in any case remained lower than those obtained in 

liquid expanded CO2 (entries 8-10, Table 3.4). Moreover, on going from TFE to liquid 

expanded CO2 there was a remarkable increase in the Mw in liquid expanded CO2. 
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Table 3.4. CO/styrene copolymerisation with precatalysts L1b-L3b and L3’b.a 

Entry Catalyst Solvent
Productivity

(g CP/gPd) 
% uu 

Mw 

(Mw/Mn)b 

1 L1b  CO2 415 92 n.d. 

2 L2b  CO2 1432 97 n.d. 

3 L3b  CO2 2294 93 692600 (1.3) 

4 L3’b CO2 2235 95 374200 (1.4) 

5c L1b TFE 147 94 n.d. 

6c L2b TFE 313 94 n.d. 

7c L3b TFE 10 - n.d. 

8d L1b TFE 1249 - n.d. 

9d L2b TFE 955 - n.d. 

10d L3b TFE 2004 - 518500 (1.4) 

a Reaction conditions: 2.42·10-3 mmol catalyst, Vvessel = 11 mL, styrene V = 1.3 mL 

([styrene]/[Pd] = 4843), PCO = 30 atm, T = 60 ºC, time = 24 h; bdetermined by GPC 

versus polymethylmetacrylate standards. c TFE V = 30mL, styrene V = 3.7 mL 

([styrene]/[Pd] =4843). d 5.4·10-3 mmol Pd, styrene V = 30mL, TFE V = 20 mL 

([styrene]/[Pd] = 48000), Pco = 30 atm, T = 50 ºC, time = 24 h. 

 

Comparing the results obtained with L3b in the CO/styrene copolymerisation 

with the best literature results with the same kind of catalysts,[10] the catalytic system 

L3b in liquid expanded CO2 showed comparable productivities (2.3 kg CP/g Pd) than 

the most active catalyst in TFE ([Pd(3-tmp-phen)2][PF6]2, 3-tmp-phen = (S)-3-(1,2,2-

trimethylpropyl)-1,10-phenanthroline; 2.7 kg CP/g Pd), with better molecular weight 

(Mw = 693000 vs. 206000) and lower polydispersities (1.3 vs. 1.5). Moreover, the 

polyketones obtained presented high stereoregularity (% uu >90%). 

In conclusion, we achieved a new catalytic system (L3b) highly active, with 

high stereoregularity and long living in CO/TBS and in CO/ST copolymerisation and 

the most important in green and sustainable medium. 
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3.2.4.3 Mechanism of the reaction 

From the results reported in the literature,[35-40] is clearly observed that MALDI 

techniques have been successfully applied in polymer analysis for the determination of 

the end groups, which are determined from their mass by subtracting the appropriate 

number of monomer units (and the mass of the cation) from the mass of a given 

molecular ion. Moreover, the use of a MALDI-TOF instrument with high mass 

resolution lead to a more accurate end groups determination by the isotope distribution 

for each ionic species. The MALDI analysis evidenced that the nature of the end groups 

depends on the olefin comonomer, the catalytic system and the reaction medium. 

Therefore, to elucidate the reactions involved in the initiation and termination steps of 

the catalytic cycle, the end-groups characterization of the polyketones obtained from 

CO/TBS and CO/ST were performed by MALDI-TOF analysis. The copolymers were 

characterized by several series of peaks that according to the mechanism could provide 

fragments containing chains a-d (Scheme 3.5) cationized with K+ or Na+. The 

macromolecules differ from the end-groups, while the repetitive unit (132 Da in ST and 

188 Da in TBS) is that expected for this kind of copolymerisation reaction. 

The MALDI-TOF mass spectra of the polymers CO/TBS formed at the best 

conditions in liquid expanded CO2 were analyzed and compared with the ones obtained 

in TFE. The mass spectra of the polymers obtained with catalysts L1b (see SI) and L3b 

(Figure 3.12a) revealed that the main fragment in both solvents corresponded to a 

species, in which the initiation step involved the insertion of the alkene into the Pd-H 

bond and termination by β-H elimination (chain a). Therefore, TFE would not be 

involved in the initiation.[35] Nevertheless, the MALDI-TOF of the polyketones 

prepared in TFE (Figure 3.12b) showed also the peak corresponding to chain containing 

trifluoroethanol as a initiator (chain b, Scheme 3.5). Hence, the fluorinated alcohol did 

not rise to termination through alcoholysis, as it was observed in the literature,[35,41]  and 

β-H elimination should be the main chain transfer process. There were no substantial 

differences between the composition of the polymers obtained with precatalyst L1b and 

L3b in the same medium. Minor peaks that may correspond to a double carbonylation 

were also observed in CO2 (chain c + C=O). 
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 Scheme 3.5. The proposed catalytic cycles and chain end groups. 
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(a)    

 

      (b) 

Figure 3.12. MALDI-TOF mass spectra of the CO/TBS polyketone synthesis using 

L3b as catalyst (a) in liquid expanded CO2 (entry 4 Table 3.3), (b) in TFE (entry 9, 

Table 3.3). 

In the case of the polymers obtained with styrene as comonomer, the mass 

spectra of the polyketones obtained with precatalysts L2b in liquid expanded CO2 and 

TFE showed also the signal corresponding to chain a (Figure 3.13a and b). In liquid 

expanded CO2 the mass spectra showed also peaks corresponding to double 

carbonylation termination mechanism (chain c + CO) with relative high intensity 

(Figure 3.13a). When the catalysis was run in TFE as solvent, contribution of chain b, 

which involves trifluoroethanol as an initiator, was also observed (Figure 3.13b). 
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(a) 

 
(b) 

Figure 3.13. MALDI-TOF mass spectra of the CO/ST polyketone synthesis using L2b 

as catalyst  (entry 2 Table 3.4), (a) in liquid expanded CO2; (b) in TFE  (entry 6 Table 

3.4). 

In conclusion, according to the mass spectra of the polyketones obtained with 

TBS in liquid expanded CO2 the mechanism does not involve the trifluroethanol as an 

initiator but probably as a stabilising agent. When a less reactive substrate ST is used 

species with double carbonylation increased considerably when liquid expanded CO2 

was used. 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
CARBON DIOXIDE AS SOLVENT AND C1 BUILDING BLOCK IN CATALYSIS 
Ariadna Campos Carrasco 
ISBN:/DL:T. 1023-2011 



      Chapter‐3 

77 

3.3 Conclusion 

We have synthesised a new family of perfluorinated bipyridine ligands (L1-L3) 

and studied their coordination chemistry towards palladium (II) and rhodium (I) 

complexes. Palladium complexes L2b and L3b showed different species in solution 

attributed to the different disposition of the carbonyl group in the ester function. The 

rhodium (I) complexes with these nitrogen ligands (L1-L3c-d) have been prepared and 

characterised by NMR, FTIR and MALDI-TOF. The FTIR spectroscopy studies of the 

Rh-carbonyl derivatives show that the perfluorinated ligands have similar electronic 

properties than the non perfluorinated ones due to the insulation effects of alkyl chains 

with a slightly differences between both families with and without ester function. 

Finally, the carbon monoxide/4-tert-butylstyrene copolymerisation and CO/styrene 

copolymerisation catalysed with palladium dicationic complexes containing 

perfluorinated ligands has been successfully achieved using compressed CO2 as a 

solvent, productivities up to 6.1 kg CP·g Pd-1, 222000 of molecular weight and 90% of 

stereoregularity in CO/TBS have been obtained with catalyst precursor L3b. These 

results demonstrate that CO2 can be used as a green and sustainable medium for this 

reaction. 

3.4 Experimental section 

General Comments. Commercial available Na2[PdCl4] (Johnson Matthey), ligands A’ 

and L1’ (Sigma-Aldrich) and methanol (Merck) were used without further purification 

for synthetic and spectroscopic purposes. L2’[30,31] and L3’[30,31] were prepared 

following the procedure described by Shan et al.[30] 2,2,2-Trifluoroethanol and 

dichloromethane (Alfa-Aesar) were purified by distillation with CaH2 and stored under 

inert atmosphere. Carbon monoxide (CP grade, 99.0%) was supplied by Westfalen and 

Air Liquide. Carbon dioxide (CO2, CP grade 5.3 and SCF grade 99.995 %) was supplied 

by Praxair and Air Products. IR spectra (range 4000-400 cm-1) were recorded on a 

Midac Grams/386 spectrometer in KBr pellets or dichloromethane solution (when 

indicated). NMR spectra were recorded at 400 MHz Varian, with tetramethylsilane (1H 

NMR and 13C NMR) and fluoroform (19F) as the internal standards. MALDI-TOF 

measurements of complexes and polymers were performed on a Voyager-DE-STR 

(Applied Biosystems, Franingham, MA) instrument equipped with a 337 nm nitrogen 

laser. All spectra were acquired in the positive ion reflector mode. 2,5-
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dihydroxybenzoic acid (DHB) was used as matrix for complexes. The matrix was 

dissolved in MeOH at a concentration of 10 mg·mL-1. The complex was dissolved in 

CH2Cl2 (50 mg·L-1). The matrix and the samples were premixed in the ratio 2:1 

(Matrix:sample) and then the mixture was deposited (1 μL) on the target. For each 

spectrum 100 laser shots were accumulated. Ditranol was used as matrix for polymers 

(25 mg/mL in THF + 1 mg/mL KTFA). Copolymers (5 mg) were dissolved in CHCl3 (1 

mL) and a portion (5 µL) of this solution was added to 3 times the volume of the matrix 

solution (15 µL). About 1 µL of the resulting solution was deposited on the stainless 

steel sample holder and allowed to dry before introduction into the mass spectrometer. 

Three independent measurements were made for each sample. Molecular weight 

measurements of TBS polyketones: The molecular weights (Mw) of copolymers and 

the molecular weight distributions (Mw/Mn) were determined by gel permeation 

chromatography versus polystyrene standards. Measurements were made in THF on a 

Millipore-Waters 510 HPLC Pump device using three-serial column system (MZ-Gel 

100Å, MZ-Gel 1000 Å, MZ-Gel 10000 Å linear columns) with UV-Detector (ERC-

7215) and IR- Detector (ERC-7515a). The software used to get the data was NTeqGPC 

5.1. Samples were prepared as follow: 5 mg of the copolymer was solubilised with 2 

mL of tetrahydrofuran (HPLC grade) stabilised with toluene (HPLC grade). Molecular 

weight measurements of ST polyketones: The molecular weights (Mw) of styrene 

copolymers and the molecular weight distributions (Mw/Mn) were determined by gel 

permeation chromatography versus polymethylmethacrylate (PMMA) standards in the 

Servei de Recursos Cientifics from the University of Barcelona. Measurements were 

made in hexafluoroisopropanol (HFIP) on a Alliance-Waters 2695 HPLC Pump device 

using PSS PFG analytical 1000 Å rigid column with IR- Detector (Water-2414). The 

software used to get the data was Empower supplied by Water. Samples were prepared 

as follow: 2.0 mg of the copolymer was solubilised with 2 mL of hexafluoroisopropanol 

(HPLC grade). 

Copolymerisation reactions in CO2 as solvent. The catalytic experiments were 

performed in an 11 mL stainless steel autoclave. The catalyst was weight and introduced 

into the purged autoclave. Then a solution of substrate and the alcohol was added under 

argon atmosphere. The autoclave was pressurized with CO and CO2 and heated to the 

temperature desired. After reaction time, the autoclave cooled down and depressurised 
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and the product was redissolved in 5 mL of CH2Cl2. The copolymer was precipitated by 

pouring the reaction solution into rapidly stirred methanol (70 mL). The polymer was 

filtered, washed with methanol and dried. 

Copolymerisation reactions in TFE as solvent. Copolymerization reactions were 

carried out in a 100 mL Bergoff reactor equipped with a magnetic stirrer at 30 

atmosphere of CO. After introduction of the catalyst precursor L1b – L3b (2.2·10-4 M 

or 5.4·10-3 mmol catalyst) into the purged autoclaved, the solvent and substrate were 

added under argon atmosphere. The autoclave was pressurized with carbon monoxide 

and heated to the desired temperature. After the 24 hours, the reactor was vented out 

and the reaction mixture was poured into stirred methanol (100 mL). The polymer was 

filtered off, washed with methanol and dried under vacuum. 
13C NMR CO/tert-butylstyrene: (100.5 MHz, CDCl3, 298 K): δ 208.0–206.5 (broad, CO), 

150.0, 149.8, 134.6, 134.3 (Cipso), 128.2, 125.8, 125.6 (Carom), 52.9 (CH), 44.5-43.0 

(broad, CH2), 34.5 (Ctertbutyl) and 31.5 (CH3); CO/styrene: (100.5 MHz, HFIP + CDCl3, 

298 K) δ 209.5–210.4 (broad, CO), 136.5, 136.1, 135.8, 135.3 (Cipso), 129.4,128.3, 128.0 

(Carom), 53.5 (CH) and 42.3–44.5 (broad, CH2). 

 

3.4.1 Synthesis of ligands and complexes  

5-[4-(perfluorooctyl)butyl]-5’-methyl-2,2’-bipyridine (L1). 

H3C

N N

C8F17

3'4'

6'

3 4

6

3''

4''2''

1''

 

A solution of n-butyllithium 1.6 M in hexane (6 mL, 9.5 mmol, 3.5 eq) was added, via a 

syringe, to a solution of diisopropylamine (1.47 mL, 20.5 mmol) in tetrahydrofuran (3 

mL) at -78oC. The solution was stirred for 10 min. at -78 oC and 5,5'-dimethyl-2,2’-

bipyridine (0.5 g, 2.7 mmol) in 40 mL of tetrahydrofuran was then added drop wise. 

The dark brown solution was stirred at -78 oC for 1h. Then, 3-perfluorooctyl-1-

iodopropane (3.77 g, 6.42 mmol) in 25 mL of tetrahydrofuran was added slowly via 

syringe at -78 oC. The brown solution was stirred for 5h at -78 oC and at room 

temperature overnight. The solvent was removed under reduced pressure, washed with 
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60 mL of water and purified by soxhlet extraction in methanol. The methanol fraction 

was evaporated to obtain the product as a light-brown solid, 0.81 g (Yield 46 %). 

HR MASS MALDI-TOF calc for (C23H17F17N2) m/z: 644.1115 [M+], found m/z: 

644.6413 [M+]. 
1H NMR (300 MHz, CDCl3): δ 1.71 (4H, m, (CH2)2’’,3’’), 2.11 (2H, m, (CH2)4’’), 2.40 

(3H, s, CH3), 2.73 (2H, t, (CH2)1’’, J = 7.35 Hz), 7.64 (1H, d, (CH)4’, J = 8.1 Hz), 7.65 

(1H, d, (CH)4, J = 8.1 Hz), 8.24 (1H, d, (CH)3’, J = 8.1 Hz), 8.28 (1H, d, (CH)3, J = 8.1 

Hz), 8.51 (2H, s, (CH)6,6’); 13C NMR (75.43 MHz, CDCl3): δ 18.6 (CH3), 20.3 (C3’’H2), 

30.9 (C2’’H2), 31.1 (C4’’H2), 32.9 (C1’’H2), 110-120 (CF2 – CF3), 120.6 (C4’H), 120.7 

(C4H), 137.3 (C3’H), 134.0 (C2’), 138.0 (C3H), 137.6 (C2), 149.6 (C6’HN), 150.1 

(C6HN), 153.8 (C4’), 154.5 (C4); 19F NMR (376.3 MHz, CDCl3): δ -126.58 (CF2),  

-123.97 (CF2), -123.19 (CF2), -122.40 (CF2), -122.2 (CF2), -114.82 (CF2), -81.19 (CF3).  

 

4,4’-bis[3-(perfluorooctyl)propanoxy]-carbonyl-2,2’-bipyridine (L2).  

N N

O

O

C8F17

O

O

C8F17

3

6

5

3'

6'

5'

3''

2''
1'' 1''

2''
3''

 

2,2’-bipyridine-4,4’-dicarboxylic acid[24] (525 mg, 2.15 mmol) was suspended in tionyl 

chloride (8 mL, 43 mmol, 20 eq) and refluxed (78oC) under nitrogen until complete 

solubilisation of the diacid (about 24 h). The excess of tionyl chloride was removed by 

reducing pressure. The resulting white powder was dissolved in dry dichloromethane 

(10 mL) and was added drop wise to a solution of 3-(perfluorooctyl)propanol (2.6 g, 5.4 

mmol, 2.5 eq) in dry dichloromethane (30 mL) and triethylamine (1.2 mL, 8.6 mmol, 4 

eq).[25] The mixture was refluxed for 6 h and stirred at room temperature for 12 h. After 

removal of dichloromethane, the obtained powder was washed with water, filtered 

under suction, recrystallised from dichloromethane and washed three times with pentane 

to afford a pale-white powder, 0.57 g (Yield 23 %). The pentane solution was 
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evaporated and the non reacted perfluorinated alcohol was recovered and recrystallised 

with dichloromethane and hexane (0.96 g). 

HR MASS MALDI-TOF calc for (C34H18F34N2O4) m/z: 1164.0718 [M+], found m/z: 

1164.4781 [M+]. IR ν(COO-) 1731 cm-1. 
1H NMR (400 MHz, CDCl3): δ (ppm) 2.18 (4H, m, (CH2)3’’), 2.30 (4H, m, (CH2)2’’), 

4.49 (4H, t, (CH2)1’’, 3JH-H = 6Hz), 7.90 (2H, d, (CH)5,5’, 3JH5-H6 = 4Hz), 8.88 (2H, d, 

(CH)6,6’, 3JH6-H5 = 4Hz), 8.96 (2H, s, (CH)3,3’); 13C NMR (100.57 MHz, CDCl3): δ (ppm) 

20.3 (s, C3’’H2), 28.1 (s, C2’’H2), 64.5 (s, C1’’H2), 110-120 (CF2 – CF3), 120.7 (s, C3,3’H), 

123.4 (s, C5,5’H), 138.5 (s, C4,4’), 150.4 (s, C6,6’HN), 156.7 (s, C2,2’), 165.2 (s, CO); 
19F 

NMR (376.3 MHz, CDCl3): δ (ppm) -126.5 (CF2), -123.7 (CF2), -123.1 (CF2), -122.3 

(CF2), -122.1 (CF2), -114.7 (CF2), -81.1 (CF3). 

 

5,5’-bis[3-(perfluorooctyl)propanoxy]-carbonyl-2,2’-bipyridine (L3).  

O

O

C8F17

N N O

O

C8F17

33'
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4' 4
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2''

1''1''
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L3 was prepared following the same procedure as L2 affording a white powder, 1.42 g 

(Yield 52 %); perfluorinated alcohol recovered (0.65 g).  

HR MASS MALDI-TOF calc for (C34H18F34N2O4) m/z: 1165.0796 [M++H+], found m/z: 

1165.1724 [M++H+]. IR ν(COO-) 1716 cm-1. 
1H NMR (400 MHz, d-Toluene, 80oC): δ (ppm) 1.71 (4H, m, (CH2)3’’), 1.91 (4H, m, 

(CH2)2’’), 3.99 (4H, t, (CH2)1’’, 3JH-H = 6.2Hz), 8.13 (2H, d, (CH)3,3’, 3JH3-H4 = 8Hz), 8.54 

(2H, d, (CH)4,4’, 3JH4-H3 = 8Hz) 9.29 (2H, s, (CH)6,6’); 19F NMR (376.3 MHz, d-Toluene, 

80ºC): δ (ppm) -126.5 (CF2), -123.6 (CF2), -123.5 (CF2), -123.0 (CF2), -122.2 (CF2), -

122.9 (CF2), -114.3 (CF2), -81.1 (CF3).  

 

[PdCl2(NN)](L1a-L3a). A solution of the desired ligand L1-L3 (0.22 mmol) in 4 mL of 

tetrahydrofuran was added to a solution of Na2[PdCl4] (46.1 mg, 0.17 mmol) in 4 mL of 

methanol. The orange solution was stirred for 1h and a solid was formed. The complex 
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was filtered off and washed with water, methanol and diethyl ether. The complex was 

dried at reduced pressure. 

 

 [PdCl2(L1)] (L1a).  Cream powder (Yield 99 %).  

HR MASS MALDI-TOF calc for (C23H17Cl2F17N2Pd) m/z: 752.0315 [M+-2Cl], 

897.8637 [M+-2H++2K+], found m/z: 752.8941 [M+-2Cl], 897.8487 [M+-2H++2K+]. 

 

[PdCl2(L2)] (L2a). Pale yellow solid (Yield 99%).  

HR MASS MALDI-TOF calc for (C34H18Cl2F34N2O4Pd) m/z: 1269.9766 [M+-2Cl], 

1417.8244 [M+-2H++2K+], found m/z: 1270.4787 [M+-2Cl], 1417.0913 [M+-2H++2K+].  

IR (KBr) ν(COO-) 1736 cm-1 

 

[PdCl2(L3)] (L3a). Pale yellow powder (Yield 91 %).   

HR MASS MALDI-TOF calc for (C34H18Cl2F34N2O4Pd) m/z: 1382.8920 [M++2H++K+], 

1493.8615 [M++K++CF3COO-], found m/z: 1382.8939 [M++2H++K+], 1493.9546 

[M++K++CF3COO-]. IR (KBr) ν(COO-) 1716 cm-1 

 

[PdCl2(L2’)]  (L2’a) . Yellow-cream fine powder (Yield 82%).  

HR MASS MALDI-TOF calc for (C14H12Cl2N2O4Pd) m/z: 527.8468 [M++ 2K+], 

565.9281 [M++3H++CF3COO-], found m/z: 526.1460 [M++ 2K+], 566.1768 

[M++3H++CF3COO-], IR (KBr) 1730 cm-1 ν(COO-). 

 

[PdCl2(L3’)] (L3’a). Pale yellow fine powder (Yield 99%).  

HR MASS MALDI-TOF calc for (C14H12Cl2N2O4Pd) m/z: 445.8882 [M+], 527.8469 

[M++ 2·K+], found m/z: 445.1522 [M+], 526.1670 [M++ 2·K+].  IR (CH2Cl2) 1724 cm-1 

ν(COO-), IR (KBr) 1726 cm-1 ν(COO-). 

 

[Pd(N-N)2][BArF]2 (L1b-L3b). To a suspension of [PdCl2(N-N)] (L1a-L3a) (0.072 

mmol) in 20 mL of dichloromethane, a solution of the ligand (L1-L3 (0.076 mmol) and 

sodium tetrakis 3,5-(trifluoromethyl)phenyl borate (128.4 mg, 0.145 mmol) in 10 mL of 

dichloromethane were added slowly. The mixture was heated for 1h at 40ºC. The 

product was filtered off over celite and the solvent was removed under reduced 
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pressure. The product obtained as an oil was triturated in pentane and a solid was 

obtained. 

 

[Pd(L1)2][BArF]2 (L1b). Pale brown solid (Yield 53 %) 

HR MASS MALDI-TOF calc for (C110H58B2F82N4Pd) m/z: 1397.1521 [M+-2BArF], 

found m/z: 1397.3773 [M+-2BArF]. 
1H NMR (400 MHz, CD2Cl2): δ (ppm) 1.63 (4H, m, (CH2)2’’), 1.71 (4H, m, (CH2)3’’), 

2.13 (4H, m, (CH2)4’’), 2.40 (6H, s, CH3), 2.72 (4H, m, (CH2)1’’), 7.55 (8H, br, Hpara 

BArF), 7.73 (16H, br, Horto BArF), 7.90-8.00 (4H, m, CH4’,4,3’,3), 8.51 (2H, d, CH6,6’, 
4JH-H = 8 Hz); 19F NMR (376.3 MHz, DMSO-d): δ (ppm) -126.2 (CF2), -123.5 (CF2), -

122.9 (CF2), -122.2 (CF2), -113.7 (CF2), -80.7 (CF3), - 62.0 (CF3, BArF).  

 

[Pd(L2)2][BArF]2 (L2b). Pale brown solid (Yield 92 %). 

HR MASS MALDI-TOF calc for (C132H60B2F116N4O8Pd) m/z: 2434.0499 [M+-2BArF], 

found m/z: 2434.2235 [M+-2BArF]. IR ν(COO-) 1742 and 1713 cm-1 
1H NMR (400 MHz, 298 K, CDCl3): ratio I:II = 1:1; δ (ppm) 2.17 (16H, m, (CH2)2’’,3’’, 

I and II), 4.51 (4H, t, (CH2)1’’, 3JH-H = 6.4Hz, II), 4.57 (4H, t, (CH2)1’’, 3JH-H = 6.2Hz, I), 

8.03 (2H, dd, CH5, 3JH5-H6 = 5.6Hz, 4JH5-H3 = 1.6Hz, II), 7.46 (16H, br, Hpara BArF), 7.66 

(32H, br, Horto BArF), 8.20 (2H, dd, CH5, 3JH5-H6 = 5.2Hz, 4JH5-H3 = 1.6Hz, I), 8.52 (2H, 

d, CH6, 3JH6-H5 = 5.2Hz, I), 8.70 (2H, d, CH3, 4JH3-H5= 1.6Hz, II), 8.77(2H, d, CH6, 3JH6-

H5 = 5.6Hz, II), 8.77(2H, s, CH3, I); 19F NMR (376.3 MHz, CDCl3): δ  (ppm) -127.5 

(CF2’), -126.7 (CF2), -124.6 (CF2’), -123.9 (CF2), -123.2 (CF2), -123.2 (CF2’), -122.5 

(CF2’), -122.2 (CF2), -115.5 (CF2’), -114.8 (CF2), -82.4 (CF3’), -81.2 (CF3), -63.4 (CF3’, 

BArF), -62.9 (CF3, BArF).  

 

[Pd(L3)2][BArF]2 (L3b). Pale brown solid (Yield 61%).  

HR MASS MALDI-TOF calc for (C132H60B2F116N4O8Pd) m/z: 2434.0499 [M+-2BArF], 

found m/z: 2434.2408 [M+-2BArF]. IR ν(COO-) 1741.5 and 1718 cm-1. 

1H NMR (400 MHz, 298 K, CDCl3): ratio I:II = 1:1; δ (ppm) 2.08 (16H, m, (CH2)2’’,3’’ I 

and II), 2.25 (16H, m, (CH2)2’’-3’’ 4.42 (8H, t, (CH2)1’’, 3JH-H = 6.2 Hz, II), 4.52 (8H, t, 

(CH2)1’’, 3JH-H = 9.6 Hz, II) 7.48 (16H, br, Hpara BArF), 7.68 (32H, br, Horto BArF), 7.82 

(2H, d, CH3, 3JH3-H4 = 8Hz, II), 7.96 (2H, m, CH3, I), 8.52 (4H, d, CH4, 3JH4-H3 = 8Hz, 
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II), 8.63 (4H, d, CH4, 3JH4-H3 = 8Hz, I), 9.15 (4H, s, CH6, II) 9.20 (4H, s, CH6, I); 19F 

NMR (376.3 MHz, CDCl3): δ (ppm) -126.7 (CF2), -123.9 (CF2), -123.3 (CF2), -122.5 

(CF2), -122.3 (CF2), -114.9 (CF2), -81.3 (CF3), -62.9 (CF3, BArF).  

 [Pd(L2’)2][BArF]2 (L2’b). Pale orange solid (Yield 57%).  

HR MASS MALDI-TOF calc for (C92H48B2F48N4O8Pd) m/z: 650.0635 [M+ - 2·BArF], 

found m/z: 650.2218 [M+ - 2·BArF]. IR (CH2Cl2) 1740 cm-1 ν(COO-), (KBr) 1742 cm-1 

ν(COO-). 
1H NMR (400 MHz, 298 K, CDCl3): ratio I:II:III = 1.0:0.2:0.3; δ (ppm) 4.02 (24H, s, 

CH3, I and III), 4.07 (12H, s, CH3, II), 7.45 (24H, br, BArF), 7.65 (48H, br, BArF), 

8.05 (4H, d, (CH)5, 3JH5-H6 = 5.2Hz, I and II), 8.09 (4H, br, (CH)5, III), 8.15 (4H, d, 

(CH)5, 3JH5-H6 = 4.8Hz, II), 8.66 (4H, s, (CH)3, II), 8.72 (4H, s, (CH)3, I), 8.79 (4H, d, 

(CH)6, 3JH6-H5 = 5.2 Hz, I), 8.94 (4H, d, (CH)6, 3JH6-H5 = 5.2 Hz, III), 9.49 (4H, d, 

(CH)6, 3JH6-H5 = 4.8 Hz, II); 19F NMR (376.3 MHz, CDCl3): δ (ppm) -62.8 (CF3, BArF). 

 

[Pd(L3’)2][BArF]2  (L3’b). Mustard solid (Yield 49%). 

HR MASS MALDI-TOF calc for (C92H48B2F48N4O8Pd) m/z: 650.0635 [M+-2·BArF], 

found m/z: 650.2895 [M+-2·BArF]. IR (CH2Cl2) 1739 cm-1 ν(COO-), (KBr) 1742 cm-1 

ν(COO-). 
1H NMR (400 MHz, 298 K, CDCl3): ratio I:II:III = 1.0:0.2:0.2; δ (ppm) 3.94 (12H, s, 

CH3, I), 3.97 (12H, s, CH3, III), 4.02 (12H, s, CH3, II), 7.86 (4H, d, (CH)3, 3JH3-H4 = 6.4 

Hz, III), 7.92 (4H, d, (CH)3, 3JH3-H4 = 8.0 Hz, I), 8.13 (4H, d, (CH)3, 3JH3-H4 = 8.4 Hz, 

II), 8.56 (4H, d, (CH)4, 3JH4-H3 = 8.0Hz, I and III), 8.72 (4H, d, (CH)4, 3JH4-H3 = 8.4 Hz, 

II), 9.15 (4H, s, (CH)6, III), 9.20 (4H, d, (CH)6, I), 9.64 (4H, s, (CH)6, II); 19F NMR 

(376.3 MHz, CDCl3): δ (ppm) -62.8 (BArF).  

 

[Rh(cod)(N-N)][PF6] (L1c-L3c, L1’c-L3’c). The N-ligand (L1-L3, L1’-L3’) (0.03 

mmol) was added to a solution of the complex [Rh(cod)2]PF6 (13.96 mg, 0.03 mmol) in 

2 mL of anhydrous dichloromethane. The solution changed from burgundy to orange. 

Then it was stirred for 5 minutes. Diethyl ether was added to the solution to afford the 

corresponding solid, which was filtered off, washed with cold diethyl ether and dried 

under vacuum. 
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[Rh(cod)(L1)](PF6) (L1c). Brown solid (Yield 90%).  

HR MASS MALDI-TOF calc for (C31H29F23N2PRh) m/z: 855.1109 [M+-PF6], 871.1296 

[M+-2H++NH4
+], found m/z: 855.4879 [M+-PF6], 871.4982 [M+-2H++NH4

+]. 
1H NMR (400 MHz, CDCl3): δ (ppm) 1.53 (m, 2H, (CH2)4’’), 1.65 (m, 4H, (CH2)3’’,2’’) 

2.10 (d, 4H, (CH2)COD, J = 8Hz), 2.36 (s, 3H, CH3), 2.65 (m, 4H, (CH2)COD), 2.67 (t, 2H, 

(CH2)1’’, 3JH-H = 8.4Hz), 4.49 (m, 4H, (CH)COD), 7.43 (s, 2H, (CH)6,6’), 7.90 (d, 1H, 

(CH)4, 3JH4-H3 = 8Hz), 7.93 (d, 1H, (CH)4’, 3JH4’-H3’ = 8.4Hz), 8.16 (d, 1H, (CH)3, 3JH3-H4 

= 8Hz), 8.20 (d, 1H, (CH)3’, 3JH3’-H4’ = 8.4Hz); 19F NMR (376.3 MHz, CDCl3): δ (ppm) 

-126.5 (CF2), -123.9 (CF2), -123.1 (CF2), -122.4 (CF2), -122.1 (CF2), -114.7 (CF2), -81.1 

(CF3), -73.5 (PF6, 1JP-F = 715 Hz). 

 

[Rh(cod)(L2)](PF6) (L2c). Brown-orange solid (Yield 24%).  

HR MASS MALDI-TOF calc for (C42H30F40N2O4PRh) m/z: 1375.0712 [M+-PF6], found 

m/z: 1375.5528 [M+-PF6]. IR ν(COO-) 1741 cm-1 (ATR). 
1H NMR (400 MHz, CDCl3): δ (ppm) 2.22 (m, 8H, (CH2)3’’ overlapped (CH2)COD), 2.29 

(m, 4H, (CH2)2’’), 2.64 (m, 4H, (CH2)COD), 4.56 (t, 4H, (CH2)1’’, 3JH-H = 6.4Hz), 4.69 (m, 

4H, (CH)COD), 8.01 (d, 2H, (CH)3, 3JH3-H4 = 5.6Hz), 8.19 (d, 2H, (CH)4, 3JH4-H3 = 

5.6Hz), 8.80 (s, 2H, (CH)6); 19F NMR (376.3 MHz, CDCl3): δ (ppm) -126.6 (CF2), -

123.7 (CF2), -122.4 (CF2), -122.2 (CF2), -114.6 (CF2), -81.2 (CF3), -73.5 (PF6, 1JP-F = 

715 Hz). 

 

[Rh(cod)(L3)](PF6) (L3c). Salmon solid (Yield 32%).  

HR MASS MALDI-TOF calc for (C42H30F40N2O4PRh) m/z: 1374.0634 [M+-H+-PF6], 

1391.0899 [M+ -PF6-2H++NH4
+], found m/z: 1374.4410 [M+-H+-PF6], 1391.7397 [M+ -

PF6-2H++NH4
+]. IR ν(COO-) 1731 cm-1 (ATR). 

1H NMR (400 MHz, CDCl3): δ (ppm) 2.20 (m, 12H, (CH2)2’’,3’’ overlapped (CH2)COD), 

2.65 (m, 4H, (CH2)COD), 4.49 (t, 4H, (CH2)1’’, 3JH-H = 5.6Hz), 4.64 (m, 4H, (CH)COD), 

8.32 (s, 2H, (CH)6), 8.69 (d, 2H, (CH)4, 3JH4-H3 = 8Hz), 8.74 (d, 2H, (CH)3, 3JH3-H4 = 

8Hz); 19F NMR (376.3 MHz, CDCl3): δ (ppm) -126.5 (CF2), -123.7 (CF2), -123.1 (CF2), 

-122.3 (CF2), -122.1 (CF2), -114.7 (CF2), -81.1 (CF3), -73.2 (PF6, 1JP-F = 715 Hz). 
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 [Rh(L1’)(cod)][PF6]  (L1’c). Schocking orange (Yield 89%). 

HR MASS MALDI-TOF calc for (C20H24F6N2PRh) m/z: 395.0989 [M+-PF6], 582.0951 

[M+ +Na++NH4
+ +H+], found m/z: 395.3448 [M+-PF6], 582.4246 [M+ +Na++NH4

+ +H+].  
1H NMR (300 MHz, CDCl3): δ (ppm) 2.16 (4H, m, (CH2)COD), 2.42 (3H, s, CH3-bpy), 

2.63 (4H, br, (CH2)COD), 4.55 (4H, m, (CH2)COD), 7.49 (2H, br, (CH)6 ), 7.98 (2H, d, 

(CH)3, 3JH3-H4 = 8.0Hz), 8.25 (2H, d, (CH)4, 3JH4-H3 = 8.0 Hz); 19F NMR (376.3 MHz, 

CDCl3): δ (ppm) -73.1 (PF6, 1JP-F = 715 Hz). 

 

[Rh(L2’)(cod)][PF6] (L2’c). Burgundy solid (Yield 91%).  

HR MASS MALDI-TOF calc for (C22H24F6N2O4PRh) m/z: 483.0786 [M+-PF6], found 

m/z: 483.3046 [M+-PF6]. IR (CH2Cl2) 1740 cm-1 ν(COO-), (KBr) 1727 cm-1 ν(COO-). 
1H NMR (400 MHz, CDCl3): δ (ppm) 2.13 (m, 4H, (CH2)COD), 2.57 (m, 4H, (CH2)COD), 

4.02 (6H, s, CH3), 4.65 (m, 4H, (CH)COD),  7.97 (2H, d, (CH)6, 3JH6-H5 = 6.0Hz), 8.14 

(2H, dd, (CH)5, 3JH5-H6 = 6.0Hz, 4JH5-H3 = 1.2Hz), 8.67 (2H, d, (CH)3, 4JH3-H5 = 1.2Hz); 
19F NMR (376.3 MHz, CDCl3): δ (ppm) -73.8 (PF6, 1JP-F = 715 Hz).  

 

[Rh(L3’)(cod)][PF6] (L3’c). Brown solid (Yield 94%).  

HR MASS MALDI-TOF calc for (C22H24F6N2O4PRh) m/z: 483.0786 [M+-PF6], found 

m/z: 483.2176 [M+-PF6]. IR (CH2Cl2) 1739 cm-1 ν(COO-), (KBr) 1729 cm-1 ν(COO-). 
1H NMR (400 MHz, CDCl3): δ (ppm) 2.21 (4H, m, (CH2)COD), 2.66 (4H, m, (CH2)COD), 

4.01 (6H, s, CH3), 4.65 (4H, m, (CH)COD), 8.32 (2H, s, (CH)6), 8.70 (2H, d, (CH)3, 
3JH3H-4 = 8.8Hz), 8.77 (2H, dd, (CH)4, 3JH4-H3 = 8.8Hz, 4JH4-H6 = 1.4Hz); 19F NMR 

(376.3 MHz, CDCl3): δ (ppm) -73.6 (PF6, 1JP-F = 715 Hz).  

 

[Rh(CO)2(N-N)][PF6] (L1d-L3d, L1’d-L3’d). To a solution of [Rh(cod)(N-N)]PF6 

(L1c-L3c, L1’c-L3’d) (7.5 mmol) in 3 mL of dichloromethane was bubbled CO during 

5 minutes. The solution changes to yellow colour indicating the formation of carbonyl 

species. Then diethyl ether was added to the solution to afford the corresponding solid, 

which was filtered off, washed with cold diethyl ether and dried under vacuum. 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
CARBON DIOXIDE AS SOLVENT AND C1 BUILDING BLOCK IN CATALYSIS 
Ariadna Campos Carrasco 
ISBN:/DL:T. 1023-2011 



      Chapter‐3 

87 

[Rh(L1)(CO)2][PF6] (L1d). Deep red solid (Yield 65 %).  

HR MASS MALDI-TOF calc for (C25H19F23N2O2PRh) m/z: 803.0068 [M+ -PF6], 

972.9764 [M++Na+], found m/z: 803.1718 [M+-PF6], 972.2365 [M++Na+]. IR (CH2Cl2) 

2099.9, 2042.3 and 2003 cm-1 ν(CO). 
1H NMR (400 MHz, CD2Cl2): δ (ppm) 1.75 (m, 4H, (CH2)2’’,3’’), 2.18 (m, 2H, (CH2)4’’), 

2.53 (s, 3H, CH3), 2.84 (t, 2H, (CH2)1’’, 3JH-H = 7.6 Hz), 8.12 (s, 2H, (CH)6,6’), 8.21 (d, 

1H, (CH)4, 3JH4-H3 = 8.8Hz), 8.24 (d, 1H, (CH)4’, 3JH4’-H3’ = 8.8Hz), 8.44 (s, 1H, (CH)3), 

8.46 (s, 1H, (CH)3’); 19F NMR (376.3 MHz, CD2Cl2): δ (ppm) -126.8 (CF2), -124.2 

(CF2), -123.4 (CF2), -122.5 (CF2), -122.4 (CF2), -115.0 (CF2), -81.5 (CF3), -73.4 (PF6, 
1JP-F = 715 Hz). 

 

[Rh(L2)(CO)2][PF6] (L2d). Mauve solid (Yield 74 %).  

HR MASS MALDI-TOF calc for (C36H20F40N2O6PRh) m/z: 1471.9626 [M++2H+], 

1563.9217 [M++4Na+], found m/z: 1471.7712 [M++2H+], 1563.7707 [M++4Na+]. IR 

(CH2Cl2) 2104.4, 2048.1cm-1 ν(CO), 1741 cm-1 ν(COO-). 
1H NMR (400 MHz, CD2Cl2): δ (ppm) 2.13-2.27 (m, 8H, (CH2)3’’,2’’), 4.50 (t, 4H, 

(CH2)1’’, 3JH-H = 6.4Hz), 8.20 (dd, 2H, CH5,  3JH5-H6 = 5.6Hz, 4JH5-H3 = 1.6Hz), 8.78 (d, 

2H, (CH)3, 4JH3-H5 = 1.6Hz), 8.83 (d, 2H, (CH)6, 3JH6-H5 = 5.6Hz) 19F NMR (376.3 MHz, 

CD2Cl2): δ (ppm) -126.6 (CF2), -123.7 (CF2), -122.4 (CF2), -122.3 (CF2), -81.2 (CF3), -

73.5 (PF6, 1JP-F = 715 Hz). 

 

[Rh(L3)(CO)2][PF6] (L3d). Green bottle solid (Yield 55 %).  

HR MASS MALDI-TOF calc for (C36H20F40N2O6PRh) m/z: 1471.96266 [M++2H+], 

1563.9217 [M++4Na+], found m/z: 1471.7712 [M++2H+], 1563.7707 [M++4Na+]. IR 

(CH2Cl2) 2104.8, 2046.2cm-1 ν(CO), 1738 cm-1 ν(COO-). 
1H NMR (400 MHz, CDCl3): δ (ppm) 2.20 (m, 4H, (CH2)3’’), 2.28 (m, 4H, (CH2)2’’), 

4.54 (t, 4H, (CH2)1’’, 3JH-H = 5.6Hz), 8.73 (d, 2H, (CH)3, 3JH3-H4 = 8Hz), 8.86 (d, 2H, 

(CH)4, 3JH4-H3 = 8Hz), 9.18 (d, 2H, (CH)6); 19F NMR (376.3 MHz, CDCl3): δ (ppm) -

126.5 (CF2), -123.7 (CF2), -123.1 (CF2), -122.3 (CF2), -122.1 (CF2), -114.7 (CF2), -81.2 

(CF3), -73.1 (PF6, 1JP-F = 715 Hz). 
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[Rh(L1’)(CO)2][PF6] (L1’d). Ocher-colored solid (Yield 56 %). 

HR MASS MALDI-TOF calc for (C14H14F6N2O2PRh) m/z: 343.9948 [M+-PF6-2H+], 

512.9644 [M++Na+], found m/z: 343.0752 [M+-PF6-2H+], 512.1781 [M++Na+]. IR 

(CH2Cl2) 2108, 2056 cm-1 ν(CO). 
1H NMR (300 MHz, CD2Cl2): δ (ppm) 2.53 (3H, s, CH3-bpy), 8.10 (2H, d, (CH)4, 3JH5-

H6 = 8.4Hz), 8.17 (2H, d, (CH)3, 3JH6-H5 = 8.0Hz), 8.46 (2H, s, (CH)6). 19F NMR (376.3 

MHz, CD2Cl2): δ (ppm) -73.1 (PF6, 1JP-F = 715 Hz). 

 

[Rh(L2’)(CO)2][PF6] (L2’d). Orange brownish solid (Yield 63 %). 

HR MASS MALDI-TOF calc for (C16H14F6N2O6PRh) m/z: 518.9410 [M+-COOCH3], 

562.9308 [M+-CH3], 563.9387 [M++H+-CH3], found m/z: 519.2269 [M+-COOCH3], 

563.2351 [M+-CH3], 564.2559 [M++H+-CH3]. IR (CH2Cl2) 2114, 2050 ν(CO), 1732 

ν(COO-) cm-1. 
1H NMR (400 MHz, CDCl3): δ (ppm) 4.11 (6H, s, CH3), 8.26 (2H, dd, (CH)5, 3JH5-H6 = 

5.6Hz, 4JH5-H3 = 2.0Hz), 8.84 (2H, d, (CH)3, 4JH3-H5 = 2.0Hz), 8.89 (2H, dd, (CH)6, 3JH5-

H6 = 5.6Hz, 5JH6-H3 = 1.2Hz); 19F NMR (376.3 MHz, CDCl3): δ (ppm) -73.3 (PF6, 1JP-F = 

715 Hz).  

 

[Rh(L3’)(CO)2][PF6] (L3’d). Shocking yellow solid (Yield 84%).  

HR MASS MALDI-TOF calc for (C16H14F6N2O6PRh) m/z: 518.9410 [M+-COOCH3], 

562.9308 [M+-CH3], 563.9387 [M++H+-CH3], found m/z: 519.2293 [M+-COOCH3], 

563.2365 [M+-CH3], 564.2627 [M++H+-CH3]. IR (CH2Cl2) 2108, 2044 cm-1 ν(CO) 1733 

cm-1 ν(COO-). 
1H NMR (400 MHz, CDCl3): δ (ppm) 4.07 (6H, s, CH3), 8.78 (2H, d, (CH)3, 3JH3-H4 = 

8.4Hz), 8.89 (2H, dd, (CH)4, 3JH4-H3 = 8.4Hz, 4JH4-H6 = 1.6Hz), 9.18 (2H, s, (CH)6); 19F 

NMR (376.3 MHz, CDCl3): δ (ppm) -73.1 (PF6, 1JP-F = 715 Hz).  

3.4.2 X­ray crystallography  

Diffraction data for the structures reported were carried out on a Bruker Appex-II CCD 

diffractometer system with Mo Kα radiation (λ = 0.71073 Å). Cell refinement, indexing 

and scaling of the data sets were carried out using programs Apex-II (Bruker AXS, 

2005). All the structures were solved by SIR97 [42]and refined by Shelxl97 and the 

molecular graphics with ORTEP-3 for Windows.[43] Crystal data and details of structure 
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refinements are reported in Table 3.5. All the calculations were performed using the 

WinGX publication routines.[44] 

 

Table 3.5. Crystallographic data and details of structure refinements for compounds 

L3c and L3’c. 

 L3c L3’c 

Molecular formula C42H30F40N2O4PRh C22H24F6N2O4PRh 

Molecular weight 1520.56 628.31 

Crystal system Monoclinic Monoclinic 

Space group P21/n C2/c 

Shape and colour Prism, colourless Prism, colourless 

Temp. (K) 100 100 

Radiation (λ, Å) Mo Kα () Mo Kα () 

a (Å) 21.8355 (15) 26.7982 (12) 

b (Å) 10.5880 (5) 11.4909 (6) 

c (Å) 25.1135 (17) 14.8735 (8) 

β (º) 115.278 (2) 94.895 (2) 

Volume (Å3) 5250.1 (6) 4563.4 (4) 

Z 4 8 

Dc (Mg·m-3) 1.924 1.829 

F (000) 2992 2528.0 

Crystal dimensions (mm) 0.75 x 0.39 x 0.01 0.18 x 0.1 x 0.04 

µ (Mo Kα) (mm-1) 0.54 0.90 

θmax (º) 21.1 26.0 

Reflections collected 29682 21504 

Unique reflections 5689 4482 

Rint. 0.142 0.070 

Observed [I > 2σ(I)] 3373 3357 

Parameters 594 339 

R1 [I > 2σ(I)] 0.146 0.045 

wR2 0.385 0.114 

Δρ (e/ Å3) 2.05, -1.31 1.55, -0.59 
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3.5 Supporting Information Available 

Characterisation analysis of all complexes (NMR spectra, IR spectra and 

MALDI-TOF), characterisation of polymers by NMR spectroscopy and MALDI-TOF 

mass spectrometry, CIF files giving crystallographic data for L3c and L3’c are available 

in the supporting information as an electronic file.  
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Perfluorinated Cationic Palladium (II) Complexes as Catalysts for 
CO/Vinyl Arenes Copolymerisation in Conventional and Green 
Media. 

 

New monochelated palladium complexes [Pd(CH3)(NCCH3)(N‐N)][X] with ligands N‐N= L1‐
L3  and  X=  PF6ˉ,  OTsˉ  and  BArFˉ  as  counterions  have  been  synthesised.  They  were 
characterized by multinuclear (1H, 19F and 15N) and multidimensional NMR spectroscopy. The 
interionic  structure was  investigated by pulsed gradient  spin‐echo diffusion method  (PGSE), 
19F‐1H HOESY and 1H‐1H NOESY NMR spectroscopy. In solution, PF6ˉ and OTsˉ appear to 
be localized close to the acetonitrile ligand and shifted to the bipyridine ring trans to the Pd‐CH3 
bond. The new palladium complexes were active catalysts in CO/vinyl arenes copolymerisation 
and it was found that the order of the catalytic activity depend on the counterion used. In 2,2,2‐
trifluoroethanol the order of  the activity was: PF6ˉ > OTsˉ ≈ BArFˉ, while  in  liquid expanded 
CO2 the highest results were obtained with complexes containing BArFˉ. Polyketones with high 
molecular  weights  (up  to  200000  with  CO/TBS  and  up  to  914000  with  CO/ST),  low 
polydispersities (1.3‐2.5 Mw/Mn) and high syndiotacticity (up to 96% in CO/TBS and 93% in 
CO/ST) were obtained. The mechanism was analysed by studying the initiation and end groups 
of the copolymers by MALDI‐TOF mass spectrometry analysis. 

 
 

This work has been done in collaboration with Dra. B. Milani (Università degli study di Trieste, 

Italy)  
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4.1 Introduction 

As we have discussed in Chapter 1 and 3, the bischelated palladium (II) 

complexes [Pd(N-N)2][X]2 lead to higher productivities in alternating copolymerisation 

of vinyl arenes and carbon monoxide (Scheme 4.1)[1] compared to its counterpart 

monochelated palladium (II) complexes [Pd(CH3)(NCCH3)(N-N)][X], however they 

need higher energies (pressure and temperature), making the catalysis greener when 

monochelated complexes are used.[2] On the other hand, the monochelated catalytic 

systems in organic solvents generate a rather unstable active species, which easily 

decomposes to inactive palladium metal. This decomposition was avoided using 2,2,2-

trifluoroethanol (TFE)[3] due to its lower nucleophilicity and 1,4-benzoquinone (BQ) 

allowing the synthesis of CO/styrene polyketones in high productivity and high 

molecular weight with the system [Pd(CH3)(NCCH3)(F4-phen)](PF6) (F4-phen = 

5,5,6,6-tetrafluoro-5,6-dihydro-1,10-phenanthroline; up to Mw = 1000000) at mild 

catalytic conditions.[4]  

 

Scheme 4.1. Palladium catalyzed alternating copolymerisation of CO/vinyl arenes.. 

Concerning the use of compressed carbon dioxide with this kind of catalysts, in 

our group they were reported some studies in the field of CO/tert-butylstyrene 

copolymerisation reaction catalyzed by palladium complexes of general formula 

[Pd(CH3)(NCCH3)(N-N)][BArF] in scCO2 media, where N-N was A and B and BArF = 

B[3,5-(CF3)2C6H3]4 (Figure 4.1.), which showed high solubility in scCO2 in catalytic 

conditions.[5] These palladium complexes catalyzed the copolymerisation reaction 

leading to the desired polyketones (Scheme 4.1, R = tert-butyl) with better productivity 

(up to 234 g CP/g Pd), molecular weight (Mw = 87000) and polydispersity (Mw/Mn = 

1.2) than in organic solvent.  
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Figure 4.1. Ligands used in CO/tert-butylstyrene copolymerisation. 

In Chapter 3, we presented the preparation of the catalyst precursors [Pd(N-

N)2][BArF]2 with new perfluorinated ligands (L1-L3 Figure 4.2) and their application 

in the CO/4-tert-butylstyrene (TBS) and styrene (ST) copolymerisation. These catalytic 

systems proved to be effective in copolymerisation CO/TBS reaction affording up to 6.1 

kg CP/g Pd, 222000 of molecular weight and between 73-98 % of stereoregularity and 

in copolymerisation CO/ST reaction affording up to 2.3 kg CP/g Pd, 693000 of 

molecular weight and between 92-97 % of syndiotactic triads. 

 

Figure 4.2. New perfluorinated ligands used in Pd-catalyzed CO/vinyl arenes 

copolymerisation. 

In this chapter we present the preparation and characterisation of cationic 

complexes [Pd(CH3)(CH3CN)(L1-L3)][X], (X = PF6¯, OTs¯ and BArF¯). The catalytic 

activity of these systems in CO/vinyl arenes (styrene and tert-butylstyrene, Scheme 4.1) 

copolymerisation was studied comparing conventional (TFE) and green solvent 

(compressed CO2), where the effect of the amount of oxidant, counterion and amount of 

substrate were studied.  
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4.2 Results and Discussion 

4.2.1 Synthesis of the cationic complexes 

The cationic palladium complexes [Pd(CH3)(NCCH3)(L1-L3)]X (Ia-c, IIa-c and 

IIIa-c, Scheme 4.2) with different counterions X =, PF6¯ (a), OTs¯ (b)) were 

synthesized following a two-steps procedure reported in the literature[6] starting from 

[Pd(CH3)Cl(cod)] (cod = 1,5-cyclooctadiene), which reacted with one equivalent of the 

corresponding ligand to get the neutral complexes [Pd(CH3)Cl(L1-L3)] (I, II and III, 

Scheme 4.2). These complexes handled with the corresponding salt and acetonitrile to 

obtain the monochelated complexes.[3b] The driving force for the last step is the 

formation of AgCl, which is insoluble in dichloromethane while the complexes Ia-b, 

IIa-b and IIIa-b are soluble in the reaction medium.  

This procedure failed for the synthesis of complexes [Pd(CH3)(NCCH3)(L1-

L3)](BArF) Ic-IIIc, which were obtained by counterion exchange reaction[7] from 

complexes Ib-IIIb by reaction with NaBArF. The driving force of this reaction was the 

formation of the NaOTs salt, which is more insoluble in dichloromethane than NaBArF 

(Scheme 4.2). 

[Pd(CH3)(Cl)(cod)] + N-N [Pd(CH3)(Cl)(N-N)] [Pd(CH3)(NCCH3)(N-N)][X]

AgX

AgCl
X = (a) PF6, (b) OTs

L1, L2, L3 I, II, III I, II, III

[Pd(CH3)(NCCH3)(N-N)][OTs]

Ib, IIb, IIIb

[Pd(CH3)(NCCH3)(N-N)][BArF]

Ic, IIc, IIIc

NaBArF

NaOTs
 

 N-N [Pd(CH3)Cl(N-N)] [Pd(CH3)(CH3CN)(N-N)][X] 

L1 I Ia-c 
L2 II IIa-c 
L3 III IIIa-c 

Scheme 4.2. Synthesis of complexes I-III and Ia-c, IIa-c and IIIa-c. X= PF6¯ (a), 

OTs¯ (b) or BArF¯ (c). 

The complexes I-III and Ia-c, IIa-c and IIIa-c were isolated as pale yellow or 

pale brown solids and fully characterized by infrared spectroscopy (IR), mass 

spectrometry (MALDI-TOF) and mono- and bidimensional 1H, 15N and 19F NMR 
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spectroscopy, except complex III, which was not soluble enough for the NMR spectra 

and was only characterized by mass spectrometry and IR.  

The assignation of the signals corresponding to the protons of the bipyridine 

ligand was made in basis of 2D-COSY and 1D-NOESY NMR experiments, where a 

correlation between H6 and Pd-CH3 was observed (see for example Figure 4.3 and 

Supplementary information for details).  

The 1H NMR spectra of neutral complexes I and II were in agreement with the 

coordination of the N-N ligands in a non symmetric chemical environment.  For these 

complexes the singlet signal due to the methyl bonded to palladium falls in the range 

between 0.8-1.2 ppm. The bipyridine ligand resonances generally occurs ca. 0.2-0.3 

ppm downfield from free ligand values. Moreover, the protons from the donor ring cis 

to the chloride are marked by downfield shifts in agreement with literature values.[8]  

 
Figure 4.3. Assignments of the protons in complex II.  

When proton assignments were done in complex I, it was observed that 

metylenic protons bonded to pyridine (py) ring gave correlation both in 2D-COSY and 

1D-NOESY NMR spectra with both H4, H6 and H4’, H6’. This was attributed to a 

mixture of cis and trans isomers (respect to the Pd-CH3 position, Figure 4.4), which in 

the NMR timescale were observed as the average situation between both isomers. 

 

 

Figure 4.4. Assignment of the protons in cis-I and trans-I complex. 
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The 1H NMR spectra of the cationic complexes Ia-c, IIa-c and IIIa-c, showed 

the signals of the coordinated acetonitrile (δ 2.35-2.60 ppm; free acetonitrile δ 2.10 

ppm[9]) and the singlet due to the methyl group bonded to palladium (δ 0.90-1.25 ppm). 

Unexpectedly, the 1H NMR spectra of these complexes depended on the counterion, 

which suggested the presence of an interaction between the ions. For example, the 

aromatic region of the 1H NMR of complexes Ia-c, IIa-c and IIIa-c showed that the 

proton signals of the bipyridine ring trans to Pd-CH3 (trans-py ring) were shifted 

depending on the counterion (Figure 4.5, Figure 4.7 and Figure 4.8). This suggested that 

the interaction could take place selectively with this ring. However, there was no 

evidence of counterions coordination.  

Complexes Ia-c showed broad signals probably due to an exchange between 

cis/trans isomers (Figure 4.5). The 1D-NOESY NMR experiments of complex Ib 

confirmed the formation of both geometric isomers (1:1), being proton H6 and H6’ 

different in cis and trans isomer (X= OTs¯, Figure 4.5). The exchange could produce 

free CH3CN, which was detected in the 1H NMR spectra (see SI). Complex Ic presented 

a complex 1H NMR spectrum, that became simpler at -80 ºC, although signals 

corresponding to H3 and H4 continued overlapped (Figure 4.6). 

 
Figure 4.5. 1H NMR spectra in the aromatic region of complexes Ia-c (CD2Cl2, 

500MHz). 
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Figure 4.6. Variable 1H NMR spectra in the aromatic region of complex Ic (CD2Cl2, 

400MHz); a) 25ºC, b) -60ºC, c) -80ºC. 

The chemical shifts of the aromatic protons in the 1H NMR spectra of complexes 

IIa-c were also very different between them (Figure 4.7). In the case of complex IIb, all 

the aromatic signals were quite broad suggesting that may be equilibrium between the 

species with free and coordinated acetonitrile. Nevertheless, variable temperature NMR 

experiment failed, since the complex precipitated at low temperature. 

Similar trends were observed with the complexes IIIa-c. Although in the 

complexes IIIa and IIIc the chemical shift of the H6’ were closer than for complex IIIb 

(Figure 4.8).  
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Figure 4.7. 1H NMR spectra in the aromatic region of complexes IIa-c (CD2Cl2, 

500MHz). 

 
Figure 4.8.  1H NMR spectra in the aromatic region of complexes IIIa-c (CD2Cl2, 

500MHz). 
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15N NMR spectroscopy 

15N-1H HMBCAD NMR experiments at natural abundance of the 15N isotope 

were performed to obtain more evidence of the coordination mode of the ligands as 

chelates. For this kind of experiments the range of expected scalar coupling nJ(15N,1H) 

is required. For similar ligands the reported values of scalar coupling 2J(15N,1H) were in 

the range 5-12 Hz.[6] Data was first obtained running at several input values in this 

range of 2J(15N,1H) for ligands L1 and L2 to obtain the reference chemical shifts for 

free ligands (entries 1 and 6, Table 4.1). Unfortunately, L3 was not soluble enough to 

perform the experiment. 

Similar series of experiments was run for the first complex of each series at 

different values of 2J(15N,1H), and the obtained 2J(15N,1H) was later used for the other 

complexes of the same family. Once obtained the 2J(15N,1H), the 15N chemical shifts of 

Ncis (N cis to Pd-CH3) and Ntrans of compounds I, Ia-c, IIa, IIb and IIIa-c were 

attributed by their correlations with H6 and H6’, respectively, in the 15N-1H HMBCAD 

spectra. Additionally, a 3J(15N,1H) was expected for Pd-NCCH3, therefore signals for 

this ligand were observed in some of the NMR spectra of the complexes. The 15N NMR 

data and the difference with free ligand (Δδ = δcomplex – δligand) have been compiled 

in Table 4.1. Complexes II, IIb and III were not soluble enough to perform these 

experiments. 

Signals of ligand L2 appeared deshielded with respect to L1, which correlated 

with increasing the electronegativity of the substituent.[10] If 15N chemical shifts are 

compared between ligand and complex, we observed the expected shielding effect 

exerted by the metal d electrons.[10] 

All 15N resonances fall within the expected chemical shift ranges, which were in 

agreement with the results reported by B. Milani et al. for similar complexes.[6] The 

nuclei Ncis presented 15N chemical shifts between −148 and −166 ppm, but the 

resonance of Ntrans was found at higher frequencies, around −110 and -122 ppm. This 

was related with the trans influence of the methyl ligand.[11] The difference of the 

chemical shift between coordinated and free ligand obtained were in agreement with the 

reported Δδ values, -75 to -90 for Ncis and -40 to -50 for Ntrans values.[6,12] The 15N 

chemical shift for Pd-NCCH3 obtained appeared between -204 and -207 ppm and the Δδ 

values were obtained using the 15N chemical shift -137.1 ppm from free acetonitrile.[13] 
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 In complexes with ligand L1, all 15N chemical shifts were identified for Ia, 

while for Ib and Ic 15N signal corresponding to Pd-NCCH3 and/or Ntrans were not 

detected. This may be attributed to the lability of Pd-N bond and/or the equilibrium 

between cis and trans 15N nucleus and/or the fact that the 3J(15N,1H) falls out the 

expected range.[11b] Similar observations were found for complex IIIb, where only 

Ntrans could be observed. 

To sum up, almost all complexes studied presented the expected 15N chemical 

shift values for chelated N-ligands complexes and in most of them it was also found the 
15N chemical shift from coordinated acetonitrile (Δδ between -67 and -70 ppm). No 

evidences of monocoordination of the N,N-ligands were obtained. 

Table 4.1. 15N chemical shifts in ligands, neutral and cationic complexes. a 

Entry Compound Chemical Shift (ppm) 

  Ncis Ntrans NCCH3 

1 L1 -76.8 -76.7 - 

2 I -149.5 (-72.7) -116.6 (-39.9) - 

3 Ia -159.2 (-82.4) -121.1 (-44.4) -204.7 (-67.6) 

4 Ib -162.4 (-85.6) -115.9 (-39.2) n.f. 

5 Ic -165.9 (-89.1) n.f. n.f. 

6 L2 -61.6 - 

7 IIa -148.9 (-87.3) -111.9 (-50.3) -207.6 (-70.5) 

8 IIc -149.3 (-87.7) -111.5 (-49.9) -204.3 (-67.2) 

9 IIIa -156.6 -119.0 -205.6 (-68.5) 

10 IIIb n.f. -135.0 n.f. 

11 IIIc -155.9 -118.2 -204.8 (-67.7) 
a Concentration 10mM; solvent: CD2Cl2, 400 MHz NMR spectra. Δδ (δ 
coordinated-δ free) values in parenthesis. n.f. = not found. 

 

Rhodium complexes 

In an attempt to elucidate if Rh(I) complexes would present similar behaviour in 

the 1H NMR with the different counterions than Pd(II) complexes, we synthesised the 

rhodium (I) cyclooctadiene complexes [Rh(L1)(cod)][X], where X was PF6¯ (Ia’), OTs¯ 

(Ib’) and BArF¯ (Ic’), following the same procedure described in Chapter 3.[14] The 1H 

NMR spectrum showed also differences depending on the counterion used (Figure 4.9). 
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Figure 4.9. 1H NMR spectra in the aromatic region of rhodium (I) complexes Ia’-c’ 

(CDCl3, 400MHz). 

In conclusion, the monochelated complexes of general formula 

[Pd(CH3)(NCCH3)(L1-L3)][X], where X is PF6¯, OTs¯ or BArF¯ (Ia-c, IIa-c and IIIa-

c), were synthesised and characterised by IR, MALDI-TOF spectrometry and 1H, 15N 

and 19F NMR spectroscopy. Unexpected counterion dependence was observed in the 1H 

NMR spectra, indicating that it may be an interaction between the counterion and the 

trans-py ring. Hetero- and homonuclear overhauser experiments (1H-19F HOESY and 
1H-1H NOESY) and NMR diffusion measurements were performed to confirm the 

existence of these interionic contacts.  

4.2.1.1 Ion Pairing studies (Diffusion Data and Overhauser Studies) 

NMR diffusion methods (pulse gradient spin-echo, PGSE) in combination with 

hetero-nuclear Overhauser spectroscopy are a useful and complete methodology to 

analyse the existence and degree of ion pairing.[15,16] In fact, in the recent literature there 

are a large number of studies about the counterion localization and the degree of ion 

pairing.[15-27] Therefore 1H-1H NOESY and  1H-19F HOESY experiments were done for 

palladium (II) complexes in order to assign the position of the counterion X-, and PGSE 

experiments were performed to obtain an estimation of the degree of ion pairing in 

CD2Cl2. 
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a) 1H‐1H NOESY and 1H‐19F HOESY NMR experiments 

First of all 1H-1H NOESY NMR spectra in CD2Cl2 were examined for 

complexes containing BArF¯ and OTs¯. No correlation was observed in the 1H-1H 

NOESY NMR spectra for complexes with BArF¯ Ic, IIc and IIIc. These results are in 

agreement with the literature[20,21,27] and supported by the fact that BArFˉ is a weak 

coordination anion[27,28] and its size makes difficult to have ion pairs.[21,29]  

The analogous spectra for complex with OTs¯, Ib, showed one cross-peak 

connecting the aromatic protons of the tosylate to the palladium acetonitrile and three 

cross-peaks between the methyl group of the tosylate and the aromatic protons of the 

trans-py ring (H6’trans, H6cis/6trans and H3’, Figure 4.10a). Then, it was confirmed the 

interaction between tosylate – trans-py ring and tosylate – acetonitrile ligand. However, 

in IIb the tosylate protons interacted with the methylenic protons of the perfluorinated 

chain (specifically (CH2)3’’, Figure 4.10b) and not with pyridine ring or coordinated 

acetonitrile suggesting that the perfluorinated chains, which are surrounding the metal 

centre, would avoid the OTs¯ approximation to the palladium centre and py ring. The 

perfluorinated chain may adopt a similar syn structure than the one observed in crystal 

structure of [Rh(cod)(L3)][PF6] (Chapter 3). Complex IIIb was not soluble enough for 

running 1H-1H NOESY experiment.  

 
Figure 4.10a. 1H-1H NOESY NMR spectra in CD2Cl2 of complex 

[Pd(CH3)(NCCH3)(L1)][OTs] Ib. 
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Figure 4.10b. 1H-1H NOESY NMR spectra in CD2Cl2 of complex 

[Pd(CH3)(NCCH3)(L2)][OTs] IIb. 

For the complexes containing PF6¯ as counterion 1H-19F HOESY methods were 

used. In the 1H-19F HOESY spectra for Ia, IIa and IIIa appeared cross-peaks between 

PF6 and the aromatic protons (see spectra for IIa as an example, Figure 4.11) and the 

cross-peak bonded to acetonitrile. This suggested that PF6¯ anion take up selective 

positions shifted to trans-py ring and close to the acetonitrile ligand (Figure 4.11). This 

type of selective behaviour for an anion is not unusual,[20,23,30] and similar observation 

was previously reported by Macchioni and co-workers.[30b] This behaviour might be 

related with its small volume which permited it to get close to the palladium atom, 

where the positive charge of the complex is located.[30b] 
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Figure 4.11. 1H-19F HOESY NMR spectra in CD2Cl2 of complex 

[Pd(CH3)(NCCH3)(L2)][PF6] IIa. 

In summary, homo- and heteronuclear NMR experiments showed evidences, in 

complexes Ia-b, IIa-b and IIIa, of interionic contact probably located in the proximity 

of the trans-py ring and Pd-NCCH3 (Figure 4.12). In fact, the analysis of the acetonitrile 

proton signals showed a shielding effect in complexes with OTsˉ respect to PF6ˉ 

attributed to the proximity of the aromatic ring of the counterion.[19] This effect was 

more pronounced for compound IIb, in which the acetonitrile protons exhibited the 

strongest interionic contact since the proton signal was more shielded with respect to the 

same signal of complex IIa (Δδ up to 0.18 ppm).  

 

Figure 4.12. Representation of the counterion localization in solution deduced from 

NMR measurements for complexes with counterion X¯ = PF6ˉ and OTsˉ.  
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b) Pulsed gradient spin‐echo (PGSE) NMR diffusion measurements 

A pulse gradient spin-echo (PGSE) NMR diffusion measurement allows 

estimating the degree of ion pairing and the molecular volume. PGSE experiment is 

based on a spin-echo sequence and two pulsed field gradients separated by a waiting 

time, Δ.[15]  This kind of NMR experiments consists on the repetition of this sequence 

increasing the gradient strength, G, giving different NMR spectra with different 

intensity of the signals. The variation of intensity in the NMR signals produced between 

both pulses is related to the diffusion of the species. The representation of the observed 

intensity changes, ln(I/Io), in front of G2, affords the diffusion coefficient, D (see eq. 1), 

as the straight line slope according to equation 1. The larger the substance is, the smaller 

the absolute value of the slope becomes.[25] 

DGII xo ⋅⎟
⎠
⎞

⎜
⎝
⎛ −Δ⋅⋅⋅−=

3
)/ln( 22 δδγ       (1) 

γx = gyromagnetic ratio of the x nucleus 
δ = length of the gradient pulse 
G = gradient strength 
Δ = delay between the midpoints of the gradients. 
D = diffusion coefficient. 

Once obtained the diffusion coefficient D is possible to found the hydrodynamic 

radii, rH, via the Stoke-Einstein equation (see eq. 2), where k is the Boltzmann constant, 

η is the viscosity of the solvent, and T is the temperature.  

D
kTr H πη6

=           (2) 

The rH and D values are used to determine the amount of interaction between 

cation-anion. In a normal experiment, the rH value found for the anion is compared with 

the rH data from the literature measured in MeOH, which provides an estimation of the 

real hydrodynamic radii without ion pairing, solvatation and hydrogen bonding. The 

higher the value of the experimental rH in comparison with the literature rH value is, the 

higher amount of ion pairing between anion-cation becomes. Even more, the 

comparison between the diffusion coefficients (Dcation and Danion values) will also give 

information on the degree of interaction between both ions. The smaller difference 

between both D values is, the higher degree of ion pairing becomes.  
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In our experiments we obtained the PGSE data from a DOSY (diffusion ordered 

spectroscopy), a 2D spectrum, where the chemical shift is found in x-axis and the 

diffusion coefficient in y-axis (Figure 4.13). The DOSY spectrum is split up in the 

different 1D NMR spectra and integrated separately to avoid non consistent data and 

more accurate results.  

 
Figure 4.13. Example of DOSY spectrum from complex IIa (entry 7, Table 4.2). 

Diffusion constants, D, were only obtained by the 1H NMR diffusion 

measurements for the anion (BArF¯ and OTs¯) and cation, since its signals were 

separated and well resolved[20-22,30a] (Table 4.2). In the literature there are also other 

nucleus diffusion measurements (for example 19F, 31P or 35Cl),[15-26] but unfortunately 

we did not found the optimised conditions for 31P diffusion measurements and ion 

pairing was not determined for complexes with PF6ˉ. The NMR spectra were recorded 

in CD2Cl2, since it is know that this solvent promote ion pairing in various transition 

metals with different counterions.[16,19-21] 

In the literature it was found the typical value for hydrodynamic radii of BArF¯ 

in methanol, which is ca. 6.1-6.3 (entry 1, Table 4.2).[20,24,26] However the rH value for 

OTs¯ anion was not found. Therefore we recorded the PGSE NMR spectra of AgOTs in 

CD3OD, which provided a diffusion-based rH of OTs¯ 4.4 Å (entry 2, Table 4.2). This 

experimental rH obtained was used as estimation of the real hydrodynamic radii. 

The D value and rH for the neutral complexes [Pd(CH3)(L1-L2)Cl] (I-II) have 

also been obtained as a reference value of hydrodynamic radii (rH 5.41 and 7.27 Å, 
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respectively; entries 3 and 4, Table 4.2) in CD2Cl2 and in the absence of strong 

solvatation and/or ion-pairing effects.[22] 

Table 4.2. Diffusion Coefficients (D, 10-10m2s-1) and Hydrodynamic Radii (rH)a 

Entry Compound D rH
b (Å) 

1[20,24,26] NaBArF BArF¯ - 6.1-6.3 

2 AgOTsc OTs¯ 9.29 4.42 

3 Id - 9.75 5.41 

4 IId - 7.10 7.42 

5 Ib 
Cation 8.76 6.04 
OTs¯ 8.96 5.88 

6 IIb 
Cation 7.43 7.09 
OTs¯ 7.75 6.80 

7 Ic 
Cation 6.51 8.09 
BArF¯ 7.37 7.15 

8 IIc 
Cation 7.44 7.08 
BArF¯ 8.30 6.35 

9 IIIc 
Cation 7.15 7.37 
BArF¯ 8.25 6.39 

a Concentration 2mM and recorded at 300K, using 1H signals. b η(CD2Cl2) = 0.414 x 10-3 kg·s-

1.[15] c Concentration 5mM and recorded in CD3OD at 300K; η(CD3OD) = 0.526 x 10-3 kg·s-1.[15] 
d Concentration 5mM. 

Concerning the complexes containing OTsˉ, the obtained rH value for complex 

Ib (entry 5, Table 4.2) indicated that both, cation and anion, diffuse at very similar rate 

(rH OTsˉ = 5.9 Å and rHcation = 6.0 Å), as can be observed in Figure 4.14a, where both 

cation and OTs¯ are represented by the same slope.[23] Furthermore, OTs¯ anion is 

known to have a diffusion-based rH values in methanol  4.4 Å, and the experimental rH 

for Ib is considerably high. These results pointed to almost 100% ion pairing.  

While the hydrodynamic radius was not so different between the cation of IIb 

and the neutral species II, the rH value for the anion OTs¯ (entry 6, Table 4.2) was 

considerably high (rH value 6.8 Å) compared to the literature rH value, therefore 

evidenced high amount of interaction but smaller than in complex Ib. Unfortunately low 

solubility of complex IIIb avoided the measurement of rH value. These results 

confirmed the evidences of ionic interaction obtained from the 1H-1H NOESY 

experiments, for complexes containing OTs¯ as counterion. 
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For complexes with BArF¯ anion, Ic, IIc and IIIc the diffusion coefficient of the 

anions were different pointing to different translation ratios for both cation and anion. 

We found in Ic a rH value for anion of 7.15 Å a slightly higher than the typical value of 

BArF¯ in methanol (entry 7 vs. entry 1, Table 4.2), which could be consistent with the 

presence of some interactions and moreover, the volume of the cation increased with 

respect to the neutral complex, I (rH value 8.1 Å vs. 5.4 Å; entry 7 vs. 3, Table 4.2, 

respectively). Nevertheless, the lack of contact from BArF¯ and the cation in the 1H-1H 

NOESY experiments confirms that there was no interaction.[18,22] 

Complexes IIc and IIIc had the same behaviour. The hydrodynamic radii were 

not so different between all cations and are very similar than the neutral species (in the 

case of IIc).  In IIc and IIIc BArF¯ has a D-value of up to 8.3 and rH value of 6.3-6.4 Å 

(entry 8 and 9, Table 4.2), which indicated no interactions, in keeping with the results 

from the 1H-1H NOESY NMR measurements. Figure 4.14b clearly showed different 

diffusion for cation and BArF¯, since both had different slopes.  

As we observed in the literature,[18] changing the structure of the bipyridine 

substituents, for example as a monosubstituted perfluorinated ligand L1, modifies the 

amount of ion pairing under the same conditions. While in Ib (OTs¯) had almost 100% 

ion pairing, in the case of IIb and IIIb the degree of ion pairing were smaller. 

 

  
     (a)          (b) 

Figure 4.14. Plot of 1H ln(I/Io) vs. arbitrary units proportional to the square of the 

gradient amplitude (a) on complex Ib (b) on complex IIc.  
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4.2.2 CO/Styrene and tert­butylstyrene copolymerisation 

4.2.2.1 CO/Styrene copolymerisation in TFE 

Firstly, we studied the catalytic activity of complexes Ia-c, IIa-c and IIIa-c in 

the copolymerisation of CO/styrene using an organic solvent 2,2,2-trifluoroethanol at  

reference conditions reported in the literature:[31] 1 atm of CO pressure, 30oC, 4.1 10-4 M 

catalyst and 10 ml of styrene. We analyzed the effect of the ligands, the addition of 

benzoquinone (BQ) as oxidant and the counterion used. The results obtained are 

represented in Figure 4.15 and Figure 4.17. 

Initially we studied the catalytic activity of complexes with PF6¯ as counterion 

(Ia-IIIa). All the complexes tested gave good results in terms of productivity (up to 

4.65 kg CP/g Pd), syndiotacticity (up to 93%) and molecular weight (up to Mw = 

580000, SI) (Figure 4.15). At these conditions, the best result (4.65 kg CP/g Pd) was 

obtained with the catalytic system IIa, which contained ligand L2 at a ratio of 

[BQ]/[Pd] = 5.   
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Figure 4.15. Representation of the productivity in front of the amount of BQ using ST 

as substrate. Catalytic conditions: 1.27 10-5 mol catalyst, styrene V = 10 mL ([ST]/[Pd] 

= 6823), TFE V = 20 mL, Pco = 1 atm, T(ºC) = 30 ºC, time = 24h. 

In most of the conditions studied, the productivities obtained with the cationic 

complexes Ia-IIIa were higher than the ones obtained with the non fluorinated 2,2-

bipiridine (bpy) [Pd(CH3)(NCCH3)(bpy)][PF6] (IVa) (ca 0.5 kg CP/g Pd). We 

speculated that the presence of the perfluorinated electronwithdrawing tails increased 
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the stability of these systems. In fact no decomposition of the catalyst was observed 

with complexes Ia-IIIa, while palladium metallic was observed at the end of the 

reaction in the case of using complex IVa.  

a) Effect of benzoquinone (BQ) 

As it was described in the introductory chapter, the role of 1,4-benzoquinone 

(BQ) is the stabilization of the intermediate hydride species by oxidizing Pd(0) to Pd2+, 

which can then immediately re-enter the catalytic cycle.[1b,32] The catalytic experiments 

without BQ showed different behaviour depending on the catalytic system used. For 

instance, Ia and IIa showed moderate activity (0.61-0.63 kg CP/g Pd), while IIIa 

exhibited the highest activity for this catalytic system (3.31 kg CP/g Pd), high molecular 

weight (Mw = 486000) and low polydispersity (1.3).  

An increase in the amount of BQ (BQ/Pd = 5 and 40) produced an increase in 

the productivity for system Ia up to 1-1.5 kg CP/g Pd. In all the cases using BQ as 

oxidant, no decomposition of the complex was observed. These results were in 

agreement with the ones obtained by Milani et al. with non symmetrical Ar-BIAN 

ligands, which showed the best results with the highest amount of benzoquinone.[31,33]  

In the case of catalytic systems IIa and IIIa an inhibiting effect of BQ was 

observed, since increasing the amount of BQ did not increase the productivity as 

expected. Similar inhibitory effect of BQ was reported in the literature[31,34] and was 

attributed to a competitive effect between HQ (producing alcoholisis of the growing 

chain) and propagation step. Therefore, the reaction slowed down and decreased the 

productivity. Nevertheless, in our case in the MALDI-TOF mass analysis we did not 

found clear evidences of this as we will discuss below.  

The 13C NMR spectra analysis of the CO/styrene copolymers synthesized with 

catalyst IIa showed a syndiotactic microstructure, the content of the uu triad was 93%, 

the remaining 7% corresponded to the ul and lu triads (see one example, Figure 4.16).  
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Figure 4.16. 13C NMR spectra in HFIP + CDCl3 at room temperature, region of ipso 

carbon atom, of: CO/styrene polyketone synthesized with IIa. 

b)  Effect of the counterion 

The effect of the counterion with the complexes Ia-c, IIa-c and IIIa-c at BQ/Pd 

= 5 and at the same catalytic conditions was studied in TFE. The order of productivity 

found was X = PF6¯ > OTs¯ ≈ BArF¯ (Figure 4.17). The systems with OTs¯ (Ib-IIIb) 

showed decomposition of the complex, while in the case of BArF¯ (Ic-IIIc) and PF6ˉ 

(Ia-IIIa) no decomposition was observed. The order of activity found is in contrast with 

the results reported by Macchioni et al. with complexes [Pd(η1,η2-C8H12OMe)bpy]X 

(bpy = 2,2’-bipyridine and C8H12OMe = cyclooctenylmethoxy group) in methylene 

chloride,[27] where the order of the catalytic activity of the complexes tested was related 

with the coordinating ability (X = BPh4¯ << CF3SO3¯ < BF4¯ < PF6¯ < SbF6¯ < BArF¯) 

and the best anion was the least strong coordinating one. 
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Figure 4.17. Representation of the productivity in front of the counterion used 

with complexes Ia-c, IIa-c and IIIa-c. Catalytic conditions: 1.27 10-5 mol catalyst, styrene V 

= 10 mL ([ST]/[Pd] = 6823), TFE V = 20 mL, pco = 1 atm, T = 30ºC, time = 24 h and [BQ]/[Pd] 

= 5. 

4.2.2.2 CO/Styrene and CO/tert­butylstyrene in compressed carbon dioxide 

The catalytic activity of complexes Ia-c, IIa-c and IIIa-c in the 

copolymerisation of CO/styrene (ST) and tert-butylstyrene (TBS) using supercritical 

carbon dioxide (scCO2) or liquid expanded CO2 as solvent at reference conditions 5 atm 

of CO pressure, 37ºC, 4.1·10-4 M catalyst was studied.[5] 

Initially we studied the catalytic activity in the CO/TBS copolymerisation of 

complexes with BArFˉ as counterion (Ic-IIIc), since it is known to provide the most 

soluble systems in CO2. The results obtained in supercritical conditions (250 atm of 

total pressure and 37ºC) are represented in Figure 4.18. Almost all the catalytic systems 

investigated presented better results than the model complex 

[Pd(CH3)(NCCH3)(A)][BArF] (Vc).[5] The catalytic systems with ligands containing a 

chain in position 5 gave better productivities (340 and 280 g CP/g Pd with Ic and IIIc, 

respectively) and molecular weight (75200 and 197900 with Ic and IIIc, respectively). 

The stereoregularity found in scCO2 ranged between 85-90% uu triads, in syndiotactic 

copolymers. 
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Figure 4.18. Representation of the productivity and molecular weight in front of the 

catalyst Ic, IIc, IIIc and [Pd(CH3)(NCCH3)(A)][BArF] (Vc),[5] with TBS in scCO2. 

Catalytic conditions: 1.27·10-5 mol catalyst, [TBS] / [Pd] = 620, PCO = 5 atm, Pt = 250 atm, 

T(ºC) = 37 ºC and time = 24h. 

The catalytic study was focused on complex IIIc to optimise the conditions 

(Table 4.3). The CO2 phase influence was investigated and it was found an increase in 

productivity of 2.6 times moving from scCO2 to liquid CO2 (entry 1 and 2, Table 4.3). 

This is in agreement with the results obtained with bischelated systems (Chapter 3).[35] 

A contribution of this improvement may be due to the increase of catalyst 

concentration, since the volume of the liquid phase is lower than the volume of the 

vessel. Moreover, as it was observed with bischelated systems, after 6h the magnetic 

stirring bar was blocked in the reactor. After 6h the productivity was high 

corresponding to an average TOF of 132 g CP/g Pd (entry 2 and 3, Table 4.3). 

Increasing CO pressure from 5 to 10 bars (entry 3 vs. 4, Table 4.3), the 

productivity increased 1.2 times and molecular weight up to 1.6 times, in agreement 

with literature results.[2a] The increase in the amount of substrate had a positive effect in 

catalysis (entry 4 vs. 6 and vs. 9, Table 4.3). The addition of TFE (TFE/Pd = 300) did 

not promote any significant improvement in the productivity and a slight decrease in 

Mw and high polydispersity were found (entry 7, 9 and 11 vs. 6, 8 and 10, Table 4.3), in 

contrast with the observed behaviour in the bischelated systems.[35]  

Using [TBS]/[Pd] = 3100 the copolymer did not precipitate from the reaction 

mixture after 6 h and the reaction could be run for 24h. Nevertheless, small difference in 
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productivity was observed (entry 8 vs. 10, Table 4.3) indicating that complex IIIc 

achieved the maximum of catalytic activity after 6h.   

At the best conditions found for CO/TBS, the copolymerisation CO/styrene was 

studied. We observed a decrease in productivity (entry 12, Table 4.3), in agreement with 

the results reported in previous chapter, but on the contrary the catalyst provided high 

Mw copolymers (long living character, Mw = 914100). 

 

Table 4.3. Catalysis results with catalyst system IIIc in CO/vinyl arenes 

copolymerisation in CO2 as solvent.a 

Entry 
PCO 

(atm) 

CO2 

Phaseb time (h) 
[subs]/[Pd] 

molar ratio

g CP/ g Pd 

(g CP/g Pd·h)c % uu 
Mw 

(Mw/Mn)d 

1e 5 scCO2 24 620 276 (11) 85 197900 (2.03)

2 5 CO2 liq. 24 620 736 (31) 83 82600 (2.12) 

3 5 CO2 liq. 6 620 660 (110) 84 78300 (1.93) 

4 10 CO2 liq. 6 620 789 (132) 82 102300 (1.66)

5 5 CO2 liq. 6 1240 1049 (175) 84 85600 (1.73) 

6 10 CO2 liq. 6 1240 1212 (202) 86 141000 (1.77)

7f 10 CO2 liq. 6 1240 1291 (215) 84 130900 (1.78)

8g 10 CO2 liq. 6 3100 1554 (259) 85 149500 (2.40)

9f,g 10 CO2 liq. 6 3100 1418 (236) 85 120700 (2.50)

10g 10 CO2 liq. 24 3100 1705 (71) 83 144200 (2.17)

11f,g 10 CO2 liq. 24 3100 1652 (69) 81 104600 (2.35)

12f,h 10 CO2 liq. 24 3100 1092 (46) 84 914100 (1.24)
a Catalytic conditions: 1.27·10-5 mol IIIc, [subs] = TBS, Pt = 70 atm, T(ºC) = 37 ºC. b Ocular observation 
through the reactor window. c Averaged values d Determined by GPC vs. polystyrene standards in TBS 
copolymers and vs. polymethylmetacrylate standards in ST copolymers. e Pt = 250 atm. f VTFE= 52 μL 
([TFE]/[Pd] = 300). g Pt = 65 atm to maintain liquid phase. h [subs] = Styrene.  
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a) Effect of the counterion 

Catalysts Ia-c, IIa-c and IIIa-c were tested using the best catalytic conditions. 

Results are shown in Table 4.4 and Figure 4.19. Catalysts Ia-c presented no 

decomposition to Pd-black indicating high stability, but provided low productivity 

(entry 1-4, Table 4.4). This low productivity may be related with cis/trans equilibrium 

process observed by NMR spectroscopy. The catalyst Ic presented a long living 

character, since increasing the reaction time increased twice the activity, eight times the 

productivity and considerably the molecular weight (entry 3 vs. entry 4, Table 4.4). 

Even more, liquid expanded conditions were confirmed as the best conditions for the 

catalytic system Ic, being 2.3 times better than under scCO2 conditions (entry 4, Table 

4.4 vs. Figure 4.18). 

On the other hand, for complexes with ligands L2 and L3, catalysts II-IIIa-c, 

were found to be by far the most productive with the less coordinating anion (BArF¯, 

IIc and IIIc, entry 7 and 10, Table 4.4). Complexes IIb and IIIb (containing OTs¯) 

showed low productivity and formation of polyterbutylstyrene (entry 6 and 9, Table 4.4) 

probably due to decomposition. In contrast with the results observed in Chapter 3, the 

catalytic system containing ligand L2 in the reported catalytic conditions was more 

active than complexes with L3. 

The main differences between catalysts IIa, IIc, IIIa and IIIc were the 

stereoregularity values. Although both produce syndiotactic copolymers, higher degree 

of stereoregularity were obtained with IIa and IIc (up to 96% uu triads) than with IIIa 

and IIIc (76-85% uu triads). These results may be related with the position of the 

perfluorinated chains.[36] For complexes containing the 5,5’-substituted ligand L3, the 

counterion significantly affects the stereoregularity of the copolymers (the syndiotactic 

content triads) and seems to be related with the coordination ability of the anion.[37] 

While the use of BArF¯ (IIIc) resulted in slightly higher percentage of the uu-triad 

(85%), catalyst IIIa, having more coordinating PF6¯ anion, afforded polyketone 

containing 76% uu-triad. The effect of the anion on the microstructure was instead 

negligible when comparison was made between catalysts Ia-c and IIa-c. 
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Table 4.4. CO/TBS copolymerisation results studying the effect of the counterion used 

in liquid expanded CO2.a 

Entry Catalyst (g CP/ g Pd) (g CP/ g Pd) h-1 % uu Mw  (Mw/Mn)b 

1 Ia 393 66 89 44331 (1.21) 

2 Ib 505 84 93 128170 (1.68) 

3 Ic 094 16 90 117150 (1.71) 

4c Ic 791 33 89 167530 (2.16) 

5 IIa 788 131 96 196130 (2.63) 

6d IIb 68 11 - - 

7 IIc 1664 277 93 125950 (1.98) 

8 IIIa 0671 112 76 76721 (1.49) 

9e IIIb 121 20 - - 

10 IIIc 1554 259 85 149510 (2.40) 
a Catalytic conditions: 1.27·10-5 mol catalyst, [subs] = TBS, VTBS= 2.55 mL ([TBS] / [Pd] = 3100), 
[TFE]/[Pd] = 0, PCO = 10 atm, Pt = 65 atm, T(ºC) = 37 ºC, time = 6 h. b Determined by GPC vs. 
polystyrene standards. c time = 24h. d Homopolymer = 48%. e Homopolymer = 25%.  

 

In summary, there are different factors affecting the productivity using 

compressed CO2 in the catalysts studied (Figure 4.19). The productivity of catalysts IIa-

c and IIIa-c presented counterion dependence, being the order X = BArF¯ > PF6¯ >>> 

OTs¯, which corresponds to the increasing ionic interaction. OTs¯ containing complexes 

(IIb and IIIb) were unstable and lead to homopolymer formation. On the other hand, 

complexes Ia-c were less productive, which may be related with the existence of 

cis/trans equilibrium processes. The most productive catalytic system was IIc showing 

up to 1.7 kg CP/g Pd and the highest molecular weight copolymer was obtained with 

catalyst IIa (up to Mw 196000) and high syndiotacticity (up to 96% uu triads).  
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Figure 4.19. Representation of the productivity in front of the counterion used with 

complexes I-IIIa-c with TBS as substrate in liquid expanded CO2. Catalytic conditions: 

1.27·10-5 mol catalyst, VTBS= 2.55 mL ([TBS] / [Pd] = 3100), [TFE]/[Pd] = 0, PCO = 10 atm, Pt = 

65 atm, T(ºC) = 37 ºC, time = 6 h. 

Some general conclusions can be extracted, although no direct comparison 

between the performance of the studied catalysts in TFE and compressed CO2 due to the 

different characteristics of the substrates and technical problems related with the 

limitation of the reactor volume and stirring. Good productivities were obtained in 

compressed CO2, nevertheless the absolute values of productivities were higher in TFE 

than in compressed CO2. Comparing the productivities in the CO/ST copolymerisation 

obtained in both media, the highest results were obtained in TFE (3.31 vs. 1.09 kg CP/g 

Pd) but the concentration of substrate was very high. However, the most important 

conclusion drawn from the study is the potential of the compressed CO2 as medium for 

this reaction. 

4.2.2.3 Initiation and termination steps study 

The initiation and termination mechanisms were determined by matrix-assisted 

laser desorption/ionization (MALDI) mass spectrometry of the copolymer end-groups. 

In base of previous results reported in the literature[31,38] and the observations discussed 

in Chapter 3 the catalytic cycle proposed is the same shown in the previous chapter. The 

copolymers were characterized by several series of peaks represented in Figure 4.20.  
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Figure 4.20. Polymeric chains presents in the CO/tert-butylstyrene (R= tertbutyl) or 

styrene (R=H) polyketones. 

MALDI-TOF mass spectra of the styrene/CO copolymers formed in TFE with 

[BQ]/[Pd]=5 (catalyst IIIa) and without BQ (catalyst IIa) were analyzed and compared. 

The mass spectra of polymers obtained without BQ revealed that the main fragment 

corresponded to a species in which the initiation step involved the insertion of styrene 

into the Pd-H bond and the termination by β-H elimination (chain a, Figure 4.20). When 

BQ was present the same mass spectrum was observed. However, the chain in which 

the initiation step involved the TFE and the termination the incorporation of the reduced 

BQ (HQ, chain e, Figure 4.21 and Figure 4.22a) could not be excluded since chain e and 

chain a give rise to a series of peaks whose differences in mass were too low to be 

distinguished with the instrumental set-up employed.[31] The incorporation of HQ in the 

end of the copolymer is a typical process taking place when the copolymerization is 

carried out in an alcoholic medium in the presence of the oxidant.[1b,31] 

 
Figure 4.21. Polymeric chain in the CO/styrene (R=H) copolymer when BQ is used. 
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 In the case of the styrene copolymers formed in liquid expanded CO2, the mass 

spectra showed also as a main peak the one corresponding to chain a, however it also 

appeared peaks corresponding to end groups with double carbonylation followed by 

nucleophilic attack of water (chain c o c’ + C=O),[39] with a high  relative abundance 

(Figure 4.22b). 

 
(a) 

 
(b) 

Figure 4.22. MALDI-TOF mass spectra of the CO/ST polyketones synthesis using (a) 

catalyst IIIa in TFE with BQ, Figure 4.15; (b) catalyst IIIc in liquid expanded CO2, 

entry 13, Table 4.3. 

The MALDI-TOF spectra of TBS copolymers formed in liquid expanded CO2 

presented fragments corresponding to chain a (Figure 4.23a). However other fragments 

were also observed if TFE was present, depending on the amount of substrate used or 
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the catalyst. For example, the addition of TFE (Figure 4.23b) yielded other minor 

fragments assigned to the initiation through TFE and termination by -OH (chain d), the 

initiation by TBS insertion to Pd-H and end groups by hydrolysis (chain c o c’) and 

double carbonylation (chain c o c’ + C=O). 

 
(a) 

 
(b) 

Figure 4.23. MALDI-TOF mass spectra of the CO/TBS polyketones syntheses using 

catalyst IIIc (a) in liquid expanded CO2, entry 9, Table 4.3; (b) with addition of TFE in 

liquid expanded CO2, entry 11, Table 4.3. 

When the amount of substrate was reduced, the copolymers had a common 

initiator and multiple chain end groups ([TBS]/[Pd]=620, Figure 4.24a), maybe due to 

lower concentration of substrate. If PF6¯ was used as counterion instead of BArF¯, the 

relative abundance of chain c or c’ +C=O increased and appeared the fragments 
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corresponding to termination by the nucleophilic attack of water (chain c o c’, Figure 

4.24b). 

 
(a) 

 
(b) 

Figure 4.24. MALDI-TOF mass spectra of the CO/TBS polyketones syntheses in 

compressed CO2 (a) using catalyst IIIc and [TBS]/[Pd]=620, entry 3, Table 4.3; (b) 

using catalyst IIIa, entry 8, Table 4.4. 

In conclusion, the mass spectra of CO/ST polyketones showed as main 

mechanism the initiation through the alkene and the termination by β-H elimination in 

both mediums, however liquid expanded CO2 increased the double carbonylation end 

group (c o c’ + C=O). CO/TBS polyketones obtained with IIIc in liquid expanded CO2 
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were selective to chain a, while when IIIa or TFE were used, multiple polymeric chains 

were present.  

4.3 Conclusion 

We synthesized and fully characterized new cationic palladium complexes with 

perfluorinated bipyridines. Their 1H NMR spectra showed anion dependence, which 

was investigated by NMR measurements. The interionic structure of all complexes 

confirmed ion pairing in some of them by PGSE, 1H-1H NOESY and 19F-1H HOESY 

experiments. In solution, PF6¯ and OTs¯ appeared to be localized close to the bipyridine 

ring trans to palladium methyl and acetonitrile, while BArF¯ did not show any 

significant interionic contact.  

The catalytic activity of the complexes towards CO/vinyl arenes (ST and TBS) 

copolymerisation was tested. In TFE the best catalytic result in CO/ST 

copolymerisation was obtained with catalyst IIa (4.65 kg CP/g Pd, Mw up to 580000 

and syndiotacticity up to 93%) using BQ.  

In compressed CO2, catalyst IIIc was used to optimise the catalytic conditions. 

The parameters studied were CO2 phase, CO pressure, TFE addition, the amount of 

TBS and catalysis time. The increase in the CO pressure and TBS amount had a positive 

effect in the productivity, while addition of TFE had no significant effect. The most 

important parameter was CO2 phase showing the best results in liquid expanded CO2 

(65 atm total pressure and 38ºC), which in combination with the increase of TBS and 

CO pressure lead to the optimised conditions. Under the optimised condition precatalyst 

IIc showed the best catalytic results (1.66 kg CP/g Pd in only 6h, Mw up to 126000 and 

syndiotacticity up to 93%). Unfortunately, IIb and IIIb showed homopolymer 

formation. 

Finally, the initiation and end group’s analysis in liquid expanded CO2 showed 

that when ST was the substrate, the mechanism had two termination steps, the major 

one by β-H elimination and the minor by the double carbonylation followed by water 

attack. However, when TBS was used, almost only chain a (β-H elimination) was 

present. 
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4.4 Experimental Section 

General Comments.  Ligands L1-L3 were prepared following Chapter 3 described 

procedures. Commercial available Na2[PdCl4] (Johnson Matthey),  methanol (Merck) 

and 2,2,2-trifluoroethanol (Sigma-Aldrich)  were used as received. Dichloromethane 

used for the synthesis of complexes was purified through distillation over CaH2 and 

stored under inert atmosphere. Carbon monoxide (CP grade 99.0 %) was supplied by 

Westfalen. Carbon dioxide (CO2, CP grade 5.3 and SCF grade 99.995 %) was supplied 

by Praxair. IR spectra (range 4000 - 400 cm-1) were recorded on a Midac Grams/386 

spectrometer in KBr pellets or dichloromethane solution (when indicated). NMR 

spectra were recorded at 400 MHz Varian, with tetramethylsilane (1H and 13C), 

fluoroform (19F) and nitromethane (15N) as the internal standards. PGSE Diffusion 

Measurements. All the measurements were recorded by Dr. Miguel Angel Rodríguez 

from Servei de Recursos Científics of the University Rovira i Virgili, and were 

performed at  600.20 MHz frequency using an Avance III-600 MHz Bruker® 

spectrometer equipped with an inverse TCI 5 mm cryoprobe® with an actively shielded 

Z-gradient coil and a microprocessor controlled gradient unit. A line shape gradient was 

used, and its length was 2.00 ms. The gradient strength was increased by steps of 1 % 

(or 5 %) during the course of the experiment (long experiment (2h) 2 % - 97 % in steps 

of 1%; short experiment (20 min) 5 % - 95 % in steps of 5 %). For diffusion a double 

stimulated echo for convection compensation with bipolar gradients and LED 

(longitudinal eddy-current delay) was used.[40] The time between midpoints of the two 

gradients was 76.57 ms for a total diffusion time of 153.14 ms for all experiments. The 

experiments were carried out at set temperature of 300 K within the NMR probe. The 

diffusion spectra were processed using TopSpin software (version 2.1, Bruker®). 

Diffusion values were measured on 2 mM CD2Cl2 solutions. Cation diffusion rates were 

measured using the 1H signal from the aromatic protons. Anion diffusion was obtained 

from the 1H of the protons attached to aromatic ring in BArF and OTs. We estimated the 

experimental error in the D-values to be ± 2 %. All data leading to the reported D-

values afforded lines whose correlation coefficients were > 0.999 and 7-18 points have 

been used for regression analysis. HOESY. 19F-1H HOESY spectra were measured at 

concentrations of 10 mM, in CD2Cl2, at 298 K with a 0.8 s mixing time. MALDI-TOF 

measurements of complexes: Voyager-DE-STR (Applied Biosystems, Franingham, 

MA) instrument equipped with a 337 nm nitrogen laser. All spectra were acquired in the 
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positive ion reflector mode. α-cyano-4-hydroxycinnamic acid (CHCA) was used as 

matrix. The matrix was dissolved in THF at a concentration of 10 mg·mL-1. The 

complex was dissolved in CHCl3 (50 mg·L-1). The matrix and the samples were 

premixed in the ratio 1:1 (Matrix : sample) and then the mixture was deposited (1 μL) 

on the target. For each spectrum 100 laser shots were accumulated. MALDI-TOF 

measurements of copolymers: Voyager-DE-STR (Applied Biosystems, Franingham, 

MA) instrument equipped with a 337 nm nitrogen laser. All spectra were acquired in the 

positive ion reflector mode. Ditranol was used as matrix (25 mg/mL in THF + 1 mg/mL 

potassium 2,2,2’-trifluoroacetate, KTFA). Copolymers CO/TBS (5 mg) were dissolved 

in CHCl3 (1 mL) and a portion (5 µL) of this solution was added to the same volume of 

the matrix solution Copolymers CO/ST (5 mg) were dissolved in 

hexafluoroisopropanol, HFIP (0.4 mL) and CHCl3 (0.6 mL) and a portion (5 µL) of this 

solution was added to the same volume of the matrix solution. About 1 µL of the 

resulting solution was deposited on the stainless steel sample holder and allowed to dry 

before introduction into the mass spectrometer. Three independent measurements were 

made for each sample. Molecular weight measurements of CO/TBS polyketones: 

The molecular weights (Mw) of copolymers and the molecular weight distributions 

(Mw/Mn) were determined by gel permeation chromatography versus polystyrene 

standards. Measurements were made in THF on a Millipore-Waters 510 HPLC Pump 

device using three-serial column system (MZ-Gel 100Å, MZ-Gel 1000 Å, MZ-Gel 

10000 Å linear columns) with UV-Detector (ERC-7215) and IR- Detector (ERC-

7515a). The software used to get the data was NTeqGPC 5.1. Samples were prepared as 

follow: 5 mg of the copolymer was solubilised with 2 mL of tetrahidrofurane (HPLC 

grade) stabilised with toluene (HPLC grade). Molecular weight measurements of 

CO/ST polyketones: The molecular weights (Mw) of styrene copolymers and the 

molecular weight distributions (Mw/Mn) were determined by gel permeation 

chromatography versus polymethylmethacrylate (PMMA) standards in the Servei de 

Recursos Científics from the University of Barcelona. Measurements were made in 

hexafluoroisopropanol (HFIP) on a Alliance-Waters 2695 HPLC Pump device using 

PSS PFG analytical 1000 Å rigid column with IR- Detector (Water-2414). The software 

used to get the data was Empower supplied by Waters. Samples were prepared as 

follow: 2.0 mg of the copolymer was solubilised with 2 mL of hexafluoroisopropanol 

(HPLC grade). 
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Standard copolymerisation experiment in organic solvent. Copolymerisation reactions 

were carried out in a thermostated glass reactor equipped with a magnetic stirrer under 

CO atmosphere. After introduction of the catalyst precursor Ia-c, IIa-c and IIIa-c (4.1·10-

4 M), benzoquinone, solvent (20 mL), and styrene (10 mL), carbon monoxide was 

bubbled for 10 min into the reaction mixture heated at 30ºC. The system was then closed 

and connected to a balloon containing CO. After the appropiate reaction time, the reaction 

mixture was poured into methanol (100 mL). The polymer was filtered off, washed with 

methanol and dried under vacuum. Standard copolymerisation experiment in CO2. In 

an standard catalytic experiment, the catalyst precursor Ia-c, IIa-c and IIIa-c (4.1·10-4 M) 

was weight and introduced into a 11 mL stainless steel high pressure reactor equipped 

with thick-wall glass windows. Then the α-olefin (styrene or tert-butylstyrene) was 

introduced under argon. The autoclave was pressurized with CO and CO2 and heated up 

to 37 ºC and stirred during the reaction time. After reaction time, the autoclave was 

cooled down to room temperature and was carefully vented. The copolymer was 

dissolved in CH2Cl2 (5 mL) and precipitated pouring the solution into 70 mL of rapidly 

stirred methanol. The product was filtered off, washed with MeOH and vacuum dried. 

Safety warning. Experiments involving pressurized gases can be hazardous and must be 

conducted with suitable equipment and follwing appropriate safety conditions only. 
13C NMR CO/tert-butylstyrene: (100.5 MHz, CDCl3, 298 K): δ 208.0–206.5 (broad, CO), 

150.0, 149.8, 134.6, 134.3 (Cipso), 128.2, 125.8, 125.6 (Carom), 52.9 (CH), 44.5-43.0 

(broad, CH2), 34.5 (Ctertbutyl) and 31.5 (CH3); CO/styrene: (100.5 MHz, HFIP + CDCl3, 

298 K) δ 209.5–210.4 (broad, CO), 136.5, 136.1, 135.8, 135.3 (Cipso), 129.4,128.3, 128.0 

(Carom), 53.5 (CH) and 42.3–44.5 (broad, CH2). 

4.4.1 Complexes synthesis 

 

[Pd(CH3)Cl(NN)] (I-III)  

1.2 equivalents of the ligand (L1-L3) (0.214 mmol) were added to a solution of 

[Pd(CH3)Cl(COD)] (47 mg, 0.178 mmol) in 7 mL dry dichloromethane at room 

temperature and under argon atmosphere. After 5 h stirring at room temperature, diethyl 

ether was added and the product precipitated as a yellow solid, which was filtered off, 

washed with diethyl ether and dried under vacuum.  
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[Pd(CH3)Cl(L1)] (I)  

 
Pale brown solid (Yield 97 %).  

MALDI-TOF calc. for (C24H20ClF17N2Pd) m/z: 840.9708 [M++K+], 861.0209 

[M++K+NH4
+]; found m/z: 841.1279 [M++K+], 861.0731 [M++K+NH4

+]. 
1H NMR (500 MHz, CD2Cl2): δ 0.89 (s, 3H, Pd-CH3), 1.71-1.78 (m, 4H, 

(CH2)2’’,3’’), 2.15 (m, 2H, (CH2)4’’), 2.46 (br, 3H, CH3), 2.79 (m, 2H, (CH2)1’’), 7.79 (d, 

1H, (CH)4, 3JH3-H4 = 10Hz), 7.85 (d, 1H, (CH)4’,  3JH3’-H4’ = 5Hz), 7.95 (m, 2H, (CH)3,3’), 

8.45 (s, 1H, (CH)6), 8.96 (psd, 1H, (CH)6’). 19F NMR (376.3 MHz, CD2Cl2): δ -79.6 

(CF3), -113.1 (CF2), -120.5 (CF2), -120.6 (CF2), -121.4 (CF2), -122.3 (CF2), -

124.9(CF2). 15N NMR (40 MHz, CD2Cl2): δ -149.5 (Ncis), -116.6 (Ntrans). 

 

[Pd(CH3)Cl(L2)] (II)  

 
Bright yellow solid (Yield 94 %).  

IR (KBr) 1732 cm-1 ν(COO-). MALDI-TOF calc. for (C35H21ClF34N2O4Pd) m/z: 

1309.9678 [M+-CH3+3H+], 1325.9992 [M++4H+]; found m/z: 1309.9784 [M+-

CH3+3H+], 1325.9589 [M++4H+]. 
1H NMR (500 MHz, CDCl3): δ 1.19 (s, 3H, Pd-CH3), 2.21 – 2.29 (m, 8H, 

(CH2)3’’,2’’), 4.57 (br, 4H, (CH2)1’’), 8.12 (pst, 2H, (CH)5’,5), 8.67 (s, 1H, (CH)3), 8.71 (s, 

1H, (CH)3’), 8.93 (d, 1H, (CH)6, 3JH6-H5 = 5Hz), 9.48 (d, 1H, (CH)6’, 3JH6’-H5’ = 5Hz). 19F 

NMR (376.3 MHz, CDCl3): δ -81.1 (CF3), -114.7 (CF2), -122.2 (CF2), -122.3 (CF2), -

123.2 (CF2), 123.7 (CF2), 126.6 (CF2). 
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[Pd(CH3)Cl(L3)] (III)  

 
Bright yellow powder (Yield 99 %).  

IR (KBr) 1717 cm-1 ν(COO-). MALDI-TOF calc. for (C35H21ClF34N2O4Pd) m/z: 

1419.9295 [M+-CH3+CF3COO-], found m/z: 1419.1521 [M+-CH3+CF3COO-]. 

 

[Pd(CH3)(NCCH3)(NN)](Ia-IIIb) 

1.2 equivalents of the salt, silver hexafluorophosphate or silver tosylate (6.6·10-2 

mmol) dissolved in 1 mL of dry acetonitrile was added to a solution of [Pd 

(CH3)(Cl)(L1-L3)] (I-III) (5.5·10-2 mmol) in 4 mL of dry dichloromethane, kept in 

dark, under magnetic stirring, at room temperature and in argon atmosphere. After 5 h 

the solution was filtered over celitte to remove the silver chloride salt. The solution was 

concentrated and diethyl ether was added giving a precipitate, which was filtered off, 

washed with diethyl ether and dried under vacuum.  

 

[Pd(CH3)(NCCH3)(L1)][PF6] (Ia)  

Pale brown solid (Yield 84 %).  

MALDI-TOF calc. for (C26H23F23N3PPd) m/z: 938.0223 [M+-CH3+2H+], 

954.0537 [M++3H+], 974.0200 [M++Na+]; found m/z: 938.7144 [M+-CH3+2H+], 

954.7755 [M++3H+], 974.7293 [M++Na+]. 
1H NMR (500 MHz, CD2Cl2): δ 1.07 (s, 3H, Pd-CH3), 1.72  (m, 2H, (CH2)3’’), 

1.78  (m, 2H, (CH2)2’’), 2.17 (m, 2H, (CH2)4’’), 2.48 (s, 3H, Pd-NCCH3), 2.53 (s, 3H, 

(CH3)1’’’), 2.80 (t, 1H, (CH2)1’’, 3JH-H = 7.5Hz), 2.85 (t, 1H, (CH2)1’’, 3JH-H = 7.5Hz), 

7.96 (m, 2H, (CH)4,4’), 8.07 (m, 2H, (CH)3,3’), 8.32 (s, 1H, (CH)6’), 8.34 (s, 1H, (CH)6). 
19F NMR (376.3 MHz, CD2Cl2): δ -73.4 (PF6, JP-F = 712 Hz), -81.6 (CF3), -115.0 (CF2), 

-122.4 (CF2), -122.6 (CF2), -123.4 (CF2), -124.2 (CF2), -126.8 (CF2). 15N NMR (40 

MHz, CD2Cl2): δ -204.7 (NCCH3), -159.2 (Ncis), -121.1 (Ntrans). 
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[Pd(CH3)(NCCH3)(L1)][OTs] (Ib)  

Yellow brownish powder (Yield 74 %).  

MALDI-TOF calc. for (C33H30F17N3O3PdS) m/z: 938.0668 [M+-NCCH3+2H+], 

977.0778 [M+]; found m/z: 938.7320 [M+-NCCH3+2H+], 977.7690 [M+]. 
1H NMR (500 MHz, CD2Cl2): δ 0.94 (s, 3H, Pd-CH3), 1.58 (s, 3H, CH3-OTs), 

1.67-1.74 (m, 4H, (CH2)3’’,2’’),  2.15 (m, 2H, (CH2)4’’), 2.37 (s, 3H, (CH3)1’’’), 2.42 (s, 

3H, CH3CN-Pd), 2.73 (m, 2H, (CH2)1’’), 7.21 (d, 2H, m-CH-OTs, 3JHm-Ho = 5Hz), 7.79 

(br, 3H, o-CH-OTs, (CH)4’ overlapped), 7.84 (d, 1H, (CH)4, 3JH4-H3 = 8.5Hz), 7.91-8.00 

(m, 2H, (CH)3,3’), 8.31 (psd, 2H, (CH)6cis,6trans), 8.58 (s, 1H, (CH)6’trans), 8.68 (s, 1H, 

(CH)6’trans). 19F NMR (376.3 MHz, CD2Cl2): δ -81.5 (CF3), -115.1 (CF2), -122.4 (CF2), -

122.6 (CF2), -123.3 (CF2), -124.1 (CF2), -126.8 (CF2). 15N NMR (40 MHz, CD2Cl2): δ -

162.4 (Ncis), -115.9 (Ntrans). 

 

[Pd(CH3)(NCCH3)(L2)][PF6] (IIa)  

Bright yellow solid (Yield 70 %).  

IR (KBr) 1736 cm-1 ν(COO-). MALDI-TOF calc. for (C37H24F40N3O4PPd) m/z: 

1439.0118 [M+-PF6
-+CF3COO-], 1473.0066 [M++2H+]; found m/z: 1438.9903 [M+-PF6

-

+CF3COO-], 1472.9887 [M++2H+]. 
1H NMR (500 MHz, CD2Cl2): δ 1.21 (s, 3H, Pd-CH3), 2.20  (m, 4H, (CH2)2’’), 

2.32 (m, 4H, (CH2)3’’), 2.58 (s, 3H, Pd-NCCH3), 4.56 (t, 4H, (CH2)1’’, 3JH-H = 5.5Hz), 

8.17 (dd, 1H, (CH)5, 3JH5-H6 = 5.75Hz,  4JH5-H3 = 1.25Hz), 8.33 (dd, 1H, (CH)5’,  3JH5’-H6’ 

= 5.5Hz, 4JH5’-H6’ = 1.5Hz), 8.78 (m, 3H, (CH)3, 3’, 6), 8.91 (d, 1H, (CH)6’, 3JH6’-H5’ = 

5.5Hz). 19F NMR (376.3 MHz, CD2Cl2): δ -72.9 (PF6, JP-F = 712 Hz), -81.1 (CF3), -

114.5 (CF2), -121.9 (CF2), -122.2 (CF2), -122.9 (CF2), -123.6 (CF2), 126.4 (CF2). 15N 

NMR (40 MHz, CD2Cl2): δ -207.6 (NCCH3), -148.9 (Ncis), -111.9 (Ntrans). 

 

[Pd(CH3)(NCCH3)(L2)][OTs] (IIb)  

Green brownish powder (Yield 72 %).  

IR (KBr) 1729 cm-1 ν(COO-). MALDI-TOF calc. for (C44H31F34N3O7PdS) m/z: 

1497.0381 [M+], 1521.0361 [M++Na+]; found m/z: 1497.1564 [M+], 1521.1980 

[M++Na+]. 
1H NMR (500 MHz, CD2Cl2): δ 1.09 (s, 3H, Pd-CH3), 1.41 (br, 3H, CH3-OTs), 

2.19 (m, 4H, (CH2)3’’), 2.31 (m, 4H, (CH2)2’’), 2.40 (s, 3H, CH3CN-Pd), 4.53 (s, 4H, 
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(CH2)1’’), 7.25 (br, 2H, m-CH-OTs), 7.81 (br, 2H, o-CH-OTs), 8.06 (d, 1H, (CH)5, 3JH5-

H6 = 4.5Hz), 8.18 (d, 1H, (CH)5’, 3JH5’-H6’ = 4.5Hz), 8.71 (s, 2H, (CH)3,3’), 8.78 (d, 1H, 

(CH)6, 3JH6-H5 = 4.5Hz), 9.22 (d, 1H, (CH)6’, 3JH6’-H5’ = 4.5Hz). 19F NMR (376.3 MHz, 

CD2Cl2): δ -81.5 (CF3), -115.0 (CF2), -122.4 (CF2), -122.6 (CF2), -123.3 (CF2), -124.0 

(CF2), -126.8 (CF2).  

 

[Pd(CH3)(NCCH3)(L3)][PF6] (IIIa)  

Pale yellow solid (Yield 57 %).  

IR (KBr) 1733 cm-1 ν(COO-). MALDI-TOF calc. for (C37H24F40N3O4PPd) m/z: 

1419.9080 [M+-CH3-PF6
-+Ag+], 1473.0066 [M++2H+]; found m/z: 1419.1599 [M+-CH3-

PF6
-+Ag+], 1472.9887 [M++2H+]. 

1H NMR (500 MHz, CD2Cl2): δ 1.25 (s, 3H, Pd-CH3), 2.18  (m, 4H, (CH2)2’’), 

2.32 (m, 4H, (CH2)3’’), 2.55 (s, 3H, Pd-NCCH3), 4.53 (t,4H, (CH2)1’’, J = 6.25Hz), 8.45 

(pst, 2H, (CH)3,3’), 8.77 (pst, 2H, (CH)4,4’), 9.08 (s, 1H, (CH)6’), 9.15 (s, 1H, (CH)6). 19F 

NMR (376.3 MHz, CD2Cl2): δ -73.1 (PF6, JP-F = 712 Hz), -81.1 (CF3), -114.5 (CF2), -

121.9 (CF2), -122.1 (CF2), -122.9 (CF2), -123.5 (CF2), 126.3 (CF2). 15N NMR (40 MHz, 

CD2Cl2): δ -205.6 (NCCH3), -156.6 (Ncis), -119.0 (Ntrans). 

 

[Pd(CH3)(NCCH3)(L3)][OTs] (IIIb)  

Green brownish powder (Yield 52 %).  

IR (KBr) 1730 cm-1 ν(COO-). MALDI-TOF calc. for (C44H31F34N3O7PdS) m/z: 

1419.9080 [M+-CH3-OTs-+Ag+], 1474.0462 [M+-NCCH3+NH4
+]; found m/z: 1419.1079 

[M+-CH3-OTs-+Ag+], 1474.2297 [M+-NCCH3+NH4
+]. 

1H NMR (500 MHz, CD2Cl2): δ 1.15 (s, 3H, Pd-CH3), 1.27 (s, 3H, CH3-OTs), 

2.16 (m, 4H, (CH2)3’’), 2.31 (m, 4H, (CH2)2’’), 2.39 (s, 3H, CH3CN-Pd), 4.51 (psq, 4H, 

(CH2)1’’), 7.24 (d, 2H, m-CH-OTs, 3JHm-Ho = 9Hz), 7.81 (d, 2H, o-CH-OTs, 3JHo-Hm = 

9Hz), 8.26 (d, 1H, (CH)3, 3JH3-H4 = 8.5Hz), 8.30 (d, 1H, (CH)3’, 3JH3’-H4’ = 8.5Hz), 8.67 

(m, 2H, (CH)4,4’), 9.18 (d, 1H, (CH)6, 4JH6-H4 = 2Hz), 9.71 (d, 1H, (CH)6’, 4JH6’-H4’ = 

2Hz). 19F NMR (376.3 MHz, CD2Cl2): δ -81.5 (CF3), -115.0 (CF2), -122.4 (CF2), -122.5 

(CF2), -123.3 (CF2), -123.7 (CF2), -126.8 (CF2). 15N NMR (40 MHz, CD2Cl2): δ -135.0 

(Ntrans). 
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[Pd(CH3)(NCCH3)(NN)][BArF] (Ic-IIIc) 

Two drops of dry acetonitrile were added to a suspension of Ib-IIIb (3.4·10-2 

mmol) and 1.1 equivalents of NaBArF (33 mg, 3.7·10-2 mmol) in dry CH2Cl2 (2 mL). . 

The mixture was stirred for 0.5 h at 0oC and then for 1h at room temperature. The 

resulting suspension was filtered off, to remove the precipitated NaOTs, which was 

washed with dry methylenechloride. The filtrate was evaporated in vacuum to yield an 

oil, which was triturated with pentane yielding a foam.  

 

[Pd(CH3)(NCCH3)(L1)][BArF] (Ic)  

Pale brown foam (Yield 97 %).  

MALDI-TOF calc. for (C58H35BF41N3Pd) m/z: 1600.1373 [M+-CF3], 1643.1613 

[M+-CF3+Na++NH4
+]; found m/z: 1599.1922 [M+-CF3], 1643.1685 [M+-

CF3+Na++NH4
+]. 

1H NMR (400 MHz, CD2Cl2): δ1.09 (s, 3H, Pd-CH3), 1.71 (m, 2H, (CH2)2’’), 

1.78 (m, 2H, (CH2)3’’), 2.16 (m, 2H, (CH2)4’’), 2.48 (s, 3H, Pd-NCCH3), 2.55 (d, 3H, 

(CH3)1’’’), 2.81 (m, 2H, (CH2)1’’), 7.54 (s, 4H, BArF), 7.71 (s, 8H, BArF), 7.90-8.10 (m, 

4H, (CH)4,4’, (CH)3,3’), 8.23 (d, 1H, (CH)6), 8.33 (s, 1H, (CH)6‘). 19F NMR (376.3 MHz, 

CD2Cl2): δ -63.3 (CF3, BARF), -81.5 (CF3), -115.1 (CF2), -122.4 (CF2), -122.6 (CF2), -

123.4 (CF2), -124.2 (CF2), -126.8 (CF2). 15N NMR (40 MHz, CD2Cl2): δ -165.9 (Ncis). 

 

[Pd(CH3)(NCCH3)(L2)][BARF] (IIc)  

Yellow brownish foam (Yield 65 %). 

IR (KBr) 1744 cm-1 ν(COO-). MALDI-TOF calc. for (C69H36BF58N3O4Pd) m/z: 

1393.9049 [M+-NCCH3-BArF+Ag+], 1419.9080 [M+-CH3-BArF+Ag+]; found m/z: 

1393.0875 [M+-NCCH3-BArF+Ag+], 1419.1705 [M+-CH3-BArF+Ag+]. 
1H NMR (500 MHz, CD2Cl2): δ 1.23 (s, 3H, Pd-CH3), 2.20 (m, 4H, (CH2)2’’), 

2.30 (m, 4H, (CH2)3’’), 2.52 (s, 3H, Pd-NCCH3), 4.56 (t, 4H, (CH2)1’’, 3JH-H = 6Hz), 7.55 

(s, 4H, BArF), 7.71 (s, 8H, BArF), 8.18 (dd, 1H, (CH)5, 3JH5-H6 = 5.5Hz, 4JH5-H3 = 1Hz), 

8.21 (d, 1H, (CH)5’, 3JH5’-H6’ = 3.5Hz), 8.66 (d, 1H, (CH)6, 3JH6-H5 = 5.5Hz), 8.76 (d, 1H, 

(CH)6’, 3JH6’-H5’ = 5.5Hz), 8.82 (s, 2H, (CH)3’,3). 19F NMR (376.3 MHz, CD2Cl2) : δ -

63.3 (CF3, BARF), -81.6 (CF3), -114.9 (CF2), -122.4 (CF2), -122.6 (CF2), -123.4 (CF2), 

-124.1 (CF2), -126.8 (CF2). 15N NMR (40 MHz, CD2Cl2): δ -204.3 (NCCH3), -149.3 

(Ncis), -111.5 (Ntrans). 
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[Pd(CH3)(NCCH3)(L3)][BARF] (IIIc)  

Pale brown foam (Yield 47 %).  

IR (KBr) 1741 cm-1 ν(COO-). MALDI-TOF calc. for (C69H36BF58N3O4Pd) m/z: 

1419.9080 [M+-CH3-BArF+Ag+], 1477.9755 [M+-BArF+CF3COO-+K+]; found m/z: 

1419.0966 [M+-CH3-BArF+Ag+], 1477.1439 [M+-BArF+CF3COO-+K+]. 
1H NMR (400 MHz, CDCl3): δ 1.27 (s, 3H, Pd-CH3), 2.18 (m, 4H, (CH2)2’’), 

2.30 (m, 4H, (CH2)3’’), 2.53 (s, 3H, Pd-NCCH3), 4.52 (psq, 4H, (CH2)1’’), 7.55 (s, 4H, 

BArF), 7.71 (s, 8H, BArF), 8.30 (pst, 2H, (CH)3,3’), 8.71 (dd, 1H, (CH)4’, 3JH4’-H3’ = 

8.5Hz, 4JH4’-H6’ = 1Hz), 8.75 (dd, 1H, (CH)4, 3JH4-H3 = 8.5Hz, 4JH4-H6 = 1Hz), 9.07 (s, 

1H, (CH)6’), 9.18 (s, 1H, (CH)6). 19F NMR (376.3 MHz, CD2Cl2): δ -63.3 (CF3, BARF), 

-81.6 (CF3), -114.9 (CF2), -122.4 (CF2), -122.6 (CF2), -123.4 (CF2), -124.1 (CF2), -126.8 

(CF2). 15N NMR (40 MHz, CD2Cl2): δ -204.8 (NCCH3), -155.9 (Ncis), -118.2 (Ntrans). 

 

[Rh(L1)(cod)][X] (Ib’-c’) 

L1 (50 mg, 0.077 mmol) was added to a solution of the complex [Rh(cod)2][X] 

(0.077 mmol) in 3 mL of anhydrous dichloromethane. The solution changed from 

burgundy to orange or brown. Then it was stirred for 5 minutes. Diethyl ether was 

added to the solution to afford the corresponding solid, which was filtered off, washed 

with cold diethyl ether and dried under vacuum. 

 

[Rh(cod)(L1)](OTs) (Ib’)  

Light brown solid (Yield 31 %).  

MALDI-TOF calc. for (C38H36F17N2O3RhS) m/z: 1011.0990 [M+-CH3], 

855.1109 [M+-OTs]; found m/z: 1011.1529 [M+-CH3], 855.1777 [M+-OTs]. 
1H NMR (400 MHz, CDCl3): δ 1.70 (m, 2H, (CH2)4’’), 2.14 (m, 4H, (CH2)3’’,2’’) 

2.16 (d, 4H, (CH2)COD, 3JH-H = 8.8Hz), 2.30 (s, 3H, (CH3)1’’’), 2.39 (s, 3H, OTs-CH3), 

2.62 (m, 4H, (CH2)COD), 2.70 (t, 2H, (CH2)1’’, 3JH-H = 7.6Hz), 4.53 (br, 4H, (CH)COD), 

7.07 (d, 2H, m-CH-OTs, 3JHm-Ho = 7.2Hz), 7.43 (s, 2H, (CH)6,6’), 7.72 (br, 2H, o-CH-

OTs), 8.07 (d, 1H, (CH)4’, 3JH4’-H3’ = 8Hz), 8.15 (d, 1H, (CH)4, 3JH4-H3 = 8.4Hz), 8.92 (d, 

1H, (CH)3’, 3JH3’-H4’ = 8Hz), 9.00 (d, 1H, (CH)3, 3JH3-H4 = 8.4Hz); 19F NMR (376.3 

MHz, CDCl3): δ -81.2 (CF3), 114.5 (CF2), -122.0 (CF2), -122.2 (CF2),  -123.0 (CF2), -

123.8 (CF2), -126.4 (CF2). 
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[Rh(cod)(L1)](BArF) (Ic’)  

Orange foam (Yield 73 %).  

MALDI-TOF calc. for (C63H41BF41N2Rh) m/z: 887.0748 [M+-CH3-BArF+2Na+], 

854.1031 [M+-BArF]; found m/z: 887.2039 [M+-CH3-BArF+2Na+], 853.9245 [M+-

BArF]. 
1H NMR (400 MHz, CDCl3): δ 1.68 (br, 2H, (CH2)4’’), 2.10 (m, 4H, (CH2)3’’,2’’) 

2.12 (d, 4H, (CH2)COD, 3JH-H = 8.4Hz), 2.34 (s, 3H, (CH3)1’’’), 2.55 (br, 4H, (CH2)COD), 

2.67 (t, 2H, (CH2)1’’, J = 7.6Hz), 4.51 (m, 4H, (CH)COD), 7.50 (s, 4H, BArF), 7.50-7.71 

(m, 6H, (CH)6,6’,4,4’,3,3’), 7.71 (s, 8H, BArF); 19F NMR (376.3 MHz, CDCl3): δ -62.8 

(CF3, BArF), -81.2 (CF3), -114.8 (CF2), -122.2 (CF2), -122.4 (CF2), -124.0 (CF2), -123.2 

(CF2), -126.6 (CF2). . 

 

4.5 Supporting information 

A pdf file containing all the NMR spectra of complex from I-III to I-IIIa-c, the 1H-
1H NOESY spectra, the 19F-1H HOESY spectra, the MALDI-TOF analysis and IR 

spectra as well as a pdf of the PGSE calculation and the MALDI-TOF spectra of each 

catalysis are available in the supporting information as an electronic file. 
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Reactivity and Characterization of New Phosphinine Complexes. 
Application as Catalyst in CO/α-Olefins Copolymerization 

 

The  coordination  chemistry  of  the  bidentate  P,N  hybrid  ligand  2‐(2’‐pyridyl)‐4,6‐
diphenylphosphinine  (L4)  towards  Pd(II),  Pt(II)  and  Rh(I)  was  investigated.  The 
molecular  structure  of  the  complexes  [Rh(cod)(L4)]BF4,  [PdCl2(L4)]  and  [PtCl2(L4)] 
could  be  determined  by  X‐ray  diffraction,  representing  the  first  structurally 
characterized  phosphinine‐Pd(II)  and  Pt(II)  complexes.  Both  Pd(II)  and  Pt(II) 
complexes  react with  (chiral)  alcohols  and  (chiral)  amines at  the P=C double bond  at 
elevated temperature, leading to the corresponding product [MCl2[L4H∙XR] (XR = OR 
or  NR1R2).  The  molecular  structure  of  [PdCl2[L4H∙OCH3]  was  determined 
crystallographically, revealing that the reaction with methanol proceeds selectively via a 
syn‐addition  to  one  of  the  P=C  double  bonds.  Reaction  of  [PdCl2(L4H∙OEt)]  with 
chelating diphosphine  (DPPE) at room  temperature  in CH2Cl2  leads quantitatively  to 
[PdCl2(DPPE)]  and  L4  by  elimination  of  ethanol  and  re‐aromatization  of  the 
phosphorus  heterocycle.  Preliminary  results  in  CO/α‐olefins  copolymerisation  were 
obtained with in situ Pd(II) catalysts. 

 
 

This work has been done in collaboration with Dr. C. Müller (Technische Universiteit 

Eindhoven, The Netherland) 
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5.1 Introduction 

Phosphinines are planar, aromatic phosphorus heterocycles, which are more 

similar to their pyridine analogues than trivalent phosphines. In comparison to 

pyridines, they are much better π-acceptor, butless good σ-donor ligands.Moreover, they 

are relatively inert to electrophilic attack.[1] 

These aromatic compounds have been known in the literature since 1966 due to 

the pioneering work of Märkl, who succeed in preparing 2,4,6-triphenylphosphine via 

pyrilium salts (Figure 5.1).[2] In the following years several routes for the synthesis of 

phosphinines have been described, nevertheless the original synthetic procedure via 

pyrylium salts is highly flexible and modular (Scheme 5.1).[3,4] This synthetic route 

starts from substituted benzaldehydes and acetophenones, which can also contain 

different substituents. The key intermediate is the formation of the pyrylium salt, which 

is converted in the corresponding phosphinines by reaction with an appropriate highly 

nucleophilic phosphorus source, PH3-analogues (P(CH2OH)3 or P(SiMe3)3). The yields 

are generally low, between 10-50%. However, they can be obtained highly pure using 

column chromatography or crystallization. 

 
Figure 5.1. Examples of phosphinine ligands. 

Phosphinines are easily characterized by NMR spectroscopy. The 31P NMR 

spectrum shows a typical downfield shift of about δ = + 200 ppm and all the aromatic 

protons present chemical shift values downfield from benzene in the 1H NMR 

spectrum.[1a] 

 
Scheme 5.1. Modularity of the synthesis of phosphinines. 
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This kind of ligands possesses two different coordination sites, the phosphorus 

lone pair and the aromatic system. The coordination through these coordination sites 

leads to different coordination modes, the most common ones are represented in Figure 

5.2. Generally, the most observed coordination mode is through the lone pair of the 

phosphorus atom (η1 coordination), which is observed with late transition metals in low 

oxidation states (for example Rh(I)) ), due to the strong π-acceptor properties of the 

phosphinine ligand. However, also the η6 coordination mode can be observed, which is 

typically found in complexes with early transition metals in order to compensate the 

electron deficiency of the metal centre. Some examples are Ti(0), V(0) or LM(CO)3 

complexes, where L is the phosphinine and M could be Cr, Mo or W. Moreover, this 

coordination mode can be imposed by steric effects, for example when tert-butyl or 

Me3Si groups are present in the ortho position, preventing the σ-coordination. The 

mixed η1- η6 binding mode is unusual for phosphinines, but it has been found for metals 

in the centre of the transition series (for example manganese).[1a] 

 

Figure 5.2. Common coordination modes of phosphinines. 

2,2’-Bipyridine (bpy) and its derivatives are well studied nitrogen ligands and 

their rich coordination chemistry has often been exploited for the development of 

molecular devices, homogeneous catalytic systems or modern materials with interesting 

photophysical properties.[5] The replacement of a pyridine unit by a π-accepting 

phosphinine[1,2,6,7] entity leads to 2-(2’-pyridyl)phosphinine, a semi equivalent of bpy 

containing a low-coordinated “soft” phosphorus and a “hard” nitrogen heteroatom. Such 

chelates are bidentate hybrid ligands, which have first been described by Mathey et al. 

in 1982 with the synthesis of 2-(2’-pyridyl)-4,5-dimethylphosphinine (NIPHOS, Figure 

5.3).[8,9] However, the original synthetic route via the pyrilium salt allows easily the 

incorporation off other additional donor- and heteroatoms in the phosphine moiety. 
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Figure 5.3. P,N-phosphinine ligands reported previously. 

Only a few studies were devoted so far to NIPHOS coordination chemistry as 

this particular ligand requires a multistep synthesis and is, at the same time, difficult to 

handle due to its high sensitivity towards nucleophilic attack at the phosphorus atom 

and facile protonation at the nitrogen centre.[10] The few examples reported in literature 

are complexes of the type [M(NIPHOS)(CO)4] (M = Cr, Mo, W),[11] the highly water-

sensitive Pd(II) and Pt(II) complexes [MCl(L)(NIPHOS)][MCl3(L)] (L = tertiary 

phosphine),[12] as well as Rh(I) and Ir(I) dimers of the type [Ir2(cod)2(NIPHOS)2][X]2 

and [Rh2(nbd)2(NIPHOS)2][X]2 (X = SbF6, cod = 1,5-cyclooctadiene, nbd = 

norbornadiene),[13] in which the phosphinine ligand adopts a µ2-bonding mode. 

Interestingly, reactivity studies have also shown that NIPHOS binds stronger to Ir(I) and 

Rh(I) than bpy.  

Only two more P,N-phosphinine ligands are found in literature (F and G, Figure 

5.3) and applied in homogeneous catalysis. F and G were used in the Rh-catalysed 

hydroformylation of styrene by Breit[14] and in the recent literature F was used in Ir-

catalysed enantioselective hydrogenation of alcohols and imines by Neumann and 

Pfaltz.[15] 

 

Figure 5.4. Phosphinine ligand (L4) of the study. 

Since P,N ligands are potential ligands for homogeneous catalysis and the 2,2’-

bipyridine derivative 2-(2’-pyridyl)-4,6-diphenyl-phosphinine L4 (Figure 5.4) is readily 

available from the corresponding pyridyl-functionalized pyrylium salt and P(SiMe3)3,[16] 
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we report here the coordination chemistry of L4 towards Pd(II), Pt(II) and Rh(I) and the 

particular reactivity of Pd(II) and Pt(II) complexes with (chiral) alcohols and (chiral) 

amines. Some attempts of using the Pd(II) complexes prepared as catalysts in the CO/α-

olefins copolymerisation were also done. 

5.2 Results and Discussions 

5.2.1 Ligand Synthesis  

The phosphinine-based ligand L4 was prepared using the original phosphinine 

synthesis via pyrylium salts (Scheme 5.2).[16] Here, the scale up to 6 gr and optimization 

of the synthesis was achieved.  

The first step was a Michael addition of benzylidene-2-acetophenone with 2-

acetylpyridine to form the 3,5-diphenyl-1-(2-pyridyl)pentane-1,5-dione (diketone), 

following the synthesis route by Cave et al.[17] modified by Müller et al.,[16] under 

solvent free conditions. The diketone was recrystallized from water/ethanol and was 

isolated by filtration (Scheme 5.2, 82 % yield). 

 

Scheme 5.2. Synthesis of 2-(2-pyridyl)-4,6-diphenylphosphinine (L4). 

In the second step, the pyridyl-functionalized pyrylium salt pypy was prepared 

according to a modified experimental procedure described by Katritzky et al.,[18] 
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starting from the diketone by subsequent oxidation with one equivalent benzylidene-2-

acetophenone in the presence of boron trifluoride diethyl etherate. The pypy was 

obtained as yellow, fluorescent and highly pure crystals (30 % yield).[16] 

Finally, pypy was converted into the corresponding phosphinine L4 by reaction 

with an excess of tris(trimethylsilyl)phosphine, the phosphorus source, in acetonitrile at 

reflux temperature (Scheme 5.2). Orange crystals were obtained in good yield (54 % 

yield) by slow recrystallization from hot acetonitrile.[16] 
1H and 31P{H} NMR spectra were recorded in benzene (Figure 5.5) to confirm 

the formation of L4. In the phosphorus NMR spectra only one signal at δ 187.4 ppm 

was observed, which confirmed the incorporation of the phosphorus atom into the ring 

structure. The proton NMR was a complex spectrum and the aromatic signals appeared 

between δ 9.4 and δ 6.5 ppm (Figure 5.5). The signal which appeared more deshielded 

(δ 9.1 ppm) corresponded to proton in α position to the nitrogen atom.[16]  

 

Figure 5.5. 31P{H} and 1H NMR spectra of L4. 

5.2.2 Coordination Chemistry 

5.2.2.1 Palladium and Platinum Complexes 

Neutral palladium (II) and platinum (II) complexes [M(Cl)2(L4)] (PdL4a, M = 

Pd and PtL4a, M = Pt) were synthesized starting from [MCl2(cod)] (cod= 1,5-

cyclooctadiene, M = Pd or Pt), which reacted with one equivalent of L4 in 

dichloromethane solution (Scheme 5.3). PdL4a and PtL4a were formed in several 

minutes and isolate as bright orange solid or bright yellow solid, respectively in high 

yields. 
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[MCl2(cod)]

P

PhPh

N

+

P

PhPh

N

CH2Cl2 M
Cl
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L4 PdL4a M = Pd
PtL4a M = Pt  

Scheme 5.3. Synthesis of [M(Cl)2(L4)] (PdL4a M = Pd and PtL4a M = Pt). 

Complex PdL4a and PtL4a were characterized by 1H and 31P NMR 

spectroscopy, elemental analysis and X-ray diffraction.  

The 31P{1H} NMR spectrum of PdL4a showed a singlet at δ 159 ppm in 

deuterated dichloromethane and a chemical shift difference with the free ligand of Δδ= -

30 ppm, which is in the expected region for phosphine-metal complexes with a η1 

coordination mode of the phosphorus atom.[13] The 31P{1H} NMR spectrum of PtL4a 

showed a singlet with platinum satellites at δ 141.5 ppm (JPt-P = 4797 Hz, Δδ= -47.5 

ppm in CD2Cl2). This value is lower than the expected for η1-coordinationed 2,4,6-

triaryl-phosphinines(δ = 160-240 ppm).[13] The 1H NMR spectra from both PdL4a and 

PtL4a showed the expected signals of the coordinated ligand in the aromatic region 

(6.80-10.30 ppm).  

Orange crystals of PdL4a and yellow crystals of PtL4a suitable for X-ray 

diffraction were obtained by slow diffusion of diethyl ether into a diluted mixture of L4 

and [PdCl2(cod)] in CH2Cl2 or slow recrystallization from CH2Cl2, respectively. 

Complexes PdL4a and PtL4a complexes crystallized in the monoclinic space group 

P21/c and the asymmetric unit consisted of two metal complex molecules and one 

molecule of CH2Cl2. Molecular structure is depicted in Figure 5.6a and Figure 5.7a. The 

crystal structures revealed the mononuclear nature of the compounds with slightly 

distorted square-planar coordination geometry around the metal centre. The geometries 

of the two independent molecules are very similar and differ only in the torsions of the 

phenyl-substituents of the phosphinine-moiety (Figure 5.6b and Figure 5.7b). The 

phenyl ring in α-position (6-position) is rotated out of the plane of the P-heterocycle 

(torsion angles P(x)-C1(x)-C11(x)-C12(x) (x = 1 or 2) = -53.1(7) and -44.3(6)° for 

PdL4a and -52.0(6) and -43.8(6)° for PtL4a). The non-planarity of the overall molecule 

prohibits a stacking in the crystal with short intermolecular metal-metal contacts due to 
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d8-d8 interactions,[19] which are e.g. present in the essentially planar [PdCl2(bpy)][20] and 

[PtCl2(bpy)] complexes.[21] 

   
  (a)              (b) 

Figure 5.6. Complex [Pd(Cl)2(L4)] (PdL4a) (a) ORTEP drawing with 50% probability. 

Only one independent molecule is shown and the solvent molecule is omitted for 

clarity. (b) Overlay plot (quaternion fit) of the two independent molecules.  Phenyl rings 

were ignored in the calculations of the fit. Hydrogen atoms are omitted in the drawings.  

 

  (a)              (b) 

Figure 5.7. Complex [Pt(Cl)2(L4)] (PtL4a) (a) ORTEP drawing with 50% probability. 

Only one independent molecule is shown and the solvent molecule is omitted for clarity 

(b) Overlay plot (quaternion fit) of the two independent molecules. Phenyl rings were 

ignored in the calculations of the fit. Hydrogen atoms are omitted in the drawings.  
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There is a significant difference between the pyridine moiety and the aromatic 

phosphinine ring, which is best described as a distorted hexagon due to the larger 

phosphorus atom in comparison to the nitrogen atom. The pyridine and the aromatic 

phosphinine ring are essentially coplanar with respect to one another in PdL4a and 

PtL4a. The intercyclic C5-C6 bonds of 1.470(7)-1.476(7) Å are only slightly shorter 

than in free 2,2’-bipyridine (1.490(3) Å), while the N-C6 bonds of 1.372(6)-1.386(6) Å 

are slightly longer than the corresponding bond in 2,2’-bipyridine (1.346(2) Å).[22] The 

P-C bond lengths of 1.711(5)-1.723(5) Å are somewhat shorter than in free 2,4,6-

triarylphosphinines (1.74-1.76 Å),[23] while the carbon-carbon bond distances in the 

aromatic phosphinine subunit are in the usual range (1.386(7)-1.413(7) Å) observed for 

both free and complexed phosphinines.  

The metal centre is essentially located in the plane formed by the phosphinine-

pyridine backbone, with metal-P bond lengths of 2.1866(13) and 2.1973(12) Å for 

PdL4a and 2.1696(12) and 2.1757(12) Å for PtL4a. The metal-N distances of 2.096(4) 

and 2.097(4) Å in PdL4a and 2.084(4) and 2.079(4) in PtL4a are slightly larger than in 

the related bipyridine complexes [PdCl2(bpy)] (2.017(2) Å)[20] and [PtCl2(bpy)] 

(2.015(4) Å).[21] The bite-angles P-metal-N are 81.14(11)-81.75(11)°. Most strikingly, 

the metal centre is not located in the ideal axis of the phosphorus lone-pair and clearly 

shifted towards the nitrogen atom (C5-P-metal = 106.77(17)-107.57(17)°, C1-P-metal = 

144.35(17)-145.18(17)°). Obviously, this effect is necessary for an efficient 

complexation of the metal atom by the chelating P,N ligand and enabled by the more 

diffuse and less directional lone pair of the low-coordinated phosphorus atom compared 

to the sp2-hybridized nitrogen atom in pyridines. Consequently, it is not observed for the 

metal-N interactions (metal-N-C = 120.5(3)-121.4(3)°). A trans influence of the P-atom 

can further be noticed by the longer metal-Cl1 bonds (2.3373(12)-2.3457(12) Å) 

compared to the metal-Cl2 bonds trans to the N-atom (2.2791(12)-2.2947(12) Å), 

which are close to the reported metal-Cl distances in [PdCl2(bpy)] (2.2942(9) Å)[20] and 

[PtCl2(bpy)] (2.308(1) Å).[21] 

Moreover, we assume that the additional phenyl-substituents in 4- and 6-position 

of the heterocyclic framework might also contribute to a kinetic stabilization of the 

metal complex, as no particular sensitivity could be observed for PdL4a and PtL4a, in 

contrast to some reported NIPHOS-metal complexes (vide supra). The higher the 
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electrophilic character of the metal centre, the more prone the complex is for 

nucleophilic attack. 

 

Table 5.1. Selected bond lengths [Å], angles and torsion angles [º] in the isomorphous 

crystal structure of PdL4a and PtL4a. 

 compound PdL4a (M=Pd) compound PtL4a (M=Pt) 

 mol. 1 (x=1) mol. 2 (x=2) mol. 1 (x=1) mol. 2 (x=2) 

M(x)-P(x) 2.1866(13) 2.1973(12) 2.1696(12) 2.1757(12) 

M(x)-N(x) 2.096(4) 2.097(4) 2.084(4) 2.079(4) 

M(x)-Cl1(x) 2.3406(13) 2.3457(12) 2.3373(12) 2.3444(12) 

M(x)-Cl2(x) 2.2886(12) 2.2791(12) 2.2947(12) 2.2872(12) 

P(x)-M(x)-N(x) 81.69(11) 81.14(11) 81.75(11) 81.33(11) 

Cl1(x)-M(x)-Cl2(x) 90.33(4) 89.19(4) 88.60(4) 87.76(4) 

C1(x)-P(x)-M(x) 144.91(17) 145.18(17) 144.35(17) 144.57(18) 

C6(x)-N(x)-M(x) 120.7(3) 121.3(3) 120.8(3) 121.3(3) 

C10(x)-N(x)-M(x) 121.2(3) 120.0(3) 121.4(3) 120.5(3) 

P(x)-C1(x)-C11(x)-
C12(x) -53.1(7) -44.3(6) -52.0(6) -43.8(6) 

M(x)-N(x)-C6(x)-
C5(x) -6.8(6) -1.5(6) -6.2(5) -3.0(5) 

M(x)-P(x)-C5(x)-
C6(x) -0.2(4) 8.5(4) 0.8(4) 7.3(4) 

 

The dicationic bischelated palladium complexes [Pd(L4)2][X]2 with X = BF4¯ 

and BArF¯ as counterion (BArF = B[3,5-(CF3)2C6H3]4; Scheme 5.4) were synthesised 

following a similar two-step procedure described in Chapter 3, but starting from 

[PdCl2(cod)], instead of Na4PdCl4, and ligand L4 to get the neutral complex 

[PdCl2(L4)] (PdL4a), which was handled with the corresponding salt and another 

equivalent of L4 to obtain the desired dicationic derivatives PdL4b-c.[24]  
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Scheme 5.4.  Synthesis of [Pd(L4)2]X2 (PdL4b X = BF4 and PdL4c X = BArF).  

The mass spectra of complex PdL4b showed a peak at m/z 930, corresponding 

to the formation of the bischelated complex In the 31P{1H} NMR spectrum two signals 

at δ 36.4 and 35.6 ppm were observed, which were attributed to a mixture of the cis- 

and trans- PdL4b isomers. Using the salt NaBArF, the 31P{1H} NMR spectrum showed 

also two signals at δ 24.1 and 22.9 ppm, but the MALDI-TOF indicated the formation 

of a dinuclear species [Pd(L4)2]2(BArF)4 PdL4c (Figure 5.8), probably similar to the 

one reported for [Ir(cod)(NIPHOS)]2[SbF6]2.[13]  

 
Figure 5.8. Proposed structure for complex PdL4c. 

The preparation of  the analogous monocationic systems [Pd(CH3)(CH3CN)(L-

L)][X] used in palladium bipyridine CO/styrene copolymerization was attempted, 

following the procedure described for bipyridines in Chapter 4 (L-L = L4 and X the 

counterion).[25] In the first step of the synthesis, [Pd(CH3)Cl(cod)] was reacted with one 

equivalent of L4 to form a solid, which was isolated as a dark-purple powder. However, 

the 31P{1H} NMR spectrum presented an unexpected signal at δ 34.9 ppm, which fell 

out of the expected chemical shift values for η1-phosphinines (δ = 160-240 ppm).[13] 

Moreover, a new doublet signal (2JP-H = 16Hz) was observed in the 1H NMR spectrum 

(see SI), which was detected in the region of a methyl group at δ 2.0 ppm, and  
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downfield shifted with respect to the normal singlet attributed to Pd-CH3 (between δ 

1.0-0.6 ppm)[26] suggesting the addition of the methyl group to the phosphorus atom. 

The mass spectra (MALDI-TOF analysis) showed peaks corresponding to a dimeric 

species [Pd(L4·Me)Cl]2 (PdL4d). The formation of this species would avoid further 

reactivity with another equivalent of L4 or acetonitrile. For this reason the synthesis of 

monocationic complexes was not continued and no further reactivity was studied with 

this particular complex. 

a) Reactivity with (chiral) alcohols and (chiral) amines 

During the course of their investigations on transition metal complexes of 

NIPHOS, Venanzi and co-workers observed that cationic Pd(II) and Pt(II) complexes 

[M(Cl)(L)(NIPHOS)] were very reactive and could readily add protic reagents, such as 

water or alcohols at the external P=C double bond to give dihydrophosphinine 

complexes of the type [M(Cl)(L)(NIPHOS-H·OR)] (Scheme 5.5).[12] This reactivity was 

attributed to a disruption of the aromaticity upon complex formation. 

 

Scheme 5.5. Reactivity of NIPHOS complexes with water and alcohols. 

The reaction of PdL4a and PtL4a with (chiral) alcohols and (chiral) amines was 

achieved by heating a solution of ligand L4 and a stoichiometric amount of MCl2 (M = 

Pd or Pt) in a mixture of CH2Cl2 or THF and the (chiral) alcohols or (chiral) amines 

(1:1), respectively, at 65ºC overnight. The corresponding phenyl-(hydro or 

amino)phosphinine-metal complexes of the type PdL4e or PtL4d – PdL4f, respectively 

(Scheme 5.6) were obtained and characterized only in solution except for PdL4e2 

([PdCl2(L4H·OMe)]) for which single crystals suitable for X-ray diffraction were 

obtained.  

Due to the presence of a phenyl group in Cα-position of L4 in contrast to 

NIPHOS, the addition of the protic substrate could proceed selectively on the same side 
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of the heterocycle, via a concerted mechanism giving the syn-product. Alternatively 

nucleophilic attack of OR¯ or NR1R2¯ to the phosphinine (P atom) followed by the 

protonation of C6 or viceversa yielding the anti-product is possible. In addition, two 

new stereogenic centres are formed (carbon and phosphorous atom) leading to the 

formation of four possible stereoisomers (Scheme 5.6). 

 

Scheme 5.6. Formation of phenyl-(hydro or amino)phosphinine-palladium complexes. 

The reaction of L4 and PdCl2 or PtCl2, respectively, in a mixture of CH2Cl2 and 

ethanol (1:1) at 65ºC for overnight provided a dark red solution, from which the product 

precipitated after concentration and was isolated as purple-pink or brown powder in 95 

% (Pd) or 90 % (Pt) yield, respectively. 

The 31P{1H} NMR spectra of [MCl2(L4H·OEt)] (PdL4e1, M = Pd; PdL4d1, M = 

Pt) showed only a single resonance at δ 107.9 ppm in PdL4e1 and a singlet signal with 

Pt-satellites at δ 71.7 ppm (JPt-P = 2166 Hz) in PtL4d1, pointing to a highly 

regioselective reaction. 

The 1H NMR spectrum in dichloromethane was recorded for complexes PdL4e1 

and PtL4d1 and showed only one set of new signals in the region of ethanoate group (δ 

1.3 and δ 4.4 ppm) and at δ 4.8 ppm that confirmed the addition of ethoxide on the 

phosphorus atom. For example in 1H NMR spectrum for complex PdL4e1 (Figure 5.9), 
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the triplet at δ 1.3 ppm could be due to the methylene group of the ethanolate and the 

two multiplets between δ 4.2 – 4.6 ppm correspond to the two methylenic protons which 

are different and show mutual coupling as well as coupling with the methylene group 

and the phosphorus atom. The most significant evidence, however, is the characteristic 

resonances for the protons Ha and Hb at δ 4.8 ppm (dd, 3JH-H = 8.9, 2JH-P = 22.2) and at δ 

6.8 ppm (dd, 3JH-H = 8.9, 3JH-P =17.8). From these observations it can be concluded that 

the ethanol addition is regioselective and only one pair of enantiomers is formed, either 

syn-PdL4e1 (through the same face of the planar skeleton (the top, re, or the bottom, si 

face)) or anti-PdL4e1, since more complex signals would be expected for a mixture of 

diastereoisomers. The peripheral proton Hc appear as a doublet at δ = 7.7 ppm (d, 3JH-P = 

26.7 Hz) and the doublet at δ = 9.7 ppm (d, 3JH-H = 7.1 Hz) can be assigned to the 

proton Hd at the Cα atom of the pyridine ring.   

 

Figure 5.9. 1H NMR spectrum and structure of the complex [PdCl2(L4H·OEt)] 

(PdL4e1) (200 MHz, CD2Cl2). 

In the 1H NMR spectrum of the Pt-complex [PtCl2(L4H·OEt)] (PdL4d1) similar 

signals were observed (see SI). The characteristic resonances for Ha, Hb, Hc and Hd were 

observed at δ 4.7 (dd, 1H, 2JH-P = 20.4 Hz, 3JH-H = 7.4 Hz), 6,8 (dd, 1H, 3JH-P = 17.2 Hz, 
3JH-H = 7.4Hz), 7.7 (d, 1H, JH-P = 21.2 Hz) and 10.08 (d, 1H, JH-H = 6.2 Hz), while the 

methyl group of the ethoxy-substituent appear as a triplet at δ 1.3 (t, 3H, 2JH-H = 3.8 Hz) 

and the methylene group of the ethanolate as two multiplets between δ 4.2 – 4.5 ppm. 

P
N

Pd
ClCl

O

Ha

H3C
HH

Hb

Hd

Hc

UNIVERSITAT ROVIRA I VIRGILI 
CARBON DIOXIDE AS SOLVENT AND C1 BUILDING BLOCK IN CATALYSIS 
Ariadna Campos Carrasco 
ISBN:/DL:T. 1023-2011 



Chapter‐5 

155 

The reaction carried out with methanol led to complex [PdCl2(L4H·OMe)] 

(PdL4e2). Crystals of PdL4e2 suitable for X-ray diffraction were obtained by slow 

diffusion of pentane into a solution of the complex in CH2Cl2. The compound 

crystallizes in the orthorhombic space group Pbca and the molecular structure is 

depicted in Figure 5.10a. The crystal structure of PdL4e2 unambiguously shows that the 

CH3OH molecule has been added in a syn-fashion to the P1=C1 double bond, rather 

than in an anti-fashion. The phosphorus atom shows a distorted tetrahedral structure 

with a P1-C1 bond length of 1.818(7) Å and a P1-C5 distance of 1.797(5) Å, reflecting 

the sp3 hybridization of C1 and the sp2 hybridization of C5. Moreover, the C-C bond 

distances in the phosphorus heterocycle are in agreement with a diene structure, 

showing the expected values of C1-C2 = 1.494(9) Å, C2-C3 = 1.331(8) Å, C3-C4 = 

1.478(8) Å and C4-C5 = 1.343(8) Å. The P1-O1 distance of 1.562(5) Å is in the typical 

range for phosphinite metal complexes.[27] The Pd centre shows a slightly distorted 

square planar coordination geometry with a Cl1-Pd1-Cl2 angle of 92.86(6)° and a bite 

angle N1-Pd1-P1 of 84.43(14)°. A trans influence of the P-atom can further be noticed 

in the longer Pd1-Cl1 bond (2.3922(17) Å) compared to the corresponding Pd1-Cl2 

bond trans to the N-atom (2.2977(15) Å).  

   
   (a)         (b) 

Figure 5.10. a) ORTEP drawing of complex [Pd(Cl)2(L4H·OMe)] (syn-PdL4e2). 

Displacement ellipsoids are shown at the 50% probability level. Selected bond lengths 

[Å] and angles [o]: Pd1-P1 = 2.151(17), Pd1-N1 = 2.080(5), Pd1-Cl1 = 2.392(18), Pd1-

Cl2 = 2.298(16), P1-C1 = 1.818(7) Å, P1-C5 = 1.797(5) Å, C1-C2 = 1.494(9) Å, C2-C3 

= 1.331(8) Å, C3-C4 = 1.478(8) Å and C4-C5 = 1.343(8) Å; Cl1-Pd1-Cl2 = 92.86(6)°, 

N1-Pd1-P1 of 84.43(14)°. b) Mulliken charge calculation. Numbers correspond to 

Mulliken charges on carbon atoms neighboring phosphorus. 
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Interestingly, due to the phenyl-substituent in 6-position of the P-heterocycle the 

addition shows a high regioselectivity excluding the formation of diasteromeric product 

mixtures generated by a random transfer of a proton to the Cα atom and proceeds 

exclusively at the P=C double bond, which points away from the pyridyl group (Scheme 

5.7). In contrast to the formation of [PdCl2(NIPHOSH·OR)], a structural investigation 

of PdL4e or PtL4d by means of X-ray diffraction allowed the differentiation between 

anti- and syn-addition.  

In order to understand the cause of the regioselective addition of methanol 

exclusively to the P1=C1 double bond, they were performed theoretical calculations for 

complex [PdCl2(L4)] (PdL4a). The preferred addition to the P1=C1 double bond might 

be attributed to the somewhat higher nucleophilicity of the respective carbon atom as is 

evidenced by the computed Mulliken charges (-0.14 for C1 versus -0.07 for C5, Figure 

5.10b). Although the difference is marginal and dependent on the computational method 

used, it can be explained by the electron-withdrawing character of the pyridine ring. 

Moreover, it could be proposed that in the anti-mechanism, which involves the 

approach of two molecules of methanol from the opposite site of the Pd-complex, the 

second methanol is sterically hindered by the phenyl-substituent in the 6-position of the 

phosphorus-heterocycle leading selectively the formation of syn-complex. 

 
Scheme 5.7. Concerted mechanism proposed for the formation of phenyl-

hydrophosphinine-palladium complexes. M = Pd or Pt. 

This reaction is quite general, as similar products could be obtained by the 

addition of different alcohols or amines to the palladium complexes. In Table 5.2 the 
31P{1H} NMR chemical shifts for the reaction of PdCl2 and different alcohols and 

amines are reported (complexes PdL4e and PdL4f). 
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Table 5.2. 31P{1H} NMR chemical shifts of the reaction of PdCl2 and ligand L4  with 

alcohols and amines (PdL4e and PdL4f).a 

Entry Alcohols and Amines 
31P{H} NMR 

(ppm) 
1 CH3CH2OH 107.9 
2 CH3OH 111.1 

3 
OH

107.4 

4 114.4 

5 
108.1 

107.1 

6 
103.6 

100.5 

7 8.8 

8 44.6 

9 31.5 

10 
25.9 

26.1 
a recorded in CH2Cl2 at 200 MHz. 

 

The most significant result were obtained using enantiomerically pure alcohols 

or amines, which led to the introduction of three stereogenic centres and the formation 

of only one diastereoisomeric pair (entry 5, 6 and 10, Table 5.2). This fact was 

supported by the 31P{H} NMR spectrum, which showed only one signal for each of the 

two possible diasteroisomers.  
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i. Reversibility of alcohol addition 

In order to test the possibility whether the free 1,2-dihydrophosphinine L4H·OEt 

could be generated from the palladium complex syn-PdL4e1 [PdCl2(L4H·OEt)] and 

platinum complex syn-PtL4d1 [PtCl2(L4H·OEt)] by ligand exchange, they were reacted 

with 1,2-bis(diphenylphosphino)ethane (DPPE).  

When the reaction was carried out with complex syn-PdL4e1 and two 

equivalents DPPE in CH2Cl2 at room temperature, an instantaneous and quantitative 

conversion of syn-PdL4e1 into a 1:1 mixture of [Pd(DPPE)2]Cl2 and the free pyridyl-

phosphinine L4 was found, rather than the formation of L4H·OEt (Scheme 5.8). Both 

compounds were characterized by their 31P{1H} NMR chemical shift. The spectrum 

showed two singlet signals corresponding to ligand L4 (δ 188.5 ppm) and complex 

[Pd(DPPE)2]Cl2 (δ 52.8 ppm).[28]  

P

Ph

N

Ph

+

L4

+

EtOH

CH2Cl2Ph P P

Ph

Ph

Ph

DPPE

Ph

P

P

Ph

Ph Ph

Pd

Ph

P

P

Ph

PhPh

Cl2
P

Ph

N

Ph

M
O

CH3

H

Cl

Cl

PdL4e1, M = Pd
PtL4d1, M = Pt

[Pd(dppe)2]Cl2 M = Pd
[Pt(dppe)2]Cl2 M = Pt  

Scheme 5.8. Free ligand L4 isolation by reaction of PdL4e1 or PtL4d1 with DPPE. 

In attempt to understand the behaviour of this reaction the successive addition of 

0.5 equivalents of DPPE up to 2.0 equivalents to complexes syn-PdL4e1 and syn-

PtL4d1 was performed and monitored by NMR spectroscopy. 

In the first addition to complex syn-PdL4e1 a signal of an unidentified species at 

δ 65.3 ppm and the singlet signal corresponding to syn-PdL4e1 (δ 107.9 ppm) were 

observed. Neither of both free ligands or L4H·OEt were detected. In the next addition 

three new singlet signals appeared, which were attributed to [Pd(DPPE)Cl2] (δ 62.7 

ppm),[28] [Pd(DPPE)2]Cl2 (δ 52.8 ppm)[28] and free ligand L4 (δ 188.5 ppm).Complete 

disappearance of the signals attributed to complex syn-PdL4e1 and the signal at δ 65.3 

ppm was observed. The palladium (II) complexes were in a relative intensity of 2:1, 

respectively. The addition of additional 0.5 equivalents only caused changes in the 

relative ratio of the species shown in the previous experiment, from 2:1 to 1:2. Finally, 

when 2.0 equivalents were added, only two signals were observed and attributed to the 

free ligand L4 and [Pd(DPPE)2]Cl2 (see SI). 
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When the same experiment was repeated with complex syn-PtL4d1 similar 

results were observed (Scheme 5.8). After addition of 0.5 equivalents of DPPE the 

singlet signal with platinum satellites corresponding to syn-PtL4d1 (δ 73.9 ppm 1JP-Pt = 

2166 Hz) was observed as well as  the singlet signal with platinum satellites at δ 47.8 

ppm (1JP-Pt = 2369 Hz)[29,30] attributed to [Pt(DPPE)2]Cl2. Moreover, a new signal with 

platinum satellites at δ 42.4 ppm (1JP-Pt = 3623 Hz) appeared. The relative intensity of 

the latter two species was found to be 1:2. In the following addition the relative 

intensity of the signals at δ 47.8 ppm and at δ 42.4 ppm changed to 2:1, while the signal 

of the starting material disappeared. In the following addition only changes of the 

relative intensity to 4:1 were observed. Finally, in the last addition only two signals 

were shown, at δ 187.3 ppm attributed to the free ligand and the singlet signal with its 

satellites corresponding to [Pt(DPPE)2]Cl2 (δ 47.8 ppm, 1JP-Pt = 2369 Hz). 

The main differences in the Pd(II) and Pt(II) NMR experiments is the fact that Pt 

stabilized better complex PtL4d1 due to its lower lability, since it needs 2.0 equivalents 

of diphosphines to observed free ligand. 

L4H·OEt was not detected in the NMR experiments with DPPE. Apparently, L4 

is rapidly formed by elimination of ethanol from the 1,2-dihydrophosphinine L4H·OEt. 

This observation suggests that the free species L4H·OEt is not stable and the 

equilibrium favours the formation of L4 due to the re-aromatization of the phosphorus 

heterocycle.  

5.2.2.2 Rhodium Complexes 

Reaction of L4 with one equivalent of [Rh(cod)2]BF4 in CH2Cl2 led 

instantaneously and quantitatively to the corresponding Rh(I) complex 

[Rh(cod)(L4)]BF4 (RhL4a) (Scheme 5.9). 

 

 
Scheme 5.9. Synthesis of [Rh(cod)(L4)]BF4 (RhL4a). 
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The 31P NMR spectrum of the reaction mixture showed a doublet at δ 175.5 ppm 

(CD2Cl2, 1JP-Rh = 188.6 Hz), which was very similar to the reported values for 

[Rh(cod)L2]BF4 containing two monodentate 2,3,5,6-tetraphenyl-phosphinine ligands 

(δ175.15 ppm, d, 1JP-Rh = 166.5 Hz).[31] 

Orange crystals of RhL4a suitable for X-ray diffraction were obtained from a 

mixture of [Rh(cod)2]BF4 and L4 in THF/CH2Cl2 upon standing at room temperature 

for one week. The rhodium complex crystallizes in the space group P 1  (no. 2) and the 

molecular structure is depicted in Figure 5.11. It confirms the observed spectroscopic 

data and reveals the mononuclear nature of RhL4a with slightly distorted square-planar 

coordination geometry around the metal centre. The crystallographic representation of 

RhL4a in Figure 5.11a shows the difference between the pyridine moiety and the 

aromatic phosphinine ring, which is best described as a distorted hexagon, as was 

observed with previously described Pd(II) and Pt(II) complexes. As a consequence, the 

phenyl-substituent in α-position of the P-heterocycle is shifted away from the 

coordination site and can additionally rotate out of the plane of the P-heterocycle 

(torsion angle P(1)-C(1)-C(11)-C(12) = -53.8(4)°).[31,32] Moreover, as we assume for 

Pd(II) and Pt(II), the additional phenyl-substituents in 4- and 6-position of the 

heterocyclic framework might also contribute to a kinetic stabilization of the metal 

complex, as no particular sensitivity could be observed for RhL4a.  

The two heterocyclic rings in RhL4a are essentially coplanar with respect to one 

another (interplanar angle between the least-square planes = 5.73(13)°). The intercyclic 

C-C bond is 1.472(4) Å and thus only slightly shorter than in free 2,2’-bipyridine 

(1.490(3) Å), while the N-C(6) bond is with 1.372(3) Å slightly longer than the 

corresponding bond in 2,2’-bipyridine (1.346(2) Å).[22] The P-C(1) and P-C(5) bond 

lengths are with 1.729(3) Å and 1.721(3) Å somewhat shorter than in free 2,4,6-

triarylphosphinines (1.74-1.76 Å), while the internal C(1)-P-C(5) angle is with 

105.25(14)° larger compared to free 2,4,6-triarylphosphinines (101.24-101.76°).[23] The 

carbon-carbon bond lengths in the aromatic phosphinine subunit are in the usual range 

(1.392(4)-1.404(4) Å) observed for both free and complexed phosphinine ligands. 

The Rh-centre is essentially located in the plane formed by the phosphinine-

pyridine backbone (torsion angle N(1)-Rh(1)-P(1)-C(5) = -4.01(12)°). The Rh-P bond 

length in RhL4a is with 2.2250(8) Å shorter than in [Rh(cod)L2]BF4 (L = 2,3,5,6-

UNIVERSITAT ROVIRA I VIRGILI 
CARBON DIOXIDE AS SOLVENT AND C1 BUILDING BLOCK IN CATALYSIS 
Ariadna Campos Carrasco 
ISBN:/DL:T. 1023-2011 



Chapter‐5 

161 

tetraphenyl-phosphinine) (2.281 and 2.301 Å), which might be a consequence of steric 

repulsion between the α,α’-diphenyl-substituents of the two monodentate phosphinine 

ligands in the latter complex.  

 

Figure 5.11. (a) Molecular structure of RhL4a in the crystal. Displacement ellipsoids 

are shown at the 50% probability level. The solvent molecule CH2Cl2 is omitted for 

clarity. (b) Side-view of the cationic part of RhL4a, hydrogen atoms are not 

represented. Selected bond lengths [Å] and angles [o]: Rh1-P1: 2.225, Rh1-N1: 2.159, 

Rh1-C23: 2.236, Rh1-C24: 2.213, Rh1-C27: 2.167, Rh1-C28: 2.150, P1-C1: 1.729, P1-

C5: 1.721, N1-C6: 1.371, N1-C10: 1.348, P1-Rh1-N1: 79.77, C23-Rh1-C27: 87.45, 

C23-Rh1-C28: 80.96, C24-Rh1-C27: 80.50, C24-Rh1-C28: 96.29. 

Moreover, the metal centre in RhL4a is not located in the ideal axis of the 

phosphorus lone-pair and clearly shifted towards the nitrogen atom (C(5)-P(1)-Rh(1) = 

107.89(10)°, C(1)-P(1)-Rh(1) = 146.23(10)°). Obviously, this effect is necessary for a 

proper complexation of the Rh atom by the chelating P,N ligand and enabled by the 

more diffuse and less directional lone pair of the low-coordinated phosphorus atom 

compared to the sp2-hybridized nitrogen atom in pyridines. Consequently, it is not 

observed for the N(1)-Rh interaction (N(1)-Rh(1) = 2.159(2) Å), Rh(1)-N(1)-C(6) = 

121.35(18)°, Rh(1)-N(1)-C(10) = 121.23(19)°. A trans influence of the P-atom can 

further be noticed in the longer Rh-cod bonds Rh(1)-C(23) (2.136(3) Å) and Rh(1)-

C(24) (2.213(3) Å) compared to the corresponding bonds trans to the N-atom (Rh(1)-

C(27) = 2.167(3) Å, Rh(1)-C(28) = 2.150(3) Å).[33] The coordination to the metal centre 

proceeded in the same way observing the same characteristic trends as was reported for 

PdL4a and PtL4a (metal displacement for coordination and trans influence).   
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5.2.3 Catalysis 

The catalytic activity of Pd(II)/L4 systems in the copolymerisation of CO/α-

olefins (ethylene and styrene, Scheme 5.10) was studied. The cationic palladium (II) 

catalyst were prepared in situ mixing the neutral complexes PdL4d or PdL4e2 and one 

or two equivalents of silver hexafluoroantimonate (AgSbF6), respectively. 

 

Scheme 5.10. Alternating copolymerisation of CO/α-olefins (R = H or Ph).  

The CO/ethylene copolymerisation was performed in CH2Cl2 or MeOH with 

precatalyst PdL4d or PdL4e2, respectively, at 60ºC, 25 bars CO, 25 bars ethylene, 

0.062 mmol precatalyst and during 18h.[34] Complex PdL4d gave small amounts of 

oligomeric polyketones and high amount of Pd-black. For that reason 1,4-benzoquinone 

(BQ) in [BQ]/[Pd] = 10 was added.[35] Nevertheless, no improvement was observed and 

the MALDI-TOF showed signals corresponding to oligomers with a repetitive unit of 

56 g/mol with a maximum of ca 100 repetitive units of polyketones. In the case of 

precatalyst PdL4e2 no polyketones were observed. The solution showed a green 

fluorescence color, indicating the transformation of the precatalyst in the catalytic 

conditions.  

The CO/styrene copolymerisation was run at 10 bars of CO, 3 mL styrene, 5mL 

solvent (CH2Cl2 or MeOH), 4.2·10-3 mmols of catalyst, [BQ]/[Pd] = 10, at 30ºC and 

during 18h.[36] Catalyst PdL4e2 provided no polyketone and the same deactivation 

process, while with precatalyst PdL4d only polystyrene was formed, even if 50 bars CO 

were used. No deactivation of the catalyst to palladium black was observed with 

precatalyst PdL4d. 

In summary, the catalytic studies with catalysts PdL4d presented moderate 

catalytic activity for the CO/ethylene copolymerisation reaction with the formation of 

oligomers, while it was not active in CO/styrene copolymerisation. Precatalyst PdL4e2 

showed no activity for both substrates. 
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5.3 Conclusion 

During the course of the investigation the scale up (up to 6.2 g) and optimization 

of the synthesis of 2-(2-pyridyl)-4,6-diphenylphosphinine (L4) was achieved. 

New palladium and platinum complexes with ligand L4 were isolated and fully 

characterized by NMR spectroscopy, mass spectrometry and X-ray diffraction analysis 

of [PdCl2L4] (PdL4a) and [PtCl2L4] (PtL4a). Complexes [Pd(L4)2][BF4]2 (PdL4b) 

and [Pd(L4)2]2[BArF]4 (PdL4c) were also obtained. The reactivity of [Pd(cod)MeCl] 

with L4 lead to [PdCl(L4·CH3)]2 (PdL4d), which is proposed to show a methyl transfer 

to the phosphorus atom. 

MCl2 (M= Pd or Pt) reacted with L4 and alcohols (HOR) or amines (HNR2R1) 

under formation of the complexes of the general formula [MCl2(L4H·OR)] or 

[MCl2(L4H·NR2R1)]. These coordination compounds were formed most likely through 

a concerted mechanism, the reaction proceeds selectively via a syn-addition to one of 

the P=C double bonds. Furthermore, when chiral alcohols or amines were used, three 

stereogenic centres at once could be introduced and only one pair of diastereoisomers 

were formed. Complexes [PdCl2(L4H·OEt)] (PdL4e1) and [PtCl2(L4H·OEt)] (PdL4d1) 

showed reactivity with diphosphines to form free ligand L4. [Rh(cod)(L4)]BF4 

(RhL4a) was isolated and characterized by NMR spectroscopy, mass spectrometry and 

X-ray diffraction. 

The catalytic studies in the CO/α-olefins copolymerisation with precatalyst 

PdL4d and PdL4e2 showed that precatalyst PdL4d presented only moderate catalytic 

activity in CO/ethylene copolymerisation and precatalyst PdL4e2 was inactive for both 

substrates. 

5.4 Experimental Section 

General Comments.  All manipulations were carried out under argon atmosphere, 

using modified Schlenk techniques unless otherwise stated. All glassware was dried 

prior to use by heating under vacuum. All common solvents and chemicals were 

commercially available and purchased from Aldrich Chemical Co. and Merck. 

P(SiMe3)3 was prepared according to the literature.[37] The solvents were taken from 

custom-made solvent purification columns filled with Al2O3. The elemental analyses 

were obtained from H. Kolbe, Mikroanalytisches Laboratorium, Mülheim a.d. Ruhr 

(Germany). NMR spectroscopy 1H, 13C{1H}, 31P{1H} and 19F{1H} NMR spectra were 
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recorded on a Varian Mercury 200 or 400 spectrometer and all chemical shifts are 

reported relative to the residual proton resonance in the deuterated solvents or referred 

to an 85% aqueous solution of H3PO4, respectively. MALDI-TOF measurements of 

complexes: Voyager-DE-STR (Applied Biosystems, Franingham, MA) instrument 

equipped with a 337 nm nitrogen laser. All spectra were acquired in the positive ion 

reflector mode and were accelerated at 20 keV. α-cyano-4-hydroxycinnamic acid 

(CHCA) was used as matrix. The matrix was dissolved in THF at a concentration of 20 

mg·mL-1. The complex was dissolved in THF (50 mg·L-1). The matrix and the samples 

were premixed in the ratio 1:1 (Matrix : sample) and then the mixture was deposited (1 

μL) on the target. For each spectrum 100 laser shots were accumulated. 

Standard copolymerisation experiment in organic solvent. Copolymerization 

reactions were carried out in a 75 mL stainless steel autoclave equipped with a glass 

insert and a magnetic stirring bar at different bars of CO. After introduction of the 

catalyst precursor PdL4d or PdL4e2, 1 or 2 equivalents AgSbF6 (6.2·10-2 mmol catalyst 

in CO/ethylene or 4.2·10-3 mmol catalyst in CO/styrene) and BQ into the purged 

autoclaved, the solvent and substrate were added under argon atmosphere. The 

autoclave was pressurized with carbon monoxide and 25 bars ethylene, if necessary, and 

heated to the desired temperature. After the desired time, the reactor was vented out and 

the reaction mixture was filtered through celitte. The solution was analyze and dried 

under vacuum. 

5.4.1 Ligands and Complexes Synthesis  

3,5-diphenyl-1-(2-pyridyl)pentane-1,5-dione [16] 

In a mortar 2-acetylpyridine (7.08 g, 58.5 mmol, 1 equiv.) 

was added to a mixture of chalcone (12.18 g, 58.5 mmol, 1 

equiv.) and NaOH (2.34 g, 58.5 mmol, 1 equiv.). All reactants 

were mingled by the use of a pestle for about ten minutes until a 

sticky yellow gum was obtained. The gum was transferred to a 

flask and heated in a water-ethanol mixture (1:2) until the gum was completely 

dissolved. The solution was stirred and was filtered off and washed with ethanol (30 

mL) to obtain the pure product as a white powder (15.27 g, 79 %). Melting point: 

104ºC. 1H NMR (400 MHz, CDCl3): δ (ppm)= 8.64 (d, 1H, pyridyl-H3), 7.94 (d, 1H, 

pyridyl-H6), 7.90 (d, 2H, acetylphenyl-Ho), 7.79 (dt, 1H, pyridyl-H5), 7.53 (t, 1H, 

O

O

N
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acetylbenzyl-Hp), 7.43 (m, 3H, acetylbenzyl-Hm, pyridyl-H4), 7.33 (d, 2H, phenyl-Ho), 

7,26 (t, 2H, phenyl-Hm), 7.15 (t, 1H, phenyl-Hp), 4.11 (q, 1H, methine), 3.70 (dd, 2H, 

methylene), 3.41 (dd, 2H, methylene). 

 

2-(2-pyridyl)-4,6-diphenylpyrylium tetrafluoroborate (pypy) [16] 

BF3·Et2O (22.3 g, 157.3 mmol, 8 equiv.) was added 

dropwise to a mixture of 1,3-diphenyl-5-(2-pyridyl)-1,5-

pentanedione (6.5 g, 19.7 mmol, 1 equiv.) and chalcone (4.1 g, 19.8 

mmol, 1 equiv.) at room temperature. The reaction mixture was 

then heated to 70ºC for 3 hours. After allowing the reaction mixture 

to cool down to room temperature a yellow solid precipitated on addition of diethyl 

ether. The yellow solid was collected on a glass filter, washed with diethyl ether and 

recrystallized from methanol to obtain the pyrylium salt as yellow needles (1,86 g, 30 

%). Mp.: 243°C (decomp.). Anal. Calc. For C22H16BF4NO (397.18 g/mol): C, 66.53; H, 

4.06; N, 3.53. Found: C, 67.51; H, 4.13; N, 3.42. 1H NMR (200 MHz, DMSO-d6): δ 

(ppm)= 7.90 – 7.76 (m, 7H, pyridyl-H4, pyryliumphenyl-Hm,p, phenyl-Hm,p), 8.26 (dt, 

1H, JH-H = 7.8 Hz, pyridyl-H5), 8.79 – 8.49 (m, 5H, pyridyl-H6, pyryliumphenyl-Ho, 

phenyl-Ho), 9.20 (s, 1H, pyrylium-H5), 9.00 (d, 1H, JH-H = 4.4 Hz, pyridyl-H2), 9.28 (s, 

1H, pyrylium-H3). 13C NMR (DMSO-d6): δ (ppm)= 115.7, 116.9, 125.0, 129.1, 129.3, 

129.5, 130.4, 130.5, 132.7, 136.0, 139.1, 146.7, 151.5, 160.1, 168.2, 171.1. 19F NMR 

(DMSO-d6): δ (ppm)= -148.3.  

 

2-(2-pyridyl)-4,6-diphenylphosphinine (L4) [16] 

Under argon atmosphere at room temperature, tris-

(trimethylsilyl)phosphine (18.57 g, 74.1 mmol, 2.1 equiv.) was 

added dropwise to a solution of 2-(2-pyridyl)-4,6-diphenylpyrylium 

tetrafluoroborate (14.02 g, 35.3 mmol, 1 equiv.) and acetonitrile 

(84 mL) in a 250 mL Schlenk flask. Upon adding a dark reaction 

mixture was obtained which was refluxed at 85ºC for 6 hours. Subsequently, all 

volatiles were removed in vacuum to obtain a dark solid. The crude product was 

purified by means of column chromatography over neutral alumina with ethyl acetate-

petroleum ether (1:5) to yield the product as a yellow-orange solid (6.2 g, 54  %). A 

small amount (25 mg) was recrystallized very slowly from hot acetonitrile to obtain 

O
+

NBF4
-

P

N
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yellow-orange needles. Mp.: 146.5oC. Anal. Calc. for C22H16NP (Mw = 325.35 g/mol): 

C, 81.22; H, 4.96; N, 4.31. Found: C, 80.84; H, 5.24; N, 3.97.1H NMR (200 MHz, 

C6D6) : δ (ppm) = 6.77 (dd, 1H, J = 1.4 Hz), 7. 19 – 7.35 (m, 7H), 7.61 (d, 2H, J = 3.6 

Hz), 7.77 (d, 2H, J = 3.8 Hz), 8.00 (d, 1H, J = 4.0 Hz), 8.24 (d, 1H, J = 3.0 Hz), 8.70 (d, 

1H, J = 2.4 Hz), 9.23 (d, 1H, J = 2.8 Hz). 13C NMR (C6D6): δ (ppm) = 120.8, 121.2, 

122.4, 128.8, 132.0 (d, JC-P = 13.0 Hz, C3/5), 132.9 (d, JC-P = 11.9 Hz, C3/5), 136.2, 142.3 

(d, JC-P = 3.5 Hz, C4), 143.5, 144.0, 144.2 (d, JC-P = 22.2 Hz), 149.8, 159.1 (d, JC-P = 

26.1 Hz), 169.5 (d, JC-P = 50.6 Hz, C2/6), 171.5 (d, JC-P = 50.6 Hz, C2/6). 31P NMR 

(C6D6): δ (ppm) = 187.3.  

 

[Pd(Cl)2(L4)] (PdL4a) 

A solution of L4 (20 mg, 0.0615 mmol) in CH2Cl2 (0.5 mL) was added dropwise 

to a solution of [PdCl2(cod)] (17.5 mg, 0.061 mmol) in CH2Cl2 (0.5 mL). A red solution 

was formed instantaneously. The product was formed within several minutes and 

precipitated as an orange solid from the reaction mixture. The solid was filtered off, 

washed several times with diethyl ether and dried under vacuum. PdL4a was obtained 

as an orange solid (23 mg, 0.045 mmol, 73 %).  

Analysis calcd. for C22H16Cl2NPPd x 0.5 CH2Cl2 (Mw = 545.15 g/mol): C: 

49.57%; H: 3.14%; N: 2.57%. Found: C: 49.84; H: 3.21; N: 2.64.  
1H NMR (C6D6), 400 MHz): δ (ppm) = 6.87-6.93, (m, 4H), 7.16 (resonances 

covered by solvent peak), 7.31 (br, 1H, phosphinine-Hß), 7.58-7.60 (m, 4H), 8.11 (d, 

1H, JH-H = 6.4 Hz), 9.44 (d, 3JH-H = 6.0 Hz, 1H, pyridine-Hα). 31P NMR (CD2Cl2, 162 

MHz): δ (ppm) = 159.3. (Due to the low solubility of PdL4a an acceptable 13C NMR 

spectrum could not be obtained)  

 

[Pt(Cl)2(L4)] (PtL4a) 

Under argon atmosphere at room temperature, 2-(2-pyridyl)-4,6-

diphenylphosphinine (L4) (20 mg, 0.061 mmol, 1 equiv.) in CH2Cl2 was added 

dropwise to a solution of [PtCl2(cod)] (23 mg, 0.061 mmol, 1 equiv) in 0.5 mL of 

CH2Cl2. A red solution was formed instantaneously. The product was formed within 

several days as a bright orange, crystalline material, which was filtered off, washed 

several times with diethyl ether and dried under vacuum. PtL4a was obtained as a 

bright orange solid (24 mg, 0.04 mmol, 65 %).  
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Analysis calcd. for C22H16Cl2NPPt x 0.5 CH2Cl2 (Mw = 633.81 g/mol): C: 

42.64%; H: 2.70%; N: 2.21%. Found: C: 42.81; H: 2.91; N: 2.42.  
1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 7.19-7.30 (m, 5H), 7.48-7.60 (m, 6H), 

7.73 (2xd, 3JH-P = 21.2, 20.8 Hz, 3JH-H = 7.4 Hz, 2H, phosphinine-Hß), 8.12 (m, 2H), 

10.26 (d, 3JH-H = 5.2 Hz, 1H, pyridine-Hα). 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = 

141.5 (s with Pt-satellites, 1JPt-P = 4797 Hz). Due to the low solubility of PtL4a an 

acceptable 13C NMR spectrum could not be obtained. 

 

[Pd(L4)2]n[X]n·2 (PdL4b or PdL4c) 

To a suspension of [PdCl2(L4)] (PdL4a) (0.068 mmol) in 2 mL of 

dichloromethane, a solution of the ligand (L4) (0.068 mmol) and the corresponding 

sodium salt (0.143 mmol) in 2 mL of dichloromethane were added slowly. The mixture 

was heated overnight at 50oC. The product was filtered off over celitte to remove the 

sodium chloride and the solvent was evaporated under reduced pressure. An oil was 

obtained which was reevaporated with diethyl ether, obtaining the product as a solid. 

[Pd(L4)2][BF4]2 (PdL4b): Brown solid (50 mg, 91 %).  

HR MASS MALDI-TOF calc. for (C44H32B2F8N2P2Pd) (m/z): 930.12 [M+], 

807.19 [M+ +3NH4
+]; found m/z: 930.21 [M+], 807.30 [M+ +3NH4

+]. 19F NMR (376.5 

MHz, CD2Cl2): δ (ppm) = -149.7; 31P NMR (162 MHz, CD2Cl2): δ (ppm) = 36.4, 35.3. 

[Pd(L4)2]2[BArF]4 (PdL4c): Brown solid (128 mg, 85 %).  

HR MASS MALDI-TOF calc. for (C216H112B4F96N4P4Pd2) (m/z): 1590.13 [M+-

4BArF – 2H+ + 2K+]; found m/z: 1590.02 [M+-4BArF – 2H+ + 2K+]. 19F NMR (376.5 

MHz, CD2Cl2): δ (ppm) = -62.3; 31P NMR (162 MHz, CD2Cl2): δ (ppm) = 24.1, 22.9. 

 

Reaction of [Pd(cod)(CH3)Cl] with L4: [Pd(L4·CH3)Cl]2 (PdL4d)  

The synthesis was carried out according to a modification of literature procedure 

of bipyridine analogue.[5] 2-(2-pyridyl)-4,6-diphenylphosphinine L4 (20 mg, 0.062 

mmol, 1 equiv.) was added to a solution of [Pd(cod)(CH3)Cl] (16 mg, 0.062 mmol, 1 

equiv) in 2 mL of dichloromethane at room temperature and under argon atmosphere at 

room temperature. After 5 h stirring at room temperature, diethyl ether was added and 

the product precipitated as purple solid, which were filtered off, washed with diethyl 

ether and the dried under vacuum. (65 mg, 84 %).  
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HR MASS MALDI-TOF calc. for (C46H36Cl2N2P2Pd2) (m/z): 1032.97 

[M++3Na+], 965.00 [M++H+], 806.10 [M+-Pd-CH3-Cl]; found m/z: 1032.92 [M++3Na+], 

965.01 [M++H+], 806.16 [M+-Pd-CH3-Cl]. 
1H NMR (400 MHz, CD2Cl2): δ (ppm) = 2.00 (d, 3H, P-CH3, JP-H = 16Hz), 6.66 

(dd, 1H, JP-H= 16Hz, JH-H= 8Hz), 7.00-8.40 (m, 15H), 9.70 (d, 1H, JH-H = 4Hz); 31P 

NMR (162 MHz, CD2Cl2): δ (ppm) = 34.9. 

 

Reactivity of PdL4a and PtL4a with ROH and R1RNH 

[PdCl2(L4H·OR)] (PdL4e) 

Under an argon atmosphere at room temperature, a mixture 

of 2-(2-pyridyl)-4,6-diphenylphosphinine L4 (0.093 g, 0.285 

mmol, 1 equiv.) and PdCl2 (0.051 g, 0.285 mmol, 1 equiv.) in 

CH2Cl2/ROH (2 mL/2 mL) was refluxed at 65oC overnight to give 

a dark red solution, which was concentrated in vacuum to aprox. 1 

mL until a red precipitated appeared. Addition of ROH (3 mL) 

induced formation of more precipitate. Afterwards the solvent was removed by the use 

of a syringe and the solid was dried in vacuum. 

Ethanol (PdL4e1): Purple-pink solid (160 mg, 95 %). 
1H NMR (200 MHz, CD2Cl2): δ (ppm) = 1.3 (t, 3H, J = 9.09Hz), 4.25 (m, 1H), 

4.51 (m, 1H), 4.8 (dd, 1H, Ha, 2JH-P = 22.2 Hz, 3JH-H = 8.9 Hz), 6.8 (dd, 1H, Hb, 3JH-P = 

17.8 Hz, 3JH-H = 8.9Hz), 7.35 – 7.5 (m, 11H), 7.73 (d, 1H, Hc, 3JH-P = 26.7 Hz), 7.98 (m, 

2H), 9.65 (d, 1H, Hd, 3JH-H = 7.1 Hz). 13C NMR (200 MHz, CD2Cl2): δ (ppm) =16.2, 

16.4 (-CH3), 68.0 (-CH2-), 120.1, 120.3, 124.7, 125.3, 126.4, 126.5, 127.5, 128.4, 128.7, 

128.7, 128.9, 129.0, 129.2, 130.0, 130.1, 130.3, 131.7, 131.9, 133.7, 136.7, 137.7, 

137.9, 138.2, 138.7, 139.0, 139.3, 140.0, 153.3, 153.8, 156.9. 31P NMR (162 MHz, 

CD2Cl2): δ (ppm) = 107.9. 

 

Methanol (PdL4e2): Bright yellow solid obtained by recrystallization from 

CH2Cl2 and pentane (109 mg, 0.204 mol, 71 %).  

Analysis calcd. for C23H20Cl2NOPPd (Mw = 534.72 g/mol): C: 51.66%; H: 

3.77%; N: 2.62%. Found: C: 51.48; H: 3.74; N: 2.58. 1H NMR (400 MHz, CD2Cl2): δ 

(ppm) = 3.97 (d, 3H, -OCH3, 3JH-P = 14.4 Hz), 4.93 (dd, 1H, Ha, 3JH-H = 7.2 Hz; 2JH-P = 

20.2 Hz), 6.79 (dd, 1H, Hb, 3JH-H = 7.2 Hz; 3JH-P = 17.1 Hz), 7.32-7.40 (m, 4H, Aryl-H), 

P
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7.44-7.53 (m, 5H, Aryl-H), 7.54-7.59 (m, 2H, Aryl-H), 7.74 (d, 1H, Hc, 3JH-P = 20.6 

Hz), 7.97 (m, 2H, Aryl-H), 9.74 (d, 1H, pyridine-Hα, 3JH-H = 6.0 Hz). 13C NMR (100 

MHz, CD2Cl2): δ (ppm) = 42.7 (d, phosphinine-C1, 1JP-C = 48.6 Hz), 57.7 (-OCH3), 

120.4 (d, JP-C = 11.1 Hz), 125.4, 126.4, 128.5, 128.7, 128.9, 129.0, 130.1, 131.6 (d, JP-C 

= 11.8 Hz), 132.6 (d, JP-C = 36.8 Hz), 138.1, 138.9, 138.6, 139.4, 140.0, 153.6, 157.1 (d, 

JP-C = 21.3 Hz). 31P NMR (162 MHz, CD2Cl2): δ (ppm) = 111.1. 

 

[PtCl2(L4H·OEt)](PtL4d) 

The same procedure as complex PdL4e was followed; 

however the reaction time was increase until 24 h. 

Ethanol (PtL4d1): brown solid (176 mg, 90 %). 
1H NMR (200 MHz, CD2Cl2): δ (ppm) = 1.3 (t, 3H, JH-H 

= 3.8 Hz), 4.2 (m, 1H), 4.47 (m, 1H), 4.73 (dd, 1H, Ha, 3JH-P = 

20.4 Hz, 2JH-H = 7.4 Hz), 6.8 (dd, 1H, Hb, 3JH-P = 17.2 Hz, 3JH-H 

= 7.4Hz), 7.35 – 7.5 (m, 11H), 7.7 (d, 1H, Hc, 3JH-P = 21.2 Hz), 

7.97 (m, 2H), 10.08 (d, 1H, Hd, 3JH-H = 6.2 Hz); 13C NMR (200 MHz, CD2Cl2): δ 

(ppm)= 16.1, 16.2 (-CH3), 66.7 (-CH2-), 120.5, 125.6, 126.4, 128.3, 128.8, 129.0, 130.1, 

130.2, 131.1, 131.8, 134.3, 137.6, 138.4, 138.8, 139.2, 152.2, 157.6; 31P NMR (162 

MHz, CD2Cl2): δ (ppm) = 71.7 (JP-Pt = 2166 Hz). 

 

Methanol (PtL4d2): brown solid (130 mg, 0.209 mmol, 76 %). The product 

contains approximately 10% of an unidentified side-product with a resonance in the 31P 

NMR spectrum at δ (ppm) = 64.3 (JPt-P = 4338 Hz). 
1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 3.87 (d, 3JH-P = 14.0 Hz, 3H, -OCH3), 

4.74 (dd, 1H, Ha, 3JH-H = 6.8 Hz; 2JH-P = 19.6 Hz), 6.83 (dd, 1H, Hb, 3JH-H = 6.8 Hz; 3JH-

P = 17.6 Hz), 7.32-7.35 (m, 2H, aryl-H), 7.42-7.46 (m, 5H, aryl-H), 7.48-7.58 (m, 4H, 

aryl-H), 7.74 (d, 1H, Hc, 3JH-P = 20.8 Hz), 7.93 (t, 1H, aryl-H, 3J = 7.6 Hz), 8.0 (t, 1H, 

aryl-H, 3JH-H = 7.6 Hz), 10.06 (d, 1H, pyridine-Hα, 3JH-H = 6.0 Hz). 31P NMR (CD2Cl2, 

162 MHz): δ (ppm) = 77.7 (s with Pt-satellites, JPt-P = 4349.4 Hz).   
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[PdCl2(L4H·NR1R)](PdL4f) 

Under an argon atmosphere at room temperature, a mixture of 2-(2-pyridyl)-4,6-

diphenylphosphinine L4 (0,093 g, 0,285 mmol, 1 equiv.) and PdCl2 (0,051 g, 0,285 

mmol, 1 equiv.) in THF/R1R2NH (2 mL/2 mL) was refluxed at 65oC overnight to give a 

dark brown solution, which was concentrated in vacuum to aprox. 1 mL until a brown 

precipitated appeared. Addition of Et2O (3 mL) induces formation of more precipitate. 

Afterwards the solvent was removed by the use of a syringe. The solid was dried in 

vacuum. 

 

 [Rh(cod)(L4)]BF4 (RhL4a) 

[Rh(cod)2]BF4 (37 mg, 0.092 mmol) and 2-(2’-pyridyl)4,6-diphenylphosphinine 

(L4) (30 mg, 0.092 mmol) was dissolved in CH2Cl2 (2.0 mL). The dark red solution was 

stirred for 1h. Subsequently, Et2O (6.0 mL) was added until a solid precipitated. The 

solution was decanted and the solid was dried under vacuum. Complex RhL4a was 

obtained as an orange-brown powder (38 mg, 0.06 mmol, 66 %). Orange crystals of 

RhL4a suitable for X-ray diffraction and elemental analysis were obtained by slow 

crystallization from a mixture of [Rh(cod)2]BF4 (25 mg, 0.0615 mmol) and L4 (20 mg, 

0.0615 mmol) in THF/CH2Cl2 (2.0 mL) after filtration over Celitte.  

Anal. Calcd. for C30H28BF4NPRh (Mw = 623.24 g/mol): C: 57.82; H: 4.53; N: 

2.25. Found: C: 57.43; H: 4.48. N: 2.18. HR MASS MALDI-TOF calc. for 

(C32H34BF4NPRh) (m/z): 570.15 [M+-BF4
-+2NH4

+], 535.09 [M+-BF4
-]; found m/z: 

570.21 [M+-BF4
-+2NH4

+], 535.22 [M+-BF4
-]. 

1H NMR (400 MHz, CD2Cl2): δ 2.26 (m, 4H, (CH)COD), 2.55 (m, 4H, (CH2)COD), 

5.31 (m, 4H, (CH2)COD), 7.50-7.70 (m, 10H), 7.74 (d, 2H, JH-H= 8Hz), 8.17 (m, 2H), 

8.26 (d, 1H, JH-H= 8Hz), 8.57 (dd, 1H, JP-H= 16Hz, JH-H= 4Hz); 19F NMR (376.5 MHz, 

CD2Cl2): δ -149.7; 31P NMR (162 MHz, CD2Cl2): δ 175.4 (d, 1JRh-P= 188Hz). 13C NMR 

(50.3 MHz, CD2Cl2): δ (ppm) = 29.7 ((CH2)COD), 107.5, 107.6 ((CH)COD), 120.8 (d, 1JC-

P = 13.5 Hz), 126.9, 127.6, 127.7, 127.9, 128.7, 129.3, 129.4, 129.6, 131.8 (d, 1JC-P = 

13.0 Hz), 139.0 (m), 140.4, 141.5, 143.4, 151.7, 158.2 (m). 
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5.4.2 X­ray crystal structure determination 

X-ray intensities were measured on a Nonius KappaCCD diffractometer 

(rotating anode, graphite monochromator, λ = 0.71073 Å) [compounds PdL4a, PtL4a, 

RhL4a] or a Bruker Kappa ApexII diffractometer (sealed tube, triumph 

monochromator, λ = 0.71073 Å) [compound PdL4e2] at a temperature of 150(2) K. 

Data were integrated with the EVAL14[38] [compounds PdL4a, PtL4a, PdL4e2] or with 

the HKL2000[39] [compound RhL4a] software. Scaling and absorption correction was 

performed using SADABS.[40] The structures were solved with Direct Methods using 

the program SHELXS-97[41] [compound PdL4a, PtL4a, PdL4e2] and SIR-97[42] 

[compound RhL4a]. Least-squares refinement was performed with SHELXL-97[41] on 

F2 of all reflections. Non-hydrogen atoms were refined with anisotropic displacement 

parameters. Hydrogen atoms were located in difference-Fourier maps [compound 

PtL4a] or introduced in calculated positions [compounds PdL4a, PdL4e2]. All 

hydrogen atoms were refined with a riding model. Structure calculations and checking 

for higher symmetry were performed with the PLATON software.[43] Structural graphics 

were generated by ORTEP-3 v2.02 and POV-Ray v3.6. [Compounds PdL4a, PtL4a, 

PdL4e2]. All hydrogen atoms were located in difference-Fourier maps. Hydrogen atoms 

at the double bonds of the cod ligands were refined freely with isotropic displacement 

parameters; all other hydrogen atoms were refined as rigid groups with the PLATON 

software.[43] [Compound RhL4a]. 

 

Compound PdL4a: [C22H16Cl2NPPd]·0.5CH2Cl2, Fw = 545.09, dark orange 

needle, 0.54 x 0.16 x 0.09 mm3, monoclinic, P21/c (no. 14), a = 18.2129(6), b = 

7.3165(2), c = 33.1753(11) Å, β = 111.376(2)°, V = 4116.7(2) Å3, Z = 8, Dx = 1.759 

g/cm3, μ = 1.38 mm-1. 24487 Reflections were measured up to a resolution of (sin 

θ/λ)max = 0.55 Å-1 of which 5712 were unique reflections (Rint = 0.036), and 4839 were 

observed [I>2σ(I)]. Absorption correction range = 0.57-0.75. 514 Parameters were 

refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0354 / 0.0811. R1/wR2 [all refl.]: 

0.0474 / 0.0881. S = 1.190. Residual electron density between -0.73 and 1.32 e/Å3. 

Compound PtL4a: [C22H16Cl2NPPt]·0.5CH2Cl2, Fw = 633.78, orange needle, 

0.60 x 0.15 x 0.06 mm3, monoclinic, P21/c (no. 14), a = 18.2499(4), b = 7.3203(2), c = 

33.1920(7) Å, β = 111.382(2)°, V = 4129.07(17) Å3, Z = 8, Dx = 2.039 g/cm3, μ = 7.27 
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mm-1. 51545 Reflections were measured up to a resolution of (sin θ/λ)max = 0.61 Å-1 of 

which 7676 were unique reflections (Rint = 0.041), and 6641 were observed [I>2σ(I)]. 

Absorption correction range = 0.18-0.69. 514 Parameters were refined with no 

restraints. R1/wR2 [I > 2σ(I)]: 0.0266 / 0.0589. R1/wR2 [all refl.]: 0.0364 / 0.0630. S = 

1.162. Residual electron density between -1.30 and 1.32 e/Å3.  

Compound PdL4e2: C23H20Cl2NOPPd, Fw = 534.67, yellow block, 0.24 x 0.21 

x 0.18 mm3, orthorhombic, Pbca (no. 61), a = 8.8039(3), b = 16.9366(8), c = 

28.1738(10) Å, V = 4200.9(3) Å3, Z = 8, Dx = 1.691 g/cm3, μ = 1.23 mm-1. 30502 

Reflections were measured up to a resolution of (sin θ/λ)max = 0.56 Å-1 of which 3014 

were unique reflections (Rint = 0.045), and 2531 were observed [I>2σ(I)]. Absorption 

correction range = 0.59-0.75. 263 Parameters were refined with no restraints. R1/wR2 [I 

> 2σ(I)]: 0.0419 / 0.0909. R1/wR2 [all refl.]: 0.0539 / 0.0996. S = 1.263. Residual 

electron density between -0.89 and 0.68 e/Å3. 

Compound RhL4a: [C30H28NPRh]BF4 · 0.4(CH2Cl2), Fw = 657.19, orange 

plate, 0.21x0.12x0.02 mm3, triclinic, P 1 (no. 2), a = 9.7987(2), b = 10.3575(2), c = 

14.5382(3) Å, α = 84.8750(6), β = 85.4051(6), γ = 71.0572(8)°, V = 1387.95(5) Å3, Z = 

2, Dcalc = 1.573 g/cm3, μ = 0.80 mm1. 21889 Reflections were measured up to a 

resolution of (sin θ/λ) max = 0.65 Å-1 of which 6367 were unique (Rint = 0.044) and 

5109 observed [I > 2σ(I)]. The CH2Cl2 molecule was located close to an inversion 

centre and refined with partial occupancy. Absorption correction range: 0.88-0.98. 377 

Parameters were refined with one restraint. R1/wR2 [I > 2σ(I)]: 0.0396/0.0872, R1/wR2 

[all refl.]: 0.0586/0.0949. S = 1.047. Δρmin/max = -0.47/1.03 eÅ3. 

5.5 Supporting information 

CCDC 787659 (compound PdL4a), 787660 (PtL4a), 787661 (PdL4e2) and 

762388 (RhL4a) contain the supplementary crystallographic data for these complexes. 

These data can be obtained free of charge from The Cambridge Crystallographic Data 

Centre via www.ccdc.cam.ac.uk/data_request/cif and moreover, the NMR spectra and 

MALDI-TOF analysis from the complexes studied are included in the supporting 

information as an electronic file. 
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Zinc Catalytic Systems with Amino-Alcohol Ligands in 
Polycarbonate Synthesis by Copolymerization of Cyclohexene 
Oxide and Carbon Dioxide. 

 
A series of chiral amino‐alcohol ligands were tested in zinc catalysed copolymerization 
of cyclohexene oxide and carbon dioxide giving almost 100% carbonate  linkage  in  the 
polycarbonate product. The  effect  in  the productivity  and polycarbonate  selectivity  of 
the different substituents in the carbon α to the –OH (R4) and –NR group (R3) as well 
as  the amino‐substituents of  the  ligand  (R1 and R2) were  studied. The polycarbonates 
were obtained with low activities (up to 2.90 g PCHC/ g Zn) and the molecular weight 
ranged 15000 – 50000 (Mw). 

 
 

This work has been done in collaboration with Prof. Dr. M. A. Pericàs and Dra. A. Bastero 

(ICIQ, Institut Català d’Investigació Química, Tarragona) 
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6.1 Introduction 

As discussed in Chapter 1, in the recent years it has been growing the interest for 

polycarbonates, since they have good biodegradability, are highly transparent to visible 

light, have better light transmission characteristics than many kinds of glass, are hard 

and could be employed to develop other specialty polymers.[1,2,3] Nevertheless, the 

industrial production of polycarbonates involves the polycondensation of phosgene and 

diols, being phosgene notorious for its high toxicity and corrosiveness. Therefore, an 

alternative procedure avoiding phosgene would lead to a completely green process. 

An attractive alternative for polycarbonates synthesis is using carbon dioxide as 

C1 building block by copolymerization with epoxides due to it is an inexpensive, non-

toxic and non-flammable gas.[4] Although owing to the thermodynamical stability of 

carbon dioxide requires the use of a catalyst.  

Furthermore, this reaction offers the possibility of asymmetric alternating 

copolymerization of meso-epoxide with CO2 (Scheme 6.1) when a chiral catalyst is 

used.[5] The chiral catalyst could control the absolute stereochemistry of the asymmetric 

ring-opening leading to optically active aliphatic polycarbonate with (R,R)- or (S,S)-1,2-

diol units. The model meso epoxide used is normally cyclohexene oxide (CHO). In 

copolymerization of CO2 and CHO cyclic species (cyclic carbonate) are common by-

products since they are thermodynamically more stable than polycarbonates.[6,7] Even 

more, in this reaction can be observed  a consecutive epoxide enchainment leading to 

the formation of ether linkage, another important by-product.[6] 

 
Scheme 6.1. Alternating copolymerization of meso-cyclohexene oxide (CHO) 

with carbon dioxide. 

In the literature the best enantioselective catalytic systems for asymmetric 

CHO/CO2 copolymerisation was obtained with a chiral amino-alcohol ((S)-C) with 

ZnEt2 and the addition of 0.2-1.0 equivalents of EtOH. This precatalyst system reported 

by Nozaki et al.[8,9] gave 80% e.e. corresponding (R,R)-trans-cyclohexane-1,2-diol and 

was isolated and characterised by X-ray diffraction as a dimer ((S,S)-C1). This system 
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provided good results in terms of yield leading to polycarbonates with 100% of 

carbonate linkage (PCHC) and no cyclic cyclohexene carbonate (CHC) was present. 

 
Figure 6.1. Chiral ligand and chiral zinc catalysts for the asymmetric alternating 

copolymerisation of CHO and CO2 reaction. 

In base of these results, taking system C1 as a model, a family of amino-alcohol 

ligands (L5-L12, Figure 6.2) were selected to be tested in the zinc catalyzed 

copolymerization of cyclohexene oxide with CO2 using the reaction conditions reported 

by Nozaki et al. [8,9]  

  
Figure 6.2. Amino-alcohols used as ligands in copolymerization of CHO with CO2. 
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6.2 Results and discussion 

The ligands L5-L8 were synthesized at the Institut Català d’Investigacions 

Químiques (ICIQ, group of Prof. M. A. Pericàs) according to described procedures[10,11] 

and ligands L9-L12 were commercially available (Figure 6.2). The catalyst precursors 

were prepared in situ by addition of stoichiometric amounts of the ligand to a solution 

of ZnEt2 in toluene. 

The results obtained with the catalytic systems ZnEt2/ L5-L12 are shown in 

Table 6.1. The reactions were carried out at 60ºC and 30 atm of CO2 during 24h to 

ensure that the polymer was formed. The final products were extracted from the reaction 

solution, once the catalyst was hydrolysed, and the reaction products were further 

purified by reprecipitation from methylene chloride with methanol. The copolymers 

were analyzed by NMR and IR spectroscopy after purification.  

The presence of the cyclic carbonate was confirmed by FTIR and 1H NMR 

spectroscopy. FTIR was only used to determine the presence of trans-cyclohexane 

carbonate (CHC) isomer, which shows in methylene chloride a υ(CO2) stretching 

vibration at 1820 and 1803 cm-1, while the asymmetric υ(CO2) stretching vibration of 

the polycarbonate linkage was observed at 1750 cm-1.[12] A representative IR spectra of 

a mixture CHC-PCHC and isolated PCHC is shown in Figure 6.3. 

  

 

Figure 6.3a. Infrared spectrum of reaction product at 60ºC using precatalyst L11/ZnEt2 

(entry 7, Table 6.1). 
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Figure 6.3b. Infrared spectrum of reaction product at 60ºC using precatalyst L10/ZnEt2 

(entry 6, Table 6.1). 

The percentage of polycarbonate selectivity was calculated from the relative 

intensities of the 1H NMR signals of the methylene protons next to the carbonate 

linkage, δ 4.60 ppm for polycyclohexanecarbonate (PCHC) and δ 3.9 ppm for trans-

CHC.[12] In the carbonyl region of the 13C NMR (Figure 6.4) spectra appears two signal 

at δ 154.2 ppm and δ 153.6 ppm which confirm the formation of carbonate linkage and 

no CHC, which signal appears at δ 154.7 ppm (entry 1, Table 6.1).[12] The two peaks are 

assigned according to literature data to syndiotactic (two diols units with the opposite 

absolute configuration connected through a carbonate bond, relative configuration RR-

SS) and isotactic (with relative configuration RR-RR) copolymer chain tacticity on the 

basis of corresponding 13C NMR data from the model compound 2,2’-

oxydicyclohexanol.[13,14]  

The degree of carbonate that was incorporated in the co-polycarbonate polyether 

polymer, fCO2, can be evaluated as was described by Hsu and Tan[15] by the ratio (%) of 

the integration of the methine proton geminal to oxygen, which give a broad signal in 

the 1H NMR at δ 4.6 ppm, for the polycarbonate fraction; and a δ 3.5 ppm, for the 

polyether fraction. In most of the experiments the degree of carbonate incorporation was 

relatively high, leading more than 90% in almost all cases. 
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Figure 6.4. Example of 13C NMR spectrum from PCHC formed with 4/ZnEt2 (entry 1, 

Table 6.1). 

In general the productivities obtained were low (up to ca. 3-4 g product/g Zn). 

The catalytic system ZnEt2/L5 presented the best combined results of productivity 2.90 

g PCHC/g Zn and high selectivity in polymer formation (100%) with high degree of 

carbonate incorporation (94%) (entry 1, Table 6.1). Comparing this catalytic system 

with the ones with ligands L6-L9, it is observed that a bulky substituent seems 

important to obtain as a main product the polycarbonate with noteworthy productivity 

(entry 1 - 3 vs. entry 4 and 5, Table 6.1).[16] The steric hindrance may avoid the 

degradation of the polymer (decreasing of the Mw) (entry 1 and 3 vs. entry 5, Table 

6.1).[17,18] 

Once we analysed the effect of the nitrogen substituent, we moved on to study 

the effect in C1 and C2 substituents (α-substituent on the C-OH and C-NR2, 

respectively). Position α to the amino group affected the carbonate incorporation, as was 

observed comparing the catalytic systems ZnEt2/L9 (entry 5, Table 6.1) and ZnEt2/L10 

(entry 6, Table 6.1). Both catalytic systems presented similar productivities, but when a 

small α-substituent on the amino group was used (ZnEt2/L10; entry 6, Table 6.1) small 

increase in the carbonate incorporation was observed. On the other hand, the C1 

position affected the selectivity in polycarbonates vs. CHO. The comparison between 

the catalytic system ZnEt2/L9 and ZnEt2/L11 (entry 5 and 7, Table 6.1) showed an 

increase in the productivity of 4.5 times, but a decreased of selectivity was observed.  
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Table 6.1. Results obtained in the copolymerization of CO2/CHO with ZnEt2/L5-L12.a 

Entry L T(ºC) g prod/ g Zn IRb 
Selectivity 

(%)c 

fCO2 

(%)d 

Mw 

(Mw/Mn)e 
% e.e.f 

1 L5 60 2.90 1743 100 94 28670 (1.2) 3 (R,R) 

2 L6 60 4.89 1738, 1802 77 88 - -

3 L7 60 2.47 1738 100 92 34387 (3.8) ndh 

4 L8 60 0.37 1739 100 94 nd nd 

5 L9 60 0.87 1750 100 93 16741 (1.9) 7 (S,S) 

6 L10 60 0.74 1751 100 100 30925 (2.4) nd 

7 L11 60 3.88 1753, 1803 95 83 - - 

8 L11 40 1.88 1749 100 96 48993 (2.5) nd 

9 L12 60 2.37 1752, 1803 97 90 - - 

10g L12 60 0.92 1740 100 76 43981 (2.1) nd 
a Conditions: [ZnEt2] = 0.16 M; [L]:[Zn] = 1; [CHO]:[Zn] = 20; PCO2 = 30 atm; time = 24 hours. b υ(CO2) 

stretching vibrations in CH2Cl2. c Selectivity of PCHC in front of CHC, calculate based on integrals in 1H 

NMR. d Degree of carbonate incorporated in the co-polycarbonate polyether polymer. e Determined by 

GPC, calibrated with polystyrene standard in THF. f Determined by GC, as 2,2-dimethylhexahydro-1,3-

benzodioxole (trans-cyclohexane-1,2-diol derivatization). g P = 50 atm. h nd = not determined. 

 

Decreasing the temperature from 60ºC to 40ºC produced an increase in the 

selectivity, using ZnEt2/L11, showing as the only product PCHC, but the productivity 

was affected decreasing 2.0 times (entry 7 vs. entry 8, Table 6.1). The increase of 

selectivity to polycarbonate at low temperature might be attributed to a suppression of 

the backbiting mechanism leading to the cyclic carbonate. This is in agreement with 

literature, where backbiting mechanism was reported to be favoured with 

temperature.[6,7,19] 

The catalytic system ZnEt2/L12 was selected to confirm the effect of the amine’s 

substituent (entry 9, Table 6.1) in a direct comparison with the catalytic system 

ZnEt2/L11 (entry 7 and 8, Table 6.1). Increasing the bulk of the amine’s substituent 

increased the selectivity for PCHC and the carbonate incorporation, although the 

productivity decreased. This observation may be related with the formation of the active 

species, which could not be favoured by the introduction of too bulky substituents in the 

amino group. 
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Increasing the pressure until 50 bars (ZnEt2/L12 entry 9 vs. entry 11, Table 6.1), 

the selectivity increased until 100% of PCHC, but the productivity decreased 2.5 times, 

which may be due to a competition between CHO and CO2 for coordination site and 

disfavouring the rate determining step. 

The analysis of the molecular weight (Mw) revealed that substituents in the 

amino group were necessary for increasing the copolymer’s Mw (entry 5 vs. 1 and 4, 

Table 6.1). Even more, the bulkiness of the substituent in the carbon α to –OH group 

could block the propagation steps decreasing the Mw (entry 5 and 6 vs. entry 8, Table 

6.1). 

The polycarbonate obtained with catalytic systems were hydrolyzed to the 1,2-

cyclohexanediol[8] and the enantiomeric excess (% e.e.) of this product was determined 

by derivatization to the ketal species[20] using GC analysis with a chiral column 

(Scheme 6.2). The % e.e. obtained with this catalytic systems were very low and lower 

than the one reported for the ZnEt2/C system at the same conditions.[9] The low 

enantiomeric excess could be attributed to a weak interaction of the ligand with the 

metal centre, which may lead to ligand dissociation allowing the insertion of the 

cyclohexene oxide in two different ways. In attempt to increase the enantiomeric excess, 

the catalytic system ZnEt2/L5 was tested decreasing the temperature to 40ºC, but no 

significant increasing was observed. However, it can be notice that the copolymers 

formed had the same chiral configuration than the catalytic systems used (R,R-

copolymer unit for (R)-L5/ZnEt2 catalytic system and S,S-copolymer unit for (S)-

L9/ZnEt2 catalytic system; entry 1 and 5, Table 6.1, respectively). 

 

 
Scheme 6.2. Hydrolyzation of the polymer and subsequently derivatization. 

In conclusion, bulky substituents in the amino group seemed necessary to 

achieve polycarbonates in moderate yield and selectivity, but at the same time too bulky 

substituents were not beneficial. The substituents in the carbon α to –OH group strongly 

affected the productivity and in a small scale the selectivity, being more effective less 
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bulky substituents. On the other hand, the bulkiness of the substituent in the carbon α to 

–NR2 group had less effect in the productivity and in the selectivity than in the 

carbonate incorporation.  

6.3 Conclusions 

The catalytic systems ZnEt2/amino-alcohol (L5-L12) presented low activity (up 

to 2.90 g PCHC/ g Zn) in the copolymerization of cyclohexene oxide and carbon 

dioxide and the polycarbonate formed showed moderate molecular weight between 

15000 – 50000 (Mw). 

The best results in terms of selectivity was obtained with the catalytic system 

ZnEt2/L5 (2.90 g PCHC / g Zn and 100% selectivity) and the highest molecular weight 

of the polycyclohexene carbonate was up to 50000 (Mw) with ZnEt2/L11.  

In these experiments it was observed that the substituent in the carbon α to –OH 

group (C1) and the amine substituent group affects the productivity and the selectivity. 

The bulkiness of the substituent in the C1 atom could block the propagation steps, 

whereas the steric effects generated in C2 had less effect in the productivity and in the 

selectivity than in carbonate incorporation. On the other hand, the amine’s substituent 

has a stronger effect in the selectivity; it needs to generate steric repulsion to avoid the 

backbiting mechanism. 

6.4 Experimental Section 

General Comments.  Commercial available ligands L9-L12 (Sigma-Aldrich 

and Alfa Aesar) were used as received. Cyclohexene oxide (Alfa Aesar) was dried over 

CaH2, distilled, and stored under inert atmosphere. Toluene was dried over sodium and 

freshly distilled. Carbon dioxide (SCF Grade, 99.999 %, Air Products) was used 

introducing an oxygen/moisture trap (Agilent) in the line. IR spectra (range 4000-400 

cm-1) were recorded on a Midac Grams/386 spectrometer in KBr pellets. NMR spectra 

were recorded at 400 MHz Varian, with tetramethylsilane (1H NMR and 13C NMR). 

Molecular weight measurements of polycarbonates: The molecular weight (Mw) of 

copolymers and the molecular weight distributions (Mw/Mn) were determined by gel 

permeation chromatography versus polystyrene standards. Measurements were made in 

THF on a Millipore-Waters 510 HPLC Pump device using three-serial column system 

(MZ-Gel 100Å, MZ-Gel 1000 Å, MZ-Gel 10000 Å linear columns) with UV-Detector 
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(ERC-7215) and IR- Detector (ERC-7515a). The software used to get the data was 

NTeqGPC 5.1. Samples were prepared as follow: 10 mg of the copolymer was 

solubilised with 2 mL of tetrahydrofuran (HPLC grade) and toluene (HPLC grade) as 

internal standard.  

  Standard copolymerization experiment in organic solvent. In a typical 

experiment, a flame dried Schlenk tube (80 mL) was charged with the amino-alcohol 

ligand (0.5 mmol) and toluene (17 mL) under argon. With stirring, a hexane solution of 

diethyl zinc (1 M, 0.5 mL, 0.5 mmol) was added at room temperature. After ethane gas 

evolution ceased, the solution was stirred at room temperature for 0.5 h. This solution was 

transferred into a 50 mL autoclave followed by the introduction of cyclohexene oxide 

(CHO, 1.0 mL, 10 mmol) and carbon dioxide (30 atm). After stirring at 60ºC for 24 h, the 

mixture was cooled down to room temperature by means of an ice bath. After the 

unreacted gases were released, the mixture was diluted with toluene (100 mL) and washed 

with aqueous solution of HCl (1 M, 30 mL x 2) and then with brine, saturated solution of 

NaCl (30 ml x 2). The organic layer was dried over MgSO4, filtered and transferred into a 

flask where the solution was dried in vacuum until a solid appear. The solid was diluted 

with 5 mL dichloromethane and poured into 20 mL methanol and the copolymer 

precipitate. The solid was filtered and the methanol fraction was dried in vacuum until a 

solid appear. The solids were analyzed with 1H,13C NMR and IR. Enantiomeric exces 

determination. A round-bottomed flask was charged with copolymer (0.14 g, 

corresponds to 1.0 mmol of the repeating unit), THF (50 mL), MeOH (10 mL) and 

aqueous sodium hydroxide solution (2M, 10 mL). The resulting colourless homogeneous 

mixture was stirred under reflux for 15 h. After cooling, the mixture was neutralized with 

aqueous chloride acid solution (1M) and concentrated to ca. 30 mL by evaporation. The 

solution was extracted with AcOEt (80 mL x 4). The combined organic layer was dried 

over MgSO4 and concentrated by evaporation. Purification of the crude residue by silica-

gel column chromatography (AcOEt as an eluant) gave (1R, 2R)-cyclohexane-1,2-diol (98 

% yield).[8] The enantiomeric excess was determined by GLC analysis with a chiral 

column (β-Chiraldex, 100ºC) after derivatisation of the (1R, 2R)-cyclohexane-1,2-diol 

into 2,2-dimethylhexahydro-1,3-benzodioxole by the reaction of the diol with acetone in 

presence of Montmorillonite K-10 (MK-10) stirred during 12 h.[20] 

Safety warning. Experiments involving pressurized gases can be hazardous and must be 

conducted with suitable equipment and follwing appropriate safety conditions only.  
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trans-Cyclohexenecarbonate 1H NMR (400 MHz, CDCl3, 298 K): δ 1.35-2.25 (m, 8H, 

CH2), 3.96 (m, 2H, CH-carbonate). 13C NMR (100.5 MHz, CDCl3, 298 K): δ 18.6, 26.1, 

75.3, 154.7 (C=O). IR ν(C=O), CH2Cl2: 1881 cm-1 (w), 1820 cm-1 (m), 1803 cm-1 (s).[12]  

Polycyclohexenecarbonate 1H NMR (400 MHz, CDCl3, 298 K): δ 1.33-2.10 (m, 8H, 

CH2), 4.60 (m, 2H, CH-carbonate). 13C NMR (100.5 MHz, CDCl3, 298 K): δ 23.1, 29.7, 

67.8, 154.2 (C=O, syndiotactic), 153.3-153.6 (C=O, isotactic and atactic). IR ν(C=O), 

CH2Cl2: 1750 cm-1.[12] 

(1R, 2R)-cyclohexane-1,2-diol 1H NMR (400 MHz, CDCl3, 298 K): δ 1.22 (m, 4H, 

CH2), 1.66 (m, 2H, CH2), 1.93 (m, 2H, CH2), 2.91 (br, 2H, OH), 3.32 (m, 4H, CH). 13C 

NMR (100.5 MHz, CDCl3, 298K) δ 24.5, 29.9, 33.0, 76.1. 

6.5 Supporting Information Available 

An example of 1H NMR, 13C NMR, IR, GPC and GC spectra of the copolymers 

and the mixture PCHC-CHC are available in the supporting information as an electronic 

file. 
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Zinc Schiff Base Complexes in Polycarbonate Synthesis by 
Copolymerization of Cyclohexene Oxide and Carbon Dioxide. 

 
New zinc  (II) Schiff base complexes were synthesized and characterized by NMR,  IR, 
MALDI‐TOF  spectrometry  and  X‐ray  diffraction  structure  for  a  zinc  (II)  acetate 
derivative, which  showed  a  polymeric  structure.  Preliminary  catalytic  studies  of  the 
copolymerisation of cyclohexene oxide and carbon dioxide had been done using the new 
complexes affording low activity (3.22 g PCHC/g Zn), 100% polycarbonate selectivity 
and moderate molecular weight (Mw up to 46000). 

 
 

This work has been done in collaboration with Dr. Ali Aghmiz (Universitat Rovira i Virgili, 

Tarragona) 
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7.1 Introduction 

As discussed in Chapter 1 and Chapter 6, metal-catalyzed copolymerisation 

reactions of CO2 and epoxides that give polycarbonates and/or cyclic carbonates have 

been extensively investigated as a potentially effective CO2 fixation. In the 

copolymerization of CO2 and epoxides are used mainly three model substrates, ethylene 

oxide, propylene oxide and cyclohexene oxide; among them the most widely studied is 

cyclohexene oxide (Scheme 7.1), which gives highest activities.[1,2] In 1969, this 

copolymerization was first reported by Inoue and Tsuruta who used a Zn catalyst.[3] 

Since then, there have been a number of reports on polycarbonate formation from CO2 

and epoxides with Zn-based catalysts in organic solvents,[4] where the polymerization 

times were relatively long, significant amounts of cyclic carbonate were produced, and 

some times alternating copolymer (100% carbonate) could be generated.[5] 

 

Scheme 7.1. Alternating copolymerization of meso-cyclohexene oxide (CHO) with 

carbon dioxide. 

In the literature there are described zinc (II) complexes containing bis-

salicylaldimine ligand (D1-5 and E-G1-5, Figure 7.1) found to display catalytic activity 

for the alternating copolymerisation of CO2 and CHO. There was a difference in 

catalytic activity depending on steric and electronic effects provided by the substituents 

on the Schiff base ligand.[6,7] The activities of these bis(salicylaldiminato)zinc 

complexes were investigated at 80°C and 55 bar and the efficacy of these catalysts 

precursors decreased in the order G1 > G5 > G2 > G4 > G3, with turnover frequencies 

(TOFs) 15 > 7.3 > 5.0 > 1.2 > trace (g PCHC/g Zn·h), respectively and all have >99% 

carbonate linkage polymers. The good catalytic result of G1 is attributed to the electron 

donating and no hindered phenolic ring, thereby facilitating the CO2 insertion. 
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Figure 7.1. Bis-salicylaldimine ligands and zinc complexes. 

On the other hand, the introduction of a pendant N, O or P arm attached to the 

imine nitrogen leads to a new class of ligands (H, Figure 7.2),[8,9] which has been 

successfully applied in aluminium (III) catalysed ethylene polymerization[10] and in 

calcium (II) and zinc (II) catalysed ring-opening polymerization of cyclic 

monomers.[11,12] Due to the fact that they are successfully applied in different substrate 

polymerisations, we thought that they could also lead to good catalysts in zinc (II) 

copolymerisation of epoxides and carbon dioxide. Moreover, tridentate ligands may 

offer different possibilities to stabilize the intermediate species. Therefore we decided to 

check their catalytic activity. 

 
Figure 7.2. N,X,O-Schiff base ligands (X = O, N or P). 

Based on the literature results we chose ligand L13 (Figure 7.2) to synthesise a 

new variety of zinc complexes derived from this ligand and subsequent application in 

copolymerization of CO2 and meso-cyclohexene oxide. 
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7.2 Results and discussion 

7.2.1 Zinc Schiff Base Complexes Synthesis 

Ligand L13 was synthesized following the procedure described by Finney and 

Mitchell starting with 3,5-di-tert-butyl salicylaldehyde and 2-methylaminopyridine 

(Scheme 7.2).[8] Treatment of L13 with Zn(OAc)2 under reflux during 4 hours formed 

L13a as a toasted cream powder (Scheme 7.2).  

 

Scheme 7.2. Synthesis of zinc (II) complexes L13a. 

In the MALDI-TOF mass spectra of L13a appeared a molecular ion peak at m/z 

= 898 corresponding to a dinuclear fragment [Zn(L13)(OAc)]2 (M2). The spectra also 

contained peaks due to molecular cations formed by los of – CH3, – CH(CH3)3 and – 

OAc form this dinuclear frangment. However, the most important observation is the 

confirmation of at least a dimeric zinc (II) acetate complex was formed. 

The infrared spectral data of the zinc(II) complex L13a was recorded and 

compared with the literature data of Schiff-base ligand L13.[9] Ligand L13 showed a 

medium intensity band at 1632 cm-1 and two weak intense band at 1591 cm-1 and 1571 

cm-1 assigned to the azomethine ν(C=N) stretching vibration and ν(C=C) vibration.[9] 

On complexation the band at 1632 cm-1 had shifted to the lower region 1606 cm-1 in 

L13a indicating coordination of the azomethine nitrogen atom,[13] Furthermore, the ring 

skeletal vibration (C=C) of Schiff base ligand were also shifted to lower region 1530 

and 1439 cm-1 upon coordination. [13,14]  Also high intensity band of L13 at 1252 cm-1 

due to the phenolic ν(C-O) vibration appeared in the vicinity 1350 cm-1. These 

observations emphasize that the –OH group of the ligand had reacted with zinc(II) via 

deprotonation.[13] The ν(Zn-N) and ν(Zn-O) stretching vibrations were observed at about 

499 and 409 cm-1, respectively. Moreover, information from the coordination type of 

the acetate could be obtained from IR spectra.[15] In complex L13a two strong bands 

were observed at 1557 and 1414 cm-1 assigned to νa(COO) and νs(COO), respectively. 
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The Δν value of 143 cm-1 is in agreement with a bridging coordination of the acetate 

ion, where one oxygen atom is coordinated to one metal centre and the second oxygen 

to a second zinc atom. 

The 1H NMR spectrum of compound L13a exhibited broad signals. The 

disappearance of the signal at δ 13.65 ppm from the OH group indicated the 

coordination to the zinc (II) precursor by phenol deprotonation. The upfield shifted 

signal of the methyl group from the acetate also indicates the coordination of this 

ligand. The signal characteristic of the imine CH=N group was observed as a broad 

signal at δ 8.40 ppm (upfield shifted Δδ = -0.16) and the signal corresponding to the 

backbone NCH2 group appeared as a singlet signal at δ 4.88 ppm (Δδ = -0.06 ppm). The 

most surprising was that the signals corresponding to both tert-butyl groups collapse in 

one broad signal at δ 1.32 ppm. The 13C NMR spectrum was assigned by 1H-13C HSQC 

and 1H-13C HMBC NMR experiments. The most down field signal appeared at δ 179.7 

ppm attributed to CO group from the acetate, the following signals was δ 170.2 ppm 

corresponding to the imine CH carbon and at high field were the methyl carbon atoms 

from the acetate group at δ 23.3 ppm. The resonance signal attributable to NCH2 group 

occurred at δ 58.5 ppm. The signals corresponding to the pyridyl carbons and 

salicylaldehyde aromatic carbon atoms were present in the expected range between δ 

170.2 – 117.4 ppm.[9] 

Single crystals of L13a, suitable for X-ray diffraction analysis, were obtained by 

recrystallization from chloroform/diethyl ether after one week at room temperature. X-

ray diffraction analysis revealed that L13a has a polymeric structure (Figure 7.3). The 

geometry at zinc (Figure 7.3b) is best described as a distorted trigonal bipyramidal, with 

N(8), O(26) and O(25) occupying the equatorial sites, while N(1) and O(16) occupying 

the axial positions. Importantly, the relatively weak interaction of the N(8) pendant 

group with the zinc centre is apparent from the long Zn-N(1) bond [length of 2.230(3) 

Å] than that to the equatorial imino centre N(1) [2.072(3) Å]. Moreover, both Zn-N 

distances are similar than in bischelated zinc (II) complex with H4 ligand (Figure 7.2), 

molecular formula [Zn(H4)2] [2.238(3) Å and 2.104(3) Å, respectively].[16] Within the 

six-membered chelated ring the binding to zinc is unsymmetrical, with the bond to the 

oxygen atom being typical of an alkoxide [1.990(2) Å], whilst that to the imino nitrogen 

atom is, as expected, appreciably longer at 2.072(3) Å. All these distances are similar 

than in [Zn(H4)2] complex.[16] The chelated C=N bond retains its double bond character 
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[C(9)-N(8) 1.271(4) Å], there being no evidence of significant delocalization into any of 

the adjacent linkage. The C=N bond had similar length than in bis(salicylaldimine) 

ligands [average 1.281(5) Å].[7] The six-membered metallacycle has a half-boat 

conformation. The five-membered chelated ring has an envelope conformation, the 

NCH2CN portion of the ligand adopting a gauche geometry. Similar structure was 

adopted by ligand L13 in reported dimethylaluminium complex.[10] 

 
   (a)       (b) 

Figure 7.3. ORTEP drawing of complex L13a. (a) Polymeric structure. (b) Repetitive 

unit. Selected bond lengths [Å] and angles [º]: Zn1-O26: 1.988(2). Zn1-O16: 1.990(2). 

Zn1-O25: 2.032(2). Zn1-N8: 2.072(3). Zn1-N1: 2.230(3). N(8)-C(9): 1.271(4). O26-

Zn1-O25: 98.46(10). O16-Zn1-O25: 91.17(10). O26-Zn1-N8: 121.83(10). O25-Zn1-

N8: 137.60(9). O26-Zn1-N1: 101.06(10). O16-Zn1-N1: 149.27(10). O25-Zn1-N1: 

85.57(10). N8-Zn1-N1: 74.97(11). 

Treatment of L13 with 5 equivalents of diethylzinc in dry hexane at room 

temperature caused the evolution of ethane affording a yellow solid L13b (Scheme 7.3). 

This compound was unstable in solution and was characterized by mass spectrometry 

and NMR spectroscopy under inert atmosphere.  

In the MALDI-TOF mass spectra of L13b appeared the molecular ion peak at 

m/z = 875 ([M++K+]) corresponding to a dimeric zinc (II) structure [Zn(Et)(L13)]2.  
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Scheme 7.3. Synthesis of zinc (II) complex L13b. 

 

The 1H NMR spectrum of compound L13b (C6D6, 298K and 400MHz, Figure 

7.4), showed the signal attributed to the ethyl group bonded to the zinc (II) at high field 

as a triplet for –CH2– (δ 0.87 ppm, 3JH-H = 6.6 Hz) and a broad signal for –CH3 group (δ 

1.26 ppm), which are in the expected range.[17] The signal corresponding to the imine 

CH=N group was observed as a singlet at δ 7.81 ppm and the one attributed to the 

backbone -NCH2- group exhibited a singlet signal at δ 4.22 ppm. The signals 

corresponding to pyridil protons and salicyladehyde derived aromatic signals were 

present between 6.5 – 8.26.[9]  

 

 
Figure 7.4. 1H NMR spectrum of L13b in C6D6 (400MHz). 
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The signals of the 13C NMR spectrum were assigned by 1H-13C HSQC and 1H-
13C HMBC NMR experiments. The most down field signal appeared at δ 171.5 ppm 

corresponding for the imine CH carbon and at high field they were the signals of the 

methyl and methylene carbon atoms from the ethyl group at δ 14.4 and δ 23.1 ppm, 

respectively. The resonance signal attributable to -NCH2- group occurred at δ 62.3 ppm. 

The pyridyl carbons and salicylaldehyde aromatic carbon atoms were present in the 

expected range between δ 171.2 – 118.1 ppm.[9] 

To sum up, new zinc Schiff base complexes L13a [Zn(L13)(OAc)]n and L13b 

[Zn(Et)(L13)]2 were obtained in moderate yields and were characterized by NMR, IR 

and MALDI-TOF spectrometry. 

7.2.2 Catalysis results 

The zinc (II) complexes L13a and L13b were tested as catalysts for alternating 

CO2/cyclohexene oxide (CHO) copolymerisation in toluene at 60 ºC and 30 atm of CO2. 

The reactions were carried out during 24h to ensure that the polymer was formed. The 

final products were extracted from the reaction solution, once the catalyst was 

hydrolysed, and the reaction products were further purified by reprecipitation from 

methylene chloride in methanol to obtain a methanol-insoluble (high molecular weight) 

products. The copolymers were analyzed by NMR and IR spectroscopy after the 

purification. A reference experiment using ZnEt2 as catalyst showed no formation of 

copolymer demonstrating the important role of the ligand. 

Only traces of co-polycarbonate polyether product were obtained using 

polymeric complex L13a as catalyst. 

The use of precatalyst L13b provided 3.22 g PCHC/ g Zn with a molecular 

weigh of 46000 (Mw). The presence and percentage of cyclic cyclohexenecarbonate 

(CHC) was analyzed by 1H NMR spectroscopy.[18] Catalytic system L13b presented 

100% selectivity versus polycarbonate formation (δ 4.60 ppm) and no trans-CHC (δ 3.9 

ppm) was observed.  

The percentage of carbonate incorporated in the co-polycarbonate polyether 

polymer, fCO2, was evaluated by the 1H NMR spectrum.[19] In the 1H NMR spectrum 

(see SI) of the copolymer obtained with precatalyst L13b, it was found PCHC as the 

only product (δ 4.60 ppm), however it presented 30% of polyether linkage (δ 3.60 ppm), 
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as well some signals related with the free L13 or as end group of the copolymer could 

also be observed.  

From the results obtained in the copolymerisation of CHO with CO2 we 

observed moderate activity for catalytic systems L13b with 100% selectivity for 

polycarbonate formation. The different catalytic activity between L13a and L13b may 

be due to the polymeric nature of L13b, which avoided the formation of dimeric active 

species.[4,20]  

7.3 Conclusions 

New zinc (II) Schiff base complexes were synthesized and characterized. Single 

crystals of L13a were obtained suitable for X-ray diffraction characterization showing a 

polymeric structure. 

Preliminary catalytic results were obtained with precatalyst L13a and L13b. 

Precatalyst systems L13b was moderate active in CO2/CHO copolymerisation affording 

3.22 g PCHC/g Zn, while with complex L13a only traces of PCHC were obtained. 

Complex L13b showed 100% selectivity for PCHC with 70% carbonate linkage and 

moderate molecular weight co-polycarbonate polyether (Mw up to 46000). 

These preliminary results show that these systems have potential as catalyst for 

this reaction. In the future, the solubility of these systems in compressed carbon dioxide 

could be studied and later on tested under solvent free conditions, using CO2 both as 

reagent and solvent, as was already reported by several groups leading to significant 

improvement in the activity of polycarbonates synthesis.[21-24] Moreover, due to the 

easily synthesis of Schiff base ligands, which allow the variation in steric and electronic 

properties,[8,25] new zinc (II) complexes with electrondonating and no steric demanding 

groups may be prepared and tested in CHO/CO2 copolymerisation. 

7.4 Experimental Section 

General Comments. Ligands L13 were prepared following described 

procedures.[8] Zn(OAc)2 (Merk) was dried under 30ºC and under vacuum overnight 

before be used and ZnEt2 (1M in hexane, Sigma-Aldrich) was used in the glove-box 

without further purification. Cyclohexene oxide (Alfa Aesar) was dried over CaH2, 

distilled, and stored under inert atmosphere. Toluene and pentane were dried over 

sodium and freshly distilled. Carbon dioxide (SCF Grade, 99.999 %, Air Products) was 
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purified with an oxygen/moisture trap (Agilent). IR spectra (range 4000-400 cm-1) 

were recorded on a Midac Grams/386 spectrometer in CH2Cl2 or KBr pellets, when 

indicated. IR spectra in ATR mode (range 4000-600 cm-1) were recorded on a JASCO 

FTIR 680 plus as solid, spectra analysis software used was spectra manager for Win 

95/NT v1.53.04 Build 1 JASCO Corporation. NMR spectra were recorded at 400 MHz 

Varian, with tetramethylsilane (1H NMR and 13C NMR) as the internal standards. 

MALDI-TOF measurements of complexes: Voyager-DE-STR (Applied Biosystems, 

Franingham, MA) instrument equipped with a 337 nm nitrogen laser. All spectra were 

acquired in the positive ion reflector mode. α-cyano-4-hydroxycinnamic acid (CHCA) 

was used as matrix. The matrix was dissolved in THF at a concentration of 10 mg·mL-1 

+ 1mg/mL KTFA or AgTFA. The complex was dissolved in THF or CHCl3 (50 mg·L-1), 

depends on the solubility. The matrix and the samples were premixed in the ratio 1:1 

(Matrix : sample) and then the mixture was deposited (1 μL) on the target. For each 

spectrum 100 laser shots were accumulated. Molecular weight measurements of 

polycarbonates: The molecular weights (Mw) of copolymers and the molecular weight 

distributions (Mw/Mn) were determined by gel permeation chromatography versus 

polystyrene standards. Measurements were made in THF on a Millipore-Waters 510 

HPLC Pump device using three-serial column system (MZ-Gel 100Å, MZ-Gel 1000 Å, 

MZ-Gel 10000 Å linear columns) with UV-Detector (ERC-7215) and IR- Detector 

(ERC-7515a). The software used to get the data was NTeqGPC 5.1. Samples were 

prepared as follow: 5 mg of the copolymer was solubilised with 1,5 mL of 

tetrahydrofurane (HPLC grade) and 7,5 μL of toluene (HPLC-grade) as internal 

standard.  

Standard copolymerization experiment in organic solvent. In a typical 

experiment, the catalyst precursor L13a, L13b (0.5 mmol) was introduced into a 50 mL 

autoclave. Cyclohexene oxide (CHO, 1.0 mL, 10 mmol) was introduced and followed 

by carbon dioxide (30 atm). After stirring at 60ºC for 24 h, the mixture was cooled 

down to room temperature by means of an ice bath. After the unreacted gases were 

released, the mixture was diluted with toluene (100 mL) and washed with aqueous 

solution of HCl (1 M, 30 mL x 2) and then with brine, saturated solution of NaCl (30 

mL x 2). The organic layer was dried over MgSO4, filtered and transferred into a flask 

where the solution was dried in vacuum until a solid appear. The solid was redisolved in 

MeOH and filtered. The precipitation was analyzed with 1H NMR and IR spectroscopy.  
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Safety warning. Experiments involving pressurized gases can be hazardous and 

must be conducted with suitable equipment and following appropriate safety conditions 

only. 

Polycyclohexenecarbonate 1H NMR (400 MHz, CDCl3, 298 K): δ 1.33-2.10 (m, 8H, 

CH2), 4.60 (m, 2H, CH-carbonate). 13C NMR (CDCl3): δ 23.1, 29.7, 67.8, 154.0 (C=O, 

syndiotactic), 153.3-153.5 (C=O, isotactic and atactic). IR ν(C=O), CH2Cl2: 1750 cm-1.[18] 

 

7.4.1 Complexes synthesis 

 

 [Zn(OAc)(L13)]n (L13a).  
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To a solution of L13 (109 mg, 0.335 mmol) in dry methanol (10 mL) was added 

a solution of Zn(OAc)2 (61 mg, 0.335 mmol) in methanol (10 mL). The mixture was 

refluxed for 4 h and then cooled to room temperature. The solid precipitated from the 

reaction mixture and was filtered and washed with methanol, diethyl ether and dried in 

vacuum. Toasted cream solid, 82 mg, (Yield 55 %). 

MALDI-TOF calc for (C23H30N2O3Zn)n m/z: n=2 897.3135 [M2
++H+], n=2 

877.2856 [M2
+-CH3]; found m/z: n=2 897.5544 [M2

++H+], n=2 877.5402 [M2
+-CH3]. IR 

(KBr) 1642 cm-1 ν(C=N), 1347 cm-1 ν(C-O), 499 cm-1 ν(Zn-N), 409 cm-1 ν(Zn-O). 
1H NMR (400 MHz, CD2Cl2): δ 1.29 (br, 18H, tert-butyl), 1.87 (br, 3H, CH3-

OAc), 4.90 (br, 2H, (CH2N)10), 6.92 (br, 1H, (CH)6), 7.23 (br, 1H, (CH)14) 7.33-7.35 

(br, 2H, (CH)4,16), 7.81 (br, 1H, (CH)15), 8.41 (br, 1H, (CH=N)8), 8.80 (br, 1H, (CH)13). 
13C NMR (75.43 MHz, CD2Cl2): δ 23.3 (CH3-OAc), 29.2 (C17b), 31.2 (C18b), 33.6 (C17a), 

35.2 (C18a), 58.5 (C10), 117.4 (C2), 121.9 (C6,4), 123.3 (C14,16), 128.6 (C5), 138.6 (C15), 

140.9 (C3), 149.0 (C13), 156.1 (C11), 170.2 (C7,8), 179.7 (CO-OAc). 
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[ZnEt(L13)]2 (L13b).  
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A solution of ZnEt2 (1.0 mL, 1.0 mmol, 1M in hexane) was added to a stirred 

solution of L13 (66 mg, 0.2 mmol) in dry hexane (3 mL). The solution was stirred at 

room temperature 2 hours. The desired product precipitates from the reaction mixture 

and was collected by filtration, washed with cold diethyl ether and dried in vacuum. 

Yellow solid, 127 mg, (Yield 75 %).  

MALDI-TOF calc for (C46H64N4O2Zn2) m/z: 875.3209 [M++K+], 777.3059 [M+-

2Et]; found m/z: 875.3743 [M++K+], 777.4563 [M+-2Et].  
1H NMR (400MHz, CDCl3): δ 0.89 (t, 6H, CH3-Et, 3J = 6.6 Hz), 1.23 (br, 4H, 

CH2-Et), 1.43 (s, 18H, (tert-butyl)18), 1.74 (s, 18H, (tert-butyl)17), 4.23 (s, 4H, 

(CH2N)10), 6.33 (pst, 2H, (CH)15), 6.52 (d, 2H, (CH)16, 3J = 7.2 Hz), 6.70 (pst, 2H, 

(CH)14), 6.89 (d, 2H, (CH)6, 4J = 2.4 Hz), 7.67 (d, 2H, (CH)4, 4J = 2.4 Hz), 7.81 (s, 2H, 

(CH=N)8), 8.26 (d, 2H, (CH)13, 3J = 4.4 Hz); 13C NMR (75.43 MHz, CDCl3): δ 14.4 

(C22), 23.1 (C21), 30.1 (C17b), 31.9 (C18b), 34.0 (C18a), 36.0 (C17a), 62.3 (C10), 118.1 (C2), 

121.7 (C16), 122.1 (C14), 128.9 (C4), 129.4 (C6), 133.1 (C5), 136.7 (C15), 141.9 (C3), 

148.5 (C13), 156.9 (C11), 171.2 (C7), 171.4 (C8). 

 

7.4.2 X­ray crystallography 

Diffraction data for the structures reported were carried out on a Smart CCD 

1000 Bruker diffractometer system with Mo Kα radiation (λ = 0.71073 Å). Cell 

refinement, indexing and scaling of the data sets were carried out using programs 

Bruker Smart and Bruker Saint. All the structures were solved by SIR97 [26] and refined 

by SHELXL97 [27] and the molecular graphics with ORTEP-3 for Windows.[28] All the 

calculations were performed using the WinGX publication routines.[29] 
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Compound L13a: [C23H30N2O3Zn], Fw = 447.88, colourless prism, 0.6 x 0.11 x 

0.22 mm3, monoclinic P21/c, a = 8.895 (2) Å, b = 29.114 (7) Å, c = 9.417 (2) Å, β = 

115.012 (4)º, V = 2210.0 (9) Å3, Z = 4, Dx = 1.346 Mg·m-3, μ = 1.14 mm-1. 21900 

Reflections were measured up to a resolution of (sin θ/λ)max = 0.63 Å-1 of which 4515 

were unique reflections (Rint = 0.090), and 3044 were observed [I>2σ(I)]. 269 

Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.041/ 0.094. S = 1.01. 

Residual electron density between -0.50 and 0.41 e/Å3. 

7.5 Supporting Information Available 

NMR spectra, FTIR and MALDI-TOF mass spectra of zinc (II) complex, the 

NMR, IR and GPC spectra of the catalytic products and the pdf file containing CIF files 

giving crystallographic data for L13a, are available in the supporting information as an 

electronic file.  
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8.1 Conclusions 

In this chapter are summarized the conclusions extracted from each part. 

Part 1. CO2 as solvent in CO/ST and TBS copolymerisation reaction. 

 We have synthesised a new family of perfluorinated bipyridine ligands (L1-L3) 

soluble in compressed carbon dioxide.  

 The dicationic palladium (II) complexes [Pd(L2-L3)2][BArF]2 (modified with 

ester groups) showed a dynamic behaviour attributed by DFT calculations to the 

different disposition of the carbonyl group.  

 The FTIR spectroscopy studies of the [Rh(CO)2(L1-L3)][PF6] complexes 

allowed to conclude that there were only slightly differences between both families 

(with and without ester groups) and similar electronic properties were exhibited 

between fluorinated and non perfluorinated ligands.  

 The cationic palladium (II) complexes [Pd(CH3)(NCCH3)(L1-L3)][X] (X = 

PF6¯, OTs¯ or BArF¯) showed in 1H NMR anion dependence, which was attributed by 

PGSE and NOESY or HOESY to interionic interaction for complexes with PF6¯ and 

OTs¯. In solution, PF6¯ and OTs¯ appeared to be localized close to the bipyridine ring 

trans to palladium methyl and acetonitrile, while BArF did not show any significant 

interionic contact. 

 The dicationic Pd (II) complexes [Pd(L1-L3)2][BArF]2 were active in 

CO/styrene (ST) and CO/4-tert-butylstyrene (TBS) copolymerisation. The catalytic 

results obtained had comparable productivities in CO/ST (2.3 kg CP/g Pd) and CO/TBS 

(6.1 kg CP/g Pd obtained with [Pd(L3)2][BArF]2) copolymerisation in liquid expanded 

carbon dioxide than the best literature results in 2,2,2-trifluoroethanol (TFE), but with 

better molecular weight (Mw = 693000 in ST and 222000 in TBS) and high 

stereoregularity (% uu > 90 % in ST and 73-97 % in TBS).  

 The catalytic activity of the cationic complexes [Pd(CH3)(NCCH3)(L1-L3)][X] 

(X = PF6¯, OTs¯ or BArF¯) in the CO/ST and TBS copolymerisation in TFE and 

compressed CO2 exhibited good productivities. In TFE, the best catalytic results in 

CO/ST copolymerisation required the use of BQ (4.65 kg CP/g Pd, Mw up to 580000 
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using [Pd(CH3)(NCCH3)(L2)][PF6]), while in compressed CO2 were not required (1.09 

kg CP/g Pd using [Pd(CH3)(NCCH3)(L3)][BArF]) providing a long living system (Mw 

up to 914000). 

 The catalytic conditions optimisation in compressed CO2 using 

[Pd(CH3)(NCCH3)(L1-L3)][X] revealed CO2 phase as the most important parameter 

showing the best results in liquid expanded CO2 (65 atm total pressure and 38ºC) in 

combination with the increase of TBS ([TBS]/[Pd] = 3100) and CO (10 atm).  

 The counterion dependence in CO/ST and CO/TBS showed different behaviour 

depending on the medium. In TFE the productivity was the following: PF6¯ > OTs¯ ≈ 

BArF¯, while in compressed CO2 the best results were obtained with BArF¯. 

 The initiation and termination steps study by MALDI-TOF spectrometry showed 

that there was only one initiation step in both substrates; through substrate insertion in 

Pd-H bond, and the termination steps depended on the substrate, the medium and the 

catalyst used.  

 The most important conclusion drawn is the potential of compressed CO2 as 

green medium for copolymerisation reaction. 

 The scale up (to 6.2 g) and optimisation of the synthesis of L4 was achieved.  

 The coordination chemistry towards Pd(II), Pt(II) and Rh(I) led to the syntheses 

of complexes [PdCl2L4], [PtCl2L4] and [Rh(cod)(L4)]BF4, which were characterised by 

X-ray diffraction. 

 MCl2 (M= Pd or Pt) reacted with L4 and alcohols (HOR) or amines (HNR2R1) at 

the P=C double bond at elevated temperature regio- and stereo-selective (syn-addition), 

leading to [MCl2(L4H·OR)] or [MCl2(L4H·NR2R1)]. When chiral alcohols or amines 

were used, three stereogenic centres at once could be introduced and only one pair of 

diastereoisomers was formed. Complexes [PdCl2(L4H·OEt)] and [PtCl2(L4H·OEt)] 

showed reactivity with DPPE to form quantitatively [Pd(DPPE)2]Cl2 and free ligand L4.  

 The catalytic studies in the CO/α-olefins copolymerisation with in situ Pd(II) 

precatalyst showed only moderate catalytic activity in CO/ethylene copolymerisation 

and inactive in CO/ST copolymerisation. 

 

UNIVERSITAT ROVIRA I VIRGILI 
CARBON DIOXIDE AS SOLVENT AND C1 BUILDING BLOCK IN CATALYSIS 
Ariadna Campos Carrasco 
ISBN:/DL:T. 1023-2011 



Conclusions (English) 

208   

Part 2. CO2 as C1 building block in polycarbonate synthesis. 

 Catalytic systems for the copolymerisation of CO2/epoxides to form 

polycarbonates, formed by ZnEt2 and amino alcohols provided low activities(up to 2.90 

g PCHC/ g Zn), high selectivity (80-100 % polycarbonate vs. cyclic carbonate), high 

carbonate incorporation (80-100 %) and the molecular weight up to 50000 (Mw). 

 We observed important effects of the substituents of the amino-alcohol ligands 

in the carbon α to –OH (C1), to NR2 (C2) and the amine’s substituent in the 

productivity and selectivity. The bulkiness of the substituent in the C1 atom could block 

the propagation steps, whereas the steric effects generated in C2 had less effect in the 

productivity and in the selectivity than in carbonate incorporation. On the other hand, 

the amine’s substituent has a stronger effect in the selectivity; it needs to generate steric 

repulsion to avoid the backbiting mechanism. The low enantiomeric excess (up to 7 %) 

could be attributed to a weak interaction of the ligand with the metal centre, which may 

lead to ligand dissociation allowing the insertion of the cyclohexene oxide in two 

different ways.  

 New zinc (II) Schiff base complexes were obtained in moderate yield leading to 

polymeric structure in [Zn(L13)(OAc)]n and dimeric structure in [Zn(Et)(L13)]2.  

 Precatalyst systems [Zn(Et)(L13)]2 was moderate active in copolymerisation of 

CO2/CHO affording 3.22 g PCHC/g Zn, 100% selectivity for PCHC with 70% 

carbonate linkage and moderate molecular weight (Mw up to 46000), while the zinc (II) 

acetate derivative only traces of PCHC was observed. The difference may be due to the 

polymeric nature of [Zn(L13)(OAc)]n, which could avoid the formation of dimmeric 

active species.  

 These preliminary results show that zinc (II) Schiff base systems have potential 

as catalyst for this reaction.  
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8.2 Conclusions 

En aquest capítol es troben resumides les conclusions extretes de cada part. 

Part 1. Ús del diòxid de carboni com a dissolvent en la copolimerització de CO 

amb estirè i tert-butilestirè. 

 Es va sintetitzar una nova família de lligands bipiridina perfluorats (L1-L3) 

solubles en diòxid de carboni comprimit.  

 Els complexes dicationic de pal·ladi (II) [Pd(L2-L3)2][BArF]2 (modificats amb 

grups ester) van mostrar un comportament dinàmic atribuït a la posició relativa 

adoptada pels grups carbonil mitjançant càlculs DFT.  

 L’estudi realitzat als complexos [Rh(CO)2(L1-L3)][PF6] amb espectroscòpia 

FTIR va permetre concloure que només existien petites diferencies entre les dues 

famílies de lligands (amb i sense el grup ester) i que les propietats electròniques entre 

els lligands fluorats i els no fluorats eren molt similars.  

 La caracterització dels complexos catiònics de pal·ladi (II) 

[Pd(CH3)(NCCH3)(L1-L3)][X] (X = PF6¯, OTs¯ o BArF¯) per RMN de 1H va mostrar 

dependència aniònica, la qual va esser atribuïda per PGSE i NOESY o HOESY a una 

interacció interiònica en els complexos amb PF6¯ i OTs¯. En solució, PF6¯ i OTs¯ van 

localitzar-se en les immediacions de l’anell de bipiridina trans al pal·ladi metil i pròxim 

al lligand acetonitril, mentre que l’anió BArF¯ no va mostrar cap contacte interiònic 

significatiu. 

 Els complexos dicatiònics de Pd (II) [Pd(L1-L3)2][BArF]2 són actius en la 

copolimerització de CO/estirè (ST) i CO/4-tert-butilestyrè (TBS). Les productivitats 

obtingudes en la copolimerització de CO/ST (2.3 kg CO/g Pd obtingut amb 

[Pd(L3)2][BArF]2) i de CO/TBS (6.1 kg CP/g Pd obtingut amb [Pd(L3)2][BArF]2) en 

diòxid de carboni comprimit van ser comparables als millors resultats reportats en la 

bibliografia amb 2,2,2-trifluoretanol (TFE), però amb millors pesos moleculars (Mw = 

693000 en ST i 222000 en TBS) i elevada estereoregularitat (% uu > 90 % en ST i 73-

97 % en TBS).  
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 L’activitat catalítica dels complexos catiònics de [Pd(CH3)(NCCH3)(L1-L3)][X]  

(X =  PF6¯, OTs¯ o BArF¯) en la copolimerització de CO/ST i CO/TBS en TFE i CO2 

comprimit van mostrar bones productivitats. En TFE, els millors resultats catalítics en la 

copolimerització de CO/ST va requerir l’ús de BQ (4.65 kg CP/g Pd, Mw fins a 580000 

fent servir el complex [Pd(CH3)(NCCH3)(L2)][PF6]), en tant que en CO2 comprimit no 

va ser necessàri l’ús de la BQ (1.09 kg CP/g Pd amb [Pd(CH3)(NCCH3)(L3)][BArF]) 

donant lloc a un sistema altament viu (Mw fins a 914000). 

 L’optimització de les condicions de reacció amb [Pd(CH3)(NCCH3)(L1-L3)][X] 

en CO2 comprimit revela com el paràmetre més important en la productivitat la fase del 

CO2, produint els millors resultats en CO2 líquid (PT = 65 atm i 38ºC) en combinació 

amb l’augment de la concentració de TBS ([TBS]/[Pd] = 3100) i pressió de CO (10 

atm). 

 L’estudi de l’efecte del contraió en la productivitat en la reacció de 

copolimerització de CO/ST i CO/TBS mostra diferent comportament segons el medi de 

reacció. Per una banda en TFE la productivitat varia en funció de l’anió segons: PF6¯ > 

OTs¯ ≈ BArF¯, per altra banda en CO2 comprimit els millors resultats s’obtenen amb el 

BArF¯. 

 L’estudi del mecanisme d’iniciació i terminació mitjançant l’espectrometria 

MALDI-TOF va revelar que la reacció s’inicia mitjançant la inserció del substrat en 

l’enllaç Pd-H, i el mecanisme de terminació depèn del substrat, el medi i el catalitzador 

usat. 

 Les conclusions més importants que es poden extreure d’aquest estudi és el 

potencial del CO2 comprimit com a medi sostenible per a la reacció de copolimerització. 

 Es va dur a terme l’optimització i la síntesi a gran escala (fins a 6.2 g) del lligand 

fosfinina L4.  

 La química de coordinació amb Pd(II), Pt(II) i Rh(I) va donar lloc a la síntesi 

dels complexos [PdCl2L4], [PtCl2L4] and [Rh(cod)(L4)]BF4, dels quals es van 

caracteritzar mitjançant difracció de raig-X.  

 La reacció de MCl2 (M= Pd o Pt) amb L4 i alcohols (HOR) o amines (HNR2R1) 

mitjançant el doble enllaç P=C a elevada temperatura de manera regio- i estereo-

selectiva (adició-syn) va donar lloc als complexos [MCl2(L4H·OR)] o 

UNIVERSITAT ROVIRA I VIRGILI 
CARBON DIOXIDE AS SOLVENT AND C1 BUILDING BLOCK IN CATALYSIS 
Ariadna Campos Carrasco 
ISBN:/DL:T. 1023-2011 



Chapter‐8 

211 

[MCl2(L4H·NR2R1)]. Quan els alcohols o les amines usades van ser quirals es van 

formar tres centres esterogènics i només un parell iònic va ser observat. Aquests 

complexos [PdCl2(L4H·OEt)] i [PtCl2(L4H·OEt)] van reaccionar amb DPPE per formar 

de manera quantitativa [Pd(DPPE)2]Cl2 i lligand lliure L4.  

 L’estudi catalític de la copolimerització de CO/α-olefines amb precatalitzadors 

de Pd(II) in situ van mostrar una activitat moderada en la copolimerització de CO i etilè 

i inactivitat quan es va dur a terme la copolimerització CO/estirè. 

Part 2. L’ús del diòxid de carboni com a matèria prima en la síntesi de 

policarbonats. 

 En la copolimerització asimètrica de CO2 i òxid de ciclohexè (CHO) per 

l’obtenció de policarbonats catalitzada amb ZnEt2 i lligands aminoalcohols quirals es 

van obtenir  baixes activitats (fins a 2.90 g PCHC/g Zn), elevada selectivitat (80-100 % 

policarbonat vs. carbonat cíclic), elevada incorporació del carbonat (80-100 %) i un pes 

molecular de fins a 50000 (Mw). 

 Nosaltres vam observar importants efectes en la productivitat i la selectivitat per 

part dels substituents dels lligands aminoalcohol en el carboni α al grup –OH (C1), al 

grup NR2 (C2) i els substituents del grup amina. La voluminositat dels substituents en el 

carboni C1 s’observa que poden esser els responsables de bloquejar la propagació, 

mentre que els efectes estèrics generats en el C2 tenen menys efecte en la productivitat i 

la selectivitat que en la incorporació del carbonat. Per altra banda, el volum dels 

substituents en el grup amina tenen un efecte elevat en la selectivitat, aquests són 

necessaris per tal de generar repulsions estèriques i evitar el mecanisme de backbiting. 

El baix excés enantiomèric (fins a un 7 %) pot esser atribuït a la interacció feble del 

lligand amb el centre metàl·lic, el qual pot donar lloc a la dissociació del lligand 

permetent la inserció del CHO en dues posicions diferents.  

 Nous complexos de zinc (II) amb el lligand N,N,O-donador L13 es van obtenir 

rendiments moderats donant lloc a estructures polimèriques en [Zn(L13)(OAc)]n i 

estructures dimèriques [Zn(Et)(L13)]2.  

 El sistema [Zn(Et)(L13)]2 va presentar una activitat catalítica moderada en la 

copolimerització de CHO/CO2 donant lloc a 3.22 g PCHC/g Zn, 100 % de selectivitat 
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pel PCHC amb un 70 % d’enllaços carbonat i un pes molecular moderat (Mw fins a 

46000), mentre que el complex derivat de zinc (II) acetat només va donar lloc a traces 

de copolímer PCHC-PCHE. Les diferencies en la productivitat poden venir degudes a la 

naturalesa polimèrica del complex [Zn(L13)(OAc)]n, el qual pot evitar la formació de 

l’espècie activa dimèrica.  

 Aquests resultants preliminars mostren que els sistemes de zinc (II) amb el 

lligand N,N,O-donador té potencial com a catalitzador en la síntesi de policarbonats 

mitjançant la copolimerització CO2/CHO.  
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9.1 Summary 

In the last decades chemistry has experienced an important change, which is 

focused on minimizing the hazard and maximizing the efficiency of any chemical 

process. This leads to explore the possibilities of reuse, recover and recycle the 

emissions (basically carbon dioxide) prior to their release into the environment. One 

possible application of carbon dioxide is as an environmental benign reaction medium 

in its compressed form (liquid or supercritical, scCO2), also providing opportunities for 

facilitating the recovery and recycling of the catalyst. Many investigations are also 

focusing on the reuse of  CO2 as a remarkable C1 feedstock because of its low cost, its 

natural abundance and relatively low toxicity. 

In Chapter one, the literature dealing with the use of carbon dioxide, as an 

alternative solvent and as C1 building block to perform copolymerisation reactions, is 

reviewed. Specially, carbon dioxide as an alternative solvent to perform 

copolymerisation reactions of CO and vinyl arenes to obtain polyketones and the use of 

CO2 as C1 building block in CO2/epoxides copolymerisation reactions producing 

polycarbonates. The main conclusions that can be drawn from this chapter are a) the 

copolymerisation of CO and vinyl arenes are extensively studied with a wide number of 

ligands, and 2,2’-bipyridine and 1,10-phenantroline derivative ligands give the best 

results b) however, only few attempts to do the reaction environmentally friendly were 

explored. c) The polycarbonates synthesis is a field of growing interest using a greener 

alternative to the actual industrial process, consequently, the CO2/epoxides 

copolymerisation reactions with a huge variety of metal alkoxide or metal carboxylate 

species have been studied d) even more this reaction could lead to the formation of 

optically active aliphatic polycarbonate, which are hardly explored to date. 

The objectives of this Thesis are presented and detailed in Chapter 2. 

Chapter three is dedicated to the synthesis and characterisation of new 

perfluorinated bipyridine ligands (L1-L3) soluble in compressed carbon dioxide. The 

coordination chemistry towards Pd(II) and Rh(I) was described, obtaining complexes 

with general formula [Pd(L1-L3)2][BArF]2 (BArF = B[3,5-(CF3)2C6H3]4), 

[Rh(CO)2(L1-L3)]PF6. NMR, IR spectroscopy techniques and DFT calculations are 
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used to gain insight the new complexes synthesised. Bischelated palladium catalysts 

containing these perfluorinated bipyridine ligands were tested in the CO/styrene (ST) 

and CO/tertbutylstyrene (TBS) copolymerisation in compressed carbon dioxide and 

2,2,2-trifluoroethanol (TFE). For both substrates high activities were obtained, showing 

the best results in productivity in liquid expanded CO2, 6.1 kg CP/g Pd and 222000 of 

Mw in CO/TBS copolymerisation. 

Based on the results obtained with bischelated palladium catalyst, Chapter four 

extended the use of the L1-L3 ligands to the synthesis of monochelated palladium 

complexes with general formula [Pd(CH3)(NCCH3)(L1-L3)][X], where X is PF6¯, OTs¯ 

and BArF¯. The chemical structure of the complexes was examined and evidences of 

interionic interactions were found by PGSE and NOESY or HOESY. The PF6¯ and 

OTs¯ are localized close to the bipyridine ring trans to palladium methyl and the 

acetonitrile, while BArF¯ did not show any significant interionic contact. The 

monochelated palladium (II) complexes were applied in the CO/ST and CO/TBS 

copolymerisation in compressed carbon dioxide and TFE showing good results in both 

media. MALDI-TOF analysis of the initiation and end group from the copolymers was 

studied, being observed the most accepted mechanism for CO/TBS, initiation by the 

substrate and termination by β-H elimination. 

The coordination chemistry of the bidentate P,N-donor phosphinine ligand L4 

towards Pd(II), Pt(II) and Rh(I) was investigated in Chapter five. The molecular 

structure of the complexes [Rh(cod)(L4)]BF4, [PdCl2(L4)] and [PtCl2(L4)] were 

determined by X-ray diffraction. Both phosphinine-Pd(II) and Pt(II) complexes reacted 

with (chiral) alcohols and (chiral) amines at the P=C double bond at elevated 

temperature regio- and stereo-selective (syn-addition), leading to [MCl2[L4H·XR] (M = 

Pd or Pt, XR = OR or NR1R2). Reaction of the new complexes with chelating 

diphosphine (DPPE) at room temperature in CH2Cl2 lead quantitatively to 

[Pd(DPPE)2]Cl2 and L4 by elimination of ethanol and re-aromatization of the 

phosphorus heterocycle. Preliminary results in CO/olefins copolymerisation were 

obtained with in situ Pd(II) catalysts, but they showed moderate activity for ethylene 

and no activity for styrene in copolymerisation reaction.  
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Chapter six involves the environmental friendly polycarbonates synthesis using 

carbon dioxide as C1 building block by copolymerisation with cyclohexene oxide 

(CHO). As a first approach different chiral amino-alcohol ligands were used with Zn 

(II) catalyst for the reaction. The effect in the productivity and polycarbonate selectivity 

of the different substituents in the carbon α to the –OH (C1) and –NR group (C2) as 

well as the amino-substituents of the ligand have been analysed. The bulkiness of the 

substituent in the C1 affects the productivity and the selectivity, while in C2 had no 

important effect. On the other hand, the amine’s substituent has a stronger effect in the 

selectivity. The polycarbonates were obtained with low activities, high selectivity, high 

carbonate incorporation and the molecular weight up to 50000 (Mw). 

Chapter seven deals with the synthesis and characterization of new zinc (II) 

N,N,O-Schiff base complexes by NMR, IR, MALDI-TOF spectroscopy techniques and 

X-ray structure for zinc (II) acetate derivative showing a polymeric structure. The 

preliminary results in the copolymerisation of CO2 and CHO using these complexes as 

catalyst produced low activity (3.22 g PCHC/g Zn), 100% polycarbonate selectivity and 

moderate molecular weight (Mw up to 46000). 
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9.2 Resum 

En les últimes dècades la química ha experimentat importants canvis centrats en 

la minimització de l’ús de productes tòxics i la maximització del rendiment en qualsevol 

procés químic. Això ha donat lloc a explorar les possibilitats de la recuperació, 

reutilització i el reciclatge de les emissions (bàsicament de diòxid de carboni) abans 

d’enviar-les a l’atmosfera. Una de les possibles aplicacions del diòxid de carboni és com 

a dissolvent no nociu per al medi ambient en la seva forma comprimida (ja sigui com a 

líquid o com a diòxid de carboni supercrític), donant lloc a la vegada a una millor 

recuperació i reciclatge dels catalitzadors usats en reaccions catalítiques. Per altra 

banda, moltes investigacions es centren també en reutilitzar el diòxid de carboni com a 

matèria prima per a la síntesi de nous productes degut al seu baix cost, la seva 

abundància natural i la seva relativa baixa toxicitat. 

En el Capítol u es fa una revisió de la bibliografia publicada fins al moment en 

el camp dels usos del diòxid de carboni com a dissolvent alternatiu i com a matèria 

prima en reaccions de copolimerització. Concretament, es presenta l’ús del diòxid de 

carboni com a dissolvent en reaccions de copolimerització entre el monòxid de carboni i 

arens vinílics per obtenir policetones. Per altra banda s’analitza l’ús del CO2 com a 

matèria prima en la copolimerització amb epòxids donant lloc a policarbonats. Les 

principals conclusions que es poden extreure d’aquest capítol són a) la copolimerització 

de CO amb arens vinílics està extensament estudiada amb un gran nombre de lligands, i 

concretament els lligands derivats de la 2,2’-bipiridina i la 1,10-phenantrolina són els 

que donen millors resultats, b) només s’han explorat pocs exemples de convertir la 

reacció en menys contaminant pel medi ambient. c) La síntesi de policarbonats és un 

camp de creixent interès fent servir processos menys contaminants que el procés 

industrial actual, com a conseqüència, han aparegut una gran varietat de metalls en 

forma d’espècies metall alcòxid o metall carboxilat per dur a terme la reacció de 

copolimerització amb CO2 i epòxids d) a més aquesta reacció dóna l’opció d’obtenir 

policarbonats alifàtics òpticament actius, els quals han estat rarament investigats. 

Els objectius d’aquesta Tesis estan presentats i detallats en el Capítol dos. 
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El Capítol tres està dedicat a la síntesis i caracterització de nous lligands 

bipiridines perfluorats (L1-L3) solubles en diòxid de carboni comprimit. S’ha estudiat 

la química de coordinació amb aquests lligands en complexos de Pd(II) i Rh(I), 

obtenint-se complexos amb fórmula general [Pd(L1-L3)2][BArF]2 (BArF = B[3,5-

(CF3)2C6H3]4), [Rh(CO)2(L1-L3)]PF6. Per tal d’aprofundir en aquests nous complexos 

s’han fet servir tècniques espectroscòpiques com l’RMN, l’IR i càlculs DFT. Els 

complexos dicatiònics de pal·ladi sintetitzats amb les bipiridines d’estudi han estat 

provats com a catalitzadors en les reaccions de copolimerització de CO amb estirè (ST) 

i tertbutilestirè (TBS) en diòxid de carboni comprimit i 2,2,2’-trifluoroetanol (TFE) com 

a medis per la reacció. Amb ambdós substrats s’han obtingut altes activitats, donant lloc 

als millors resultats publicats en CO2 comprimit com a solvent, 6.1 kg CP/g Pd i 222000 

de pes molecular en la copolimerització de CO/TBS. 

En base als resultats obtinguts amb els catalitzadors bisquelats de pal·ladi, en el 

Capítol quatre s’ha estès l’ús dels lligands L1-L3 en la síntesis de complexos catiònics 

de pal·ladi amb fórmula general [Pd(CH3)(NCCH3)(L1-L3)][X], on X és PF6¯, OTs¯ o 

BArF¯. L’estructura química d’aquests complexos ha estat examinada i s’han obtingut 

evidències d’interaccions interiòniques mitjançant PGSE i NOESY o HOESY. Els 

anions PF6¯ i el OTs¯ es troben localitzats en les proximitats de l’anell de bipiridina 

trans a l’enllaç pal·ladi metil i a prop del lligand acetonitril, mentre que l’anió BArF¯ no 

va mostrar cap tipus de contacte iònic. Aquests complexos catiònics de pal·ladi (II) es 

van aplicar com a catalitzadors en la copolimerització de CO/ST i CO/TBS en diòxid de 

carboni comprimit i TFE, donant lloc a bons resultats en ambdós medis. Per altra banda, 

es va estudiar el mecanisme de la reacció fent servir l’estudi dels grups finals i inicials 

dels copolímers mitjançant el MALDI-TOF, on es va veure el mecanisme més acceptat 

en CO/TBS, en el qual la iniciació té lloc a partir de la inserció del substrat i la 

terminació mitjançant la β-eliminació. 

La química de coordinació del lligand bidentat P,N-fosfinina (L4) amb Pd(II), 

Pt(II) i Rh(I) es va investigar en el Capítol cinc. L’estructura molecular dels complexos 

[Rh(cod)(L4)]BF4, [PdCl2(L4)] i [PtCl2(L4)] es va determinar mitjançant difracció de 

raig-X. Els complexos fosfinina de Pd(II) i de Pt(II) reaccionen a elevada temperatura 

amb alcohols i amines (quirals) a través de l’enllaç P=C de forma regio- i estero-

selectiva (addició syn), donant lloc a complexos de fórmula molecular [MCl2[L4H·XR] 
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(M = Pd o Pt, XR = OR o NR1R2). L’estudi de la reactivitat d’aquests nous complexos 

amb difosfines quelat (DPPE) a temperatura ambient i en CH2Cl2 dóna lloc a compostos 

de fórmula [Pd(DPPE)2]Cl2 i al lligand lliure L4, el qual es forma mitjançant 

l’eliminació d’etanol i la re-aromatització de l’anell de fòsfor. Els resultats preliminars 

en la copolimerització de CO i olefines amb catalitzadors de Pd(II) sintetitzats in situ 

mostren que aquests catalitzadors són moderadament actius en la copolimerització 

CO/etilè i no són actius en la copolimerització CO/estirè en aquesta reacció. 

El Capítol sis es dedica a la síntesi poc contaminant dels policarbonats fent 

servir el diòxid de carboni com a matèria prima mitjançant la copolimerització amb 

l’òxid de ciclohexè (CHO). Com una primera aproximació s’han fet servir 

aminoalcohols quirals en complexos de zinc (II) com a catalitzadors per aquesta reacció. 

S’ha estudiat l’efecte en la productivitat i la selectivitat en vers el policarbonat tenint en 

compte l’efecte produït pels diferents substituents en el carboni α del grup –OH (C1) i 

del grup –NR (C2), al igual que l’efecte dels substituents de l’amina. Es va observar que 

els impediments estèrics dels substituents en el C1 afectaven la productivitat i la 

selectivitat, mentre que en el C2 aquests efectes no eren tan importants. Per altra banda, 

els substituents de l’amina influeixen considerablement a la selectivitat pel policarbonat 

envers al carbonat cíclic. Els policarbonats han estat obtinguts amb baixa activitat, alta 

selectivitat, alta incorporació del carbonat i pesos moleculars fins a 50000 (Mw). 

El Capítol set tracta sobre la síntesi i caracterització de nous catalitzadors de 

zinc (II) amb lligands N,N,O-tridentats mitjançant espectroscòpia de RMN, IR, 

MALDI-TOF i la determinació estructural per raig-X del complex derivat de l’acetat de 

zinc(II), el qual mostra una estructura polimèrica. Els resultats preliminars de la 

copolimerització del CO2 amb el CHO fent servir els complexos de zinc (II) sintetitzats 

donen lloc a activitats baixes (3.22 g PCHC/g Zn), 100% de selectivitat pel policarbonat 

i pesos moleculars moderats (Mw fins a 46000). 
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