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Howw often people speak of art and sciences as though they were two entirely different things 

withh no interconnection. 

Ann artist is emotional, they think, and uses only his intuition; he sees all at once, 

andd has no need of reason. 

AA scientist is cold, they think, and uses only his reason; he argues carefully step by step, 

andd needs no imagination. 

Thatt is all wrong. 

Thee true artist is quite rational as well as imaginative and knows what he is doing; 

iff  he does not, his art suffers. 

Thee true scientist is quite imaginative as well as rational, and sometimes leaps to solutions where 

reasonn can follow only slowly; if he does not, his science suffers 

Isaacc Asimov (1920-1992) 
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AA General Introductio n 
Organometallicc Chemistry 

1.11 Organometallic Chemistry 

Organometallicc compounds consists of one or more metal centers surrounded by coordinated organic 

andd inorganic molecules. The first organometallic compound, containing a transition metal, 

K[PtCl3(CH2=CH2)]]  was synthesized by Zeise in 1827.*  The following century, organometallic 

chemistryy was a fledgling discipline and hardly recognizable as such. Considerable industrially ori-

entedd work in applications of transition metals in catalytic organic reactions had been carried out, e.g., 

thee oxo-process (now known as hydroformylation process) by Otto Roeien (1938), however very littl e 

wass known about the organometallic intermediates formed in these reactions. The discovery of fer-

rocenee by Kealy and Pauson laid the cornerstone for modern organometallic chemistry,3 which ush-

eredd in a three-decade during 'golden age' of the discipline, extending from 1950s through the 1970s. 

Duringg this period, modern organometallic chemistry was shaped in many important respects to a 

maturee field of science and the full synthetic potential of transition metals began to be recognized.4 

Manyy of the well known catalytic bond forming reactions involving transition metal catalysts were 

discoveredd e.g., Ziegler-Natta polymerization (1955),5,6 the Wacker process (1959),7 Olefin metathe-

siss (1964) and rhodium-catalyzed carbonylation of methanol (1968). 

Althoughh the first organopalladium compound [Pd(cod)Cl2] was prepared in 1938 by Kharasch et 

al.,al.,1010 the field of organopalladium chemistry was born only in the late 1950s when the Consortium 

fürr Elektrochemische Industrie GmbH presented a new process for the commercial production of ace-

taldehydee from ethylene using PdCl2-CuCl2 by direct oxidation.2'7'1 ''12 This new process, which was 

thee first example of a homogeneous palladium-catalyzed reaction, not only filled a gap in the avail-

abilityy of basic organic intermediates from petrochemical resources but also, by its intricate catalysis, 

*.. The first (main group) organometallic is probably the fuming arsenical liquid, cacodyl (Greek KaKÖo, bad-smelling 
(kakos,, bad: and -6<7, -smelling), discovered in 1757 by Louis-Claude Cadet de Gassicourt while attempting to prepare 
ann invisible ink from cobalt compounds containing arsenic. The compound was later identified as As2(CH})4. 

7 7 



Chapterr 1 

stimulatedd elementary investigations in organometallic chemistry.2 Soon after the first examples of 

palladiumm catalyzed carbon-carbon bond forming reactions (the carbo-palladation of the olefinic bond 

off  1,5-cyclooctadiene, see Figure 1-1) were reported by Tsuji et a/.13 

CH(C02Et)2 2 

++ CH2(C02B)2
 N 3 2 C 3  (Zj p^Ci~-pdy^l + NaCI 

XX Ether, rt V_^ ^ K_J 
CII CI (EtQ2C)2HC 

Figuree 1-1. Carbo-palladation of 1,5-cyclooctadiene. 

Theree are several features, which make reactions involving palladium particularly useful and versatile 

amongg many transition metals used for organic synthesis.14 Most importantly, palladium offers many 

possibilitiess of carbon-carbon bond (e.g., Mizoroki-Heck, Suzuki, Stille, Negishi, Sonogashira cross 

coupling)) and carbon-element bond formation.4'15 The importance of carbon-carbon bond formation 

inn organic synthesis cannot be understated and no other transition metal can offer such versatile meth-

odss for the carbon-carbon bond formation as Pd. The tolerance of palladium reagents to many func-

tionall  groups such as carbonyl and hydroxy groups is a second important feature. Pd-catalyzed 

reactionss can often be carried out without protection of these functional groups. 

1.22 Palladium Catalysts with N-Ligands 

Forr Pd-catalyzed reactions, such as cross-coupling reactions, P-ligands have commonly been 

employed.. However, other types of ligands, such as N-ligands, have received relatively littl e attention 

upp to the mid 1990' s. Since then, the number of palladium-catalyzed reactions using a (bidentate) 

nitrogenn ligand has increased steadily. Especially nitrogen bidentate ligands containing two diimine 

8 8 



Generall  Introduction Organometallic Chemistry 

moieties,, such cc-diimines such as DAB, Ar-bian, bpy and phen but also (3-diimine ligands have 

provenn to be very successful as ligands in homogeneous catalysis. 

E.. E 

Figuree 1-2. Cycle for the three-component synthesis of conjugated dienes from alkynes, RX and Me4Sn catalyzed by 
palladium// N ligand. E = C02CH3; RX = PhCH2Br, CH3I, Phi. 

Inn our research group, we have studied the synthesis and catalytic activity of late transition metal com-

poundss involving bidentate nitrogen ligands. Apart from the coordination chemistry of a-diimine 

ligandss such as diazabutadiene (R-dab) and bis(N-aryl-imino) acenaphthene (Ar-bian), palladium 

complexess containing such ligands have been employed as catalysts for a wide variety of reactions. 

Thesee catalytic reactions involve both carbon-carbon bond (e.g., cross-coupling reactions, polymer-

ization,22"244 alkene-CO copolymerization,25 alkyne coupling in the presence of halogens or organic 

halidess and tin compounds26'27 (see Figure 1-2)) and carbon-element bond (e.g., as hydrogenation of 

electron-poorr alkenes28 and the stereoselective hydrogenation of alkynes to Z-alkenes 9) forming 

reactions.. With respect to most diimine ligands, Ar-bian-derivatives are rigid, which imposes the cor-

rectt geometry for coordination and imparts a high chemical stability. Pd(Ar-bian) compounds are 

thermallyy stable. In several cases, the Ar-bian ligands have, contrary to early expectation, been iden-

tifiedd as hemi-labile entities.19'30 Furthermore, Ar-bian ligands are able to stabilize all common oxi-

dationn states of palladium (Pd°, P11 and PdIV) and the ease of modifying the electronic as well as the 

stericc properties of this ligand makes them ideal study them in a variety of catalytic reactions. 

9 9 



Chapterr 1 

1.33 Homogeneous Hydrogenation of Alkynes 

Thee stereoselective hydrogenation of internal alkynes to (Z)-aIkenes is a very desirable tool from both 

industriall  and academic point of view and various catalysts are suitable for this reaction, many of 

whichh are heterogeneous, such as the Lindlar catalyst, nickel boride, and the "P2Ni" catalyst. There 

aree also a number of transition metal complexes of rhodium,31"38 ruthenium,39"45 iridium,46"48 rhe-

nium,, cobalt °51 and iron52 with various ligands which have been reported to be active as catalyst 

inn the alkyne hydrogenation reaction. Only a few of these homogeneous catalysts exhibit a good selec-

tivityy towards a variety of alkynes with different functional groups. Examples of homogeneous cata-

lystss with a high selectivity for the (Z)-alkene are the cationic Rh(I) systems of Schrock and Osborn 

andd the Cr(arene)(CO)3 complexes by Sodeoka and Shibasaki.53'54 

Thee hydrogenation of alkynes to (Z)-alkenes is particularly interesting for biologically important mol-

eculess since very large number of them incorporate carbon-carbon double bonds, in particular patterns 

andd with defined (Z or E) configurations.55 For example, the vast majority of Lepidopteran phero-

moness are straight chain, unsaturated esters, alcohols etc. with quite precise requirements regarding 

doublee bond configuration for the maintenance of the biological activity.56"58 A successful route to 

synthesizee such compounds proceed often through an (£)-enyne intermediate which is stereoselec-

tive^^ hydrogenated to the corresponding (£, Z)-diene.59 

Palladiumm complexes have been extensively employed in catalytic carbon-carbon bond formation and 

carbon-elementt forming reactions, but their application to homogeneous hydrogenation is only lim-

ited.. Most of the few reported examples involving homogeneous hydrogenation deal with divalent 

palladiumm complexes (as starting material),60"64 although the use of zerovalent palladium complexes, 

e.g.,, Pd2(dppm)3 (dppm = diphenylphosphino methane) has also been reported.65 Besides dihydrogen 

gas,, also other hydrogen donors, such as HC02H/ NEt3 or hydrosilane/ acetic acid, have been suc-

cessfullyy used in the hydrogenation reaction.66,67 

10 0 



Generall  Introduction Organometallic Chemistry 

(a)) (b) 

Figuree 1-3. Structure of Pd(Ar-bian)(alkene) and Pd(pyca)(alkene) catalysts. 

Recently,, stereoselective hydrogenation of alkynes by zerovalent palladium catalysts bearing a biden-

tatee nitrogen ligand, which are able to homogeneously hydrogenate a wide variety of alkynes to the 

correspondingg (Z)-alkenes (see table 1 -1), has been reported by our group." The observed selectivity 

towardss the (Z)-isomer for the different alkynes is very high under very mild conditions (25 °C, 1 bar 

H2).. Besides the high stereospecificity, also the chemoselectivity is remarkably high as was demon-

stratedd by the presence of other reducible functional groups in the substrate (such as nitro-groups, or 

evenn alkene moieties in conjugated enynes, see entry 4, 5-7 in table 1-1). The precatalysts employed 

aree the Pd(Ar-bian)(alkene) compounds (Figure 1-3). In this qualitative study, different zerovalent 

palladiumm complexes were tested in the stereoselective hydrogenation of 1 -phenyl- 1-propyne. Cata-

lystss precursors with other ligands than Ar-bian, such as Pd(dba)2, Pd(bpy)(dmfu) (bpy = bipyridine, 

dmfuu = dimethylfumarate) and Pd(dab)(dmfu) (dab = p-methoxy phenyl diazabutadiene), lead to 

unstablee complexes and/or decomposition under the hydrogenation conditions and in these cases a 

loww selectivity towards the (Z)-isomer and a high degree of overreduction to n-propylbenzene is 

observed.. The use of Pd(dppe)(dmfu) (dppe = diphenylphosphino ethane) resulted in a very slow 

hydrogenationn reaction since stable Pd(PP)(alkene) and Pd(PP)(alkyne) complexes are formed, hence 

noo catalyst decomposition was observed. It was concluded that the Pd(Ar-bian)(dmfu) precursor com-

plexx was the most effective catalyst for the stereoselective hydrogenation of alkynes to (Z)-alkenes 

11 1 



Chapterr 1 

Tablee 1-1. Product distribution in the hydrogenation of alkynes with Pd(p-MeO Ar -bian)(dmfu) as precatalyst. 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7a a 

Substrate e 

RR = alkyl, C02Me 

o—--
RR = H, Me, n-Bu, C02H 

(( ^ 
00 O 

RR R 

RR = H, N02 

cf cf 
cy cy 

^ x _ _ 

(Z)-Alkene e 

>98 8 

>99 9 
(forr R = H) 

91 1 
(forr R = alkyl) 

95 5 
(forRR = 

COOMe) ) 

95 5 

87 7 
(forr R = H) 

97 7 
(forr R = N02) 

(£)-Alkene e 

--

2 2 

5 5 

5 5 

3 3 

Alkane e 

--

6 6 

--

13 3 

ethenylcyclohexenee exclusively 

ethenylcyclooctenee exclusively 

E,E, Z - isomer >95% 

a.. Catalyst used: Pd(m, m'-(CF3)2C6H3 bian)(ma) (ma = maleic anhydride). 

Ass an extension, zerovalent palladium complexes containing pyca (pyca = pyridine-2-carbaldiimine, 

Figuree 1-3 (b)) have been investigated in the stereoselective hydrogenation reaction of 1-phenyl-1-

propynee in THF.68 It was concluded that the nature of the substituents on the imine nitrogen seems to 

bee the most important factor regarding the stability of the various precursor catalysts under hydroge-

12 2 



Generall  Introduction Organometallic Chemistry 

nationn reactions. It appeared that more donating capacity of the N-substituent results in a more stable 

catalystt whereas increased steric bulk reduces its stability. 

1.44 Scope and Contents of this Thesis 

Thee aim of this work has been the synthesis of novel late transition metal compounds containing the 

Ar-biann ligand, bpy ligand or phosphine ligand, which can be used in homogeneous catalyzed reac-

tions.. Specifically, palladium(O) complexes will serve as homogeneous catalysts for the selective 

hydrogenationn of alkynes to (Z)-alkenes. Preliminary results indicated that the rate of this hydrogena-

tionn reaction is limited by the solubility of dihydrogen in the THF solution, even at high H2 pressures. 

Therefore,, we investigated the possibility of performing this reaction in supercritical fluids (SCF) 

wheree the excellent miscibility with dihydrogen and the absence of the gas-liquid phase boundary 

wouldd potentially lead to enhanced reaction rates. 

Inn chapter 2 the use of supercritical fluids, in particular supercritical C02, as a reaction medium for 

homogeneouss catalysis and the solvent properties will be described. The high-pressure set-up and the 

home-builtt autoclave equipment will be discussed in detail. 

ChapterChapter 3 concerns the synthesis and characterization of alkyl and polyfluoroalkyl substituted 

acenaphthenee backbones and anilines. With these highly lipo- and fluorophilic building blocks, new 

Ar-biann ligands have been synthesized and characterized. X-ray crystal determinations of several 

intermediatess and ligands have been determined 

Inn chapter 4 the synthesis and characterization of new zerovalent palladium complexes containing the 

apolarr Ar-bian ligands will be described. The synthesis and isolation of the zerovalent palladium com-

plexess (Pd(NN)(alkene) and Pd(P)2(alkene)) was hampered by the high solubility of the desired com-

plexess in common organic solvents, therefore, a new synthesis route was developed to obtain these 

novell  compounds starting from Pd(nbd)(ma) (nbd = norbornadiene, ma = maleic anhydride). The 

molecularr structure and the dynamic behavior of Pd(nbd)(ma) are presented. The novel C02-philic 

palladiumm complexes, which can serve as homogeneous catalysts in supercritical C02, were isolated 

andd characterized. Furthermore, the synthesis, isolation and characterization of unprecedented 

Pd(N)2(ma)) compounds, where N is a monodentate, strong G-donor ligand such as diethylamine is 

presented. . 

13 3 



Chapterr 1 

Partt of this investigation was aimed at establishing the reaction mechanism of the Pd(Ar-bian)-cata-

lyzedd stereoselective hydrogenation of 4-octyne, which is presented in chapter 5. Besides the kinetic 

experiments,, the reaction was also studied by spectroscopic means (e.g., ParaHydrogen Induced 

Polarizationn (PHIP) NMR and deuterium labelling). From these experiments, a plausible reaction 

mechanismm and a catalyst deactivation process will be proposed. To obtain more insight into the high 

selectivityy of the Pd(Ar-bian)-catalyzed stereoselective hydrogenation of alkynes, the isomerization 

off  the product (Z)-alkene to the (£)-isomer was studied. 

ChapterChapter 6 deals with the stereoselective hydrogenation of alkynes in supercritical CO> (SCC02) using 

variouss zerovalent palladium catalysts. The solubility and the activity of the catalysts was studied 

underr reaction conditions. Furthermore, various substrates were investigated in the hydrogenation 

reactionn and the phase behavior will be discussed for these systems. The mechanism of the stereose-

lectivee hydrogenation in scC02 was investigated and compared to the results obtained in common 

organicc solvents. 

14 4 
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Z*Z*  Introductio n into Supercritical 
Fluidss and Experimental Setup 

2.11 Introduction 

AA supercritical fluid (SCF) is defined as a substance above its critical temperature (Tc) and critical 

pressuree (Pc). This definition should arguably include the phrase "but the applied pressure is below 

thee pressure required for condensation into a solid", however this is commonly omitted as the pressure 

requiredd to condense a SCF into a solid is generally impracticably high.' The critical point repre-

sentss the highest temperature and pressure at which the substance can exist as a vapor and liquid in 

equilibriumm (see phase diagram for a pure substance; Figure 2-1). 

73.8 8 

31.1 1 

Temperaturee ) 

Figuree 2-1. Phase diagram of pure carbon dioxide. 

Thee critical point, as defined by Tc and Pc marks the end of the liquid-vapor coexistence curve in the 

phasee diagram for a pure substance and represents the highest temperature and pressure at which the 

substancee can exist as a vapor and liquid in equilibrium (Figure 2-1). When moving upwards along 

thee boiling curve, increasing both temperature and pressure, the liquid becomes less dense due to ther-

mall  expansion and the gas becomes more dense as the pressure rises. Eventually, the densities of the 

twoo phases converge and become identical, the distinction between gas and liquid disappears, and the 
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boilingg curve ends at the critical point. Beyond the critical point the substance can only exist as a 

singlee phase, no distinct gas or liquid phase can be formed, irrespective of the temperature and pres-

sure.. The critical point for carbon dioxide, one of the most applied supercritical fluids, occurs at a 

pressuree of 73.8 bar and a temperature of 31.1 °C. Other inorganic and organic compounds which are 

frequentlyy used as SCFs for synthesis and chemical reactions are listed in table 2-1.2 

Tablee 2-1. Critical pressure, temperature and density of some selected compounds. 

Fluid d 

Ethene e 

Xenon n 

Fluoroform m 

Trifluoromethane e 

Carbonn Dioxide 

Ethane e 

Sulfurr Hexafluoride 

Propane e 

1,1-Difluoroethane e 

Amonia a 

Water r 

TC(°C) ) 

9.3 3 

16.6 6 

25.9 9 

26.0 0 

31.1 1 

32.3 3 

45.6 6 

96.7 7 

113.5 5 

132.5 5 

374.2 2 

Pcc (bar) 

50.4 4 

58.4 4 

48.8 8 

48.7 7 

73.8 8 

48.8 8 

37.6 6 

43.1 1 

45.0 0 

112.8 8 

220.5 5 

dcc <g/mL) 

0.214 4 

1.099 9 

0.525 5 

--
0.466 6 

0.207 7 

0.737 7 

0.220 0 

---
0.235 5 

0.322 2 

Thee disappearance of the distinction between liquid and gas phases can be demonstrated visually in a 

pressurizedd autoclave with C02, equipped with a window (vide infra). Upon warming the C02 (20 

°C,, 58 bar), the meniscus between liquid and gas disappears as the critical point is reached (Figure 2-

2).. Photograph (a) shows a two phase liquid-gas system, with a clearly defined meniscus. As the tem-

peraturee and pressure of the system are increased, the reaction volume becomes more turbid and the 

meniscuss is less well defined (photograph (b)) which is due to the decrease in the difference between 

thee densities of the two phases. Finally, in photograph (c), no meniscus is present and the system now 

consistss of a single homogeneous supercritical fluid. 

Itt should be emphasized that as reagents or co-solvents are added to a SCF, its properties can change 

significantlyy and hence, the phase behavior becomes considerably more complicated and the com-

plexityy increases with the number of components in the reaction mixture.4"7 Although in many liter-

aturee examples C02 is described as being supercritical, this may not be the case for solutions with 

significantt concentrations of additional reagents, and so the term should be treated with caution. Often 
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thee term "dense phase C02" is used, particularly when there is some uncertainty regarding the actual 

phasee of a mixture. 

Figuree 2-2. Photographs demonstrating the disappearance of the meniscus as the critical point is reached for a pure 
substance. . 

Thiss chapter will be mainly dealing with supercritical carbon dioxide because it has been most often 

usedd as solvent in extractions, chromatography, stoichiometric organic reactions, heterogeneously, 

andd homogeneously catalyzed reactions.2'8'9 It has many properties that make it a good choice: it is 

non-reactive;; non-toxic; non-flammable; cheap (since it is available in the atmosphere and as a by-

productt of fermentation, combustion and ammonia synthesis); readily available on an industrial scale 

inn a very pure form (>99.9% purity) and environmentally friendly.10 Carbon dioxide has therefore 

becomee increasingly considered as the main alternative to the problems of recycling or disposal of 

organicc solvents in industry. The non-toxic nature makes it ideal for use in the food-industry (e.g., 

caffeinee extraction from green coffee beans), where contamination of the food produced by the 

organicc solvents used can be a problem. The cost of the carbon dioxide is not the only expense to be 

consideredd because operating at high pressure is always more expensive due to the costs of compres-

sion.. At atmospheric pressure, carbon dioxide is gaseous, which means that simple depressurization 

wil ll  leave no hazardous solvent effluent requiring complex and/or expensive waste treatment. This is 

particularlyy valuable in the preparation of cosmetics,'' pharmaceuticals,'2''3 food additives and mate-

rialsrials for the use in electronics.1 " 

2.22 Properties of SCF 

AA supercritical fluid has physical properties intermediate to those of gases and liquids but may be 

variedd dramatically within the SCF phase boundaries, as its temperature and pressure are changed. * 

Althoughh the properties of the SCFs may be varied continuously, table 2-2 shows a comparison of 

typicall  values for physical properties of a pure substance in different phases, including that of a SCF 

21 1 



Chapterr 2 

aroundd the critical point.l It can be seen that the density of a SCF is approximately two orders of mag-

nitudee higher than that of the gas but still less than half that of a conventional liquid phase. The vis-

cosityy and diffusivity (which is inversely related to viscosity) are also temperature and pressure 

dependent.. The viscosity (and diffusivity) is in general at least an order of magnitude lower (and 

higher,, respectively) compared to the liquid phase. 

Tabl ee 2-2. Comparison of the physical properties of gases, liquids and SCFs 

Property y 

Densityy (g ml" ) 

Viscosityy (Pa s) 

Diffusivit yy (cm2 s'1 ) 

Gas s 

IO-3 3 

io-5 5 

0.1 1 

SCF F 

0.4 4 

IO"4 4 

IO"3 3 

Liquid d 

1 1 

IO"3 3 

10'55 - IO'6 

Thee diffusion coefficient (or diffusivity) and viscosity represent transport properties which affect 

ratess of mass transfer and varies with both temperature and pressure and is strongly influenced by the 

densityy (Stokes-Einstein equation).17 In general, these properties are at least an order of magnitude 

higherr and lower, respectively, compared to liquid solvents. This together with the elimination of the 

phasee boundaries, which may exist in conventional multicomponent systems under ordinary condi-

tions,, results in significantly enhanced mass transfer under supercritical conditions. In addition, the 

highh diffusivity makes a SCF more efficient medium for penetrating a microporous solid structure 

whichh can increase the reaction rate of heterogeneous reactions considerably.18 

2.2.11 Density 

Aroundd the critical point, the density of carbon dioxide is approximately 0.4 g mL"1 and is very sen-

sitivee to small changes in temperature and pressure in the vicinity of the critical point. In addition, 

reactionn characteristics which are depending on the density of the media (reaction rate, equilibria con-

stants,, local density, local viscosity, local dielectric constant) can be altered by small changes in pres-

suree and temperature. As density is a measure of the solvating power of a SCF, temperature and 

pressuree can be used as variables to control the solubility and separation of the solute. 

Generally,, the density data correspond to the bulk density of the medium, but density fluctuations lead 

too microscopic areas of decreased and increased local densities. Especially around the critical point 

inhomogenitiess in the solvent density, such as long range density fluctuations and solvation effects 

(e.g.,, the influence of local density, cage effect),19"21 can perturb the reaction rate and selectivity. 
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Thesee phenomena only play a role when reactions are extremely fast (diffusion controlled), or if cage 

effectss are important {radical reactions). There is also increasing evidence that in some cases solute-

solutee clustering (also named local composition enhancement) may be important, " and conceiv-

ablyy reaction rates and/or selectivities could be affected because of locally higher concentrations (as 
21 1 

comparedd to the bulk value) or by providing a denser, higher dielectric environment. 

2.2.22 Solubility of gases 
Supercriticall  fluids are by definition gases,17 and hence do have no surface tension, they diffuse rap-

idlyy to occupy the entire volume of the system. This also means that if other gases are introduced, 

thesee too will diffuse to fil l the entire volume and the two substances will mix perfectly. Gases are 

thereforee completely miscible with SCFs and can be said to have perfect solubility. This is in contrast 

too the solubility of gases in liquid solvents, which is relatively low and decreases as temperature 

increases.17'288 The concentration of hydrogen in a supercritical mixture of hydrogen (85 bar) and 

carbonn dioxide (120 bar) at 50 °C is 3.2 M, whereas the concentration of hydrogen in tetrahydrofuran 

underr the same pressure is merely 0.4 M. 29'30 This fact generates potential for improvement of chem-

icall  processes where gaseous reagents have traditionally been used in solution phase. 

2.2.33 Solubility of solids, polar  compounds 
Carbonn dioxide is a non-polar medium and therefore the solubility of non-polar solutes is significantly 

higherr than for polar molecules. The difference between solubilities of solids in a given SCF depends 

mainlyy on the solid's vapor pressure and the intermolecular interactions between the solvent and the 

solute.. Intermolecular interactions between the solvent and the solute depend on the types of func-

tionall  groups present in their chemical structure and are, in general, dominated by the dispersion 

forces. . 

AA number of attempts have been made to quantify the solvent strength of supercritical fluids, usually 

throughh solvatochromic shifts in the UV-Vis absorption of organic dyes (ET(30), Kamlet-Taft (7t )). 

20,31-333 gase(j  on t n e se reports, the polarity of scC02 is of the order of that of light alkanes such as 

pentanee and hexane. However, because of its large molecular quadrupole, scC02 has a higher affinity 

forr polar solutes than a true non-polar solvent such as pentane.1 Solubility, especially of polar orga-

nometallicc complexes, can still be a problem, but can be enhanced in one or a combination of ways: 

increasingg the bulk density of the SCF or addition of a co-solvent. 
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Ann alternative approach is to modify the solute to make it more C02-philic (see chapter 3). Molecules 

withh hydrocarbon chains show greater solubility than aromatic or polar substrates. Of special interest 

iss the greater solubility of organic fluorocarbons and siloxanes in scC02, compared with the corre-

spondingg hydrocarbon. The nature of this increased solubility of organic fluorocarbons over their non-

fluorinatedd counterparts is not as yet fully understood,34"36 however, computational and NMR studies 

havee suggested that an increase in solute-solvent van der Waals interactions combined with a lower 

solute-solutee attraction may account for this.37"40 The effect of the increased solubility of fluorocar-

bonn species has been used to good effect in the design of C02-philic surfactants, chelating agents, and 

ligandss in order to enhance the solubility of polymers, metals and catalysts, respectively.2,41 

2.2.44 Advantages and Disadvantages of SCF over  common liquid solvents 
Theree are a number of practical advantages associated with the use of scC02 as a solvent. SCFs are 

consideredd useful as reaction media because of the surprisingly high solubility of liquid and solid sol-

utes,, particularly when compressed to liquid-like densities. As solubility is related to density, the 

mediumm is tunable regarding the solubility of an organic solute. This offers the potential for reaction 

controll  by precipitation of a product, or for purification by selective precipitation of products. In addi-

tion,, the ability to dissolve gaseous, liquid and solid materials and hence homogenize reaction mix-

turess in the SCF phase is particularly powerful. This phenomenon is potentially extremely important 

too the bulk chemicals industry for such reactions as hydrogenation, hydroformylation and oxidation, 

wheree traditionally the solubility of the gaseous reagent in the liquid solvent has been rate limiting. 

Furthermore,, the density is sufficient to afford substantial dissolution power, but the diffusity of sol-

utess in SCFs is higher than in liquids, and the viscosity is lower, enhancing mass transfer. Conducting 

chemicall  reactions at supercritical conditions affords opportunities to tune the reaction environment 

(solventt properties), to eliminate transport limitations on reaction rates, and to integrate reaction and 

productt separation. 

Theree are also a number of potentially interesting and useful properties of scC02 media in terms of 

thee chemistry that can be achieved. Carbon dioxide is chemically inert to most conditions and is 

readilyy available in high purity. It is non-flammable, non-protic, not strongly Lewis acidic or basic, 

andd is inert to radical and oxidizing conditions.42 It can react with nucleophiles (e.g. carbamic acid 

formationn from amines), although this can be reversible, and can be exploited synthetically.43,44 This 
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generall  lack of reactivity is essential to the success of scC02 as a replacement of conventional sol-

vents. . 

Ass mentioned earlier, supercritical fluids, especially the more apolar ones such as scC02 and super-

criticall  ethane suffer from a number of drawbacks. One of the most pronounced drawbacks is the low 

solubilityy of polar and ionic solutes, which limits the number of reactions which can be transposed to 

supercriticall  fluids. In addition, the high pressures can be a disadvantage since specialized equipment 

iss needed to perform a reaction in supercritical fluids. However, the distinct advantages (such as com-

pletee miscibility with other gases) which are unsurpassed by common solvents make the supercritical 

fluidss of great interest. 

2.33 Homogeneous Catalysis in SCF 

Synthesiss of many specialty chemicals involves the use of selective homogeneous catalysis, and the 

reactionss are often carried out in an organic solvent. They are able to promote reactions that would 

otherwisee be impossible or require rather forcing conditions and they allow very high selectivities for 

thee desired products in many cases. Only recently, SCFs are recognized as reaction medium for homo-

geneouss catalysis and this field of research has expanded rapidly in the last decade. Recently, some 

excellentt reviews have appeared concerning the homogeneous metal-catalyzed reaction performed in 

SCFF and cover reactions such as hydroformylation, oxidations, hydrogenation and polymerization 

reactions.2,455 Here, a few selected examples, mainly dealing with hydrogenation and metathesis, will 

bee discussed. 

2.3.11 Hydrogenation 
Thee complete miscibility of H2 and SCFs, such as C02, is particularly beneficial for hydrogenation 

reactions.466 The rate of many but not all hydrogenation reactions in liquids are proportional to hydro-

genn concentration (positive reaction order) and are sometimes limited by the rate of diffusion of H2 

fromm the gas to the liquid phase.47 It is important to emphasize that, under supercritical conditions, all 

reactantss can exist in a single homogenous phase, which eliminates mass-transfer processes as may 

bee encountered in multiphase systems. This feature together with the pressure-tunable solvent prop-

ertiess and the opportunity for easier separation of products can only be capitalized under supercritical 

condition. . 
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2.3.22 Homogeneous catalytic hydrogenation in supercritical carbon dioxide. 

Thee use of carbon dioxide as a starting material for the synthesis of organic compounds has long been 

aa goal for synthetic chemists. The hydrogenation of carbon dioxide to formic acid, methanol and 

otherr organic substances is particularly attractive but has remained difficult under conventional gas 

phasee conditions.10 

Thee hydrogenation of carbon dioxide in common solvents has been known since the early 1970's, 

however,, the activity of the catalysts was generally very low. Noyori reported in 1994 one of the first 

syntheticallyy useful processes involving scCC>2 as both solvent and as substrate.48 The system 

involvess the use of homogeneous ruthenium(II) phosphine catalysts 1 or 2, for the hydrogenation of 

carbonn dioxide to formic acid (see Figure 2-3). The catalysts were chosen for their known solubility 

inn non-polar solvents such as hexane, and were shown to be superior to RuH2(P(C6H5)3)4 which was 

consideredd to be the most active catalyst in benzene solution. 

11 or2 O 
C 0 22 + H 2 *- JT 

scC022 H OH 
500 C 
Et3N N 

P(CH3)33 CI 

HH
 R'u.

 p(CH3)3 (H3C)3P R l u . P(CH3)3 

H ^^ ^P(CH 3 ) 3 (H 3 C) 3 P^ I ^ P ( C H 3 ) 3 

P(CH3)33 CI 

11 2 

Figuree 2-3. Hydrogenation of C02 by catalysts 1 and 2. 

Thee reaction is very rapid and proceeds with a turnover frequency of 1400 h"1 (catalyst 1) in the first 

hour,, and 1040 h for catalyst 2. The initial rate with 2 is slow, and it is considered that this catalyst 

iss not initially present in its active form. However, once this induction period has passed, the greatest 

conversionss were achieved using catalyst 2, with turnover numbers of 7200 being recorded. The reac-

tionn proceeds 18 times faster in scC02 using 1 at 50 °C, than in THF under otherwise identical con-
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ditions.. The high performance of this formic acid production is explained as a phenomenon of the 

SCF,, with its increased mass transfer capability and the high miscibility of hydrogen. 

Schemee 2 

HNMea a 
11 or"2 O O 

C022 + H2 

scC02 2 

500 C 
Et3N N 

Me e 
I' ' 
'Me e 

MeOH H 
11 or 2 O O 

-- A 0 - M e 

scC022
 u 

500 C 
Et3N N 

Thiss methodology was utilized in the one-pot production of both DMF and methyl formate, from 

carbonn dioxide (Scheme 2) which proceeded in a two-phase system (a supercritical phase and a liquid 

phase).. The initial catalytic hydrogenation of carbon dioxide to formic acid takes place very effi-

cientlyy in scCC>2, whereas the thermal condensation (to form the amide or ester) is rate limiting and 

takess place in a liquid phase 30 0 

C02Me e 

NHAc c 

[Rh(cod)(L)]BARF F 

scC02 2 
400 °C 

/ \ ^ C 0 2 M e e 

S H A C C 

RR = H 99.5% ee (scC02) 98.7% ee (methanol) 96.2% ee (hexane) 
RR = Ph 99.1% ee (scC02) 97.5% ee (methanol) 98.3% ee (hexane) 
RR = Et 98.8% ee (scC02) 98.7% ee (methanol) 96.8% ee (hexane) 

Ó^P P :: (R, fl)-Et-DuPHOS 

PF3 3 

CF, , 

BARF F 

Figuree 2-4. Asymmetric hydrogenation of prochiral enamides in scC02 using cationic rhodium complexes. 14 bar H2 
pressure,, total pressure 330 bar. 

Tumass et al. developed a homogeneous catalytic system for the enantioselective hydrogenation of 

prochirall  enamides in scC02 (see Figure 2-4). The cationic chiral catalyst Rh[(/?, /f)-Et-

DuPHOS(cod)]++ showed high activity and very high selectivity in the presence of the C02-philic 

counterr ions such as BARF or triflate anion. The obtained enantioselectivities in scCC>2 compared 
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welll  to those in methanol for most substrates, and the asymmetric induction was considerably higher 

forr (3, p-disubstituted substrates. 

Noyorii  has also demonstrated a homogeneous ruthenium catalyzed asymmetric hydrogenation reac-

tionn in scC02 (see Figure 2-5). (£)-2-Methylbut-2-enoic acid was hydrogenated to give (S)-2-meth-

ylbutanoicc acid in >99% yield with up to 81% ee. This conversion and selectivity is comparable to the 

bestt obtained in a conventional organic solvent (methanol, 100% yield, 82% ee). The partially hydro-

genatedd BINAP catalyst showed increased solubility in scC02 over the fully aromatic version, which 

gavee a poorer rate and selectivity (50% yield, 37% ee). The introduction of perfluorinated alcohol 

CF3(CF2)6CH2OHH as cosolvent, also offered solubility enhancement and caused an increase in both 

conversionn (100%, at 5 bar H2 pressure) and enantioselectivity (89% ee). However, the reaction in 

liquidd C02 at 20 °C afforded no hydrogenated product. 

P0 2 HH catalyst 

Mee Me 

catalyst t 

Me e 

Figuree 2-5. Asymmetric hydrogenation of (£)-2-Methylbut-2-enoic acid in scC02. 

Recentlyy Leitner and Pfaltz have demonstrated the use of scC02 as a reaction medium for the homo-

geneouss iridium catalyzed enantioselective hydrogenation of prochiral imines. Cationic iridium(I) 

complexess with chiral phosphinodihydrooxazoles, modified with perfluoroalkyl groups were synthe-

sizedd and tested in the hydrogenation of N-(l-phenylethylidene)aniline in scC02. The complex with 

thee BARF counter-ion led to the highest asymmetric induction, with (R)-N-phenyl-l-phenylethy-

laminee being formed quantitatively with an 81 % ee, using 0.078 mol% of catalyst. In scC02, the rate 

remainedd stable with low catalyst loadings. A >90% conversion of the imine (>6800 TON) was 
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achievedd in 6 hours in scC02, whereas more than 22 h was required in dichloromethane, using a 5 

timess larger amount of catalyst (1400 TON). 

1 1 PrfXhfe e 
++ HP 

catalyst t 

SCCO2 2 
30barH2 2 

400 C 

Phii CFk, 

catalystt = 

XX = PF6, BPh4, BARF 
R'' = H, (CH2)2CeFi3 

Figuree 2-6. Asymmetric hydrogenation of imines in scC02 using chiral iridium catalysts. 

2.3.33 Olefin metathesis 

Olefinn metathesis has been a very important subject of research from both academic and industrial 

pointss of view. The development of mutual alkylidene exchange reactions of alkenes and the ring-

openingg metathesis polymerization (ROMP) of cyclic olefins have been of particular interest in syn-

theticc organic chemistry. Recent results indicate that supercritical fluids can be useful reaction media 

forr the metathesis of olefins. 

DeSimonee found that [Ru(H20)6](OTs)2 (3) (Ts = p-toluenesulfonyl) catalyzed the ROMP of norbor-

nadienee at 65 °C in scC02 (67-296 atm.). The product, an off-white spongy textured polymer, was 

isolatedd by just venting the C02. The C02 does not participate in the reaction. The chemical yield and 

thee molecular weight of the polymers are comparable to those in conventional solvents. Norbornene 

iss quite soluble in C02 under the reaction conditions, although the Ru catalyst is not completely sol-

uble.. The change in the color of the reaction mixture, from clear colorless at the beginning of the reac-

tionn to orange during the reaction strongly indicates that the catalysts is sufficiently soluble for the 

completionn of the reaction. In the presence of added methanol co-solvent, the catalyst dissolved. The 

polymerss obtained in scC02 have a very high cis olefin content (83%), but doping with methanol in 
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SCCO22 results in a decrease in the cis content to 30%. These results indicate that the microstructure of 

thee polymer is controllable by adjusting the polarity of the CO2 medium with methanol. 

P(CH3)3 3 

RR = CH=CPh2 (4) 
P(CH3)33 R = Ph (5) 

RCMM ^JL^ 
-- C2H4 

Oligomerss -< / 

scC022 I 
d<0.65gml"11 | 

(7) ) 

Figuree 2-7. Metathesis reaction in scC02. 

Fiirstnerr and Leitner reported transition metal catalyzed olefin metathesis reactions in compressed 

CO22 media. Using conventional metathesis catalysts 4, 5 and 6, ROMP of norbornene and 

cyclooctenee gave the corresponding polymers in excellent yields in both liquid C02 and scC02. Ring-

closingg metathesis (RCM) was also investigated and it was found that the RCM of undec-10-enoic 

acidd hex-5-enyl ester (7) was extremely sensitive to density, with the 16-membered ring (8) being 

formedd in excellent yield (>90%) at densities >0.65 g mL , whereas mainly oligomers (70% with 

10%% 8) were produced at low densities (Figure 2-7). This density dependence was explained as a dilu-

tionn effect, as at higher densities, there are in effect more solvent molecules and the more dilute con-

ditionss favor the intramolecular reaction leading to 8 and vice-versa. A number of other cyclizations 

weree performed in good yield. An interesting observation was that Ru-catalysts 4 and 5, which is nor-

mallyy deactivated in the presence of basic N-H groups, was active under such conditions in C02 solu-

tion.. This was attributed to the in situ protection of the amine by reversible formation of the 

correspondingg carbamic acid. 
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2.44 High Pressure Equipment 

NOTE:: Safety should be an overriding requirement in the development and design of high-pressure 

equipment*. equipment*. 

Whenn performing reactions in supercritical fluids, a high-pressure setup and autoclave are needed. 

Thee experimental set-up used in this study is schematically depicted in Figure 2-8. 

F!—f> r̂-£-11 E> 1 rtSl-

co2 2 

rEE 5 
HSJ--

Figuree 2-8. Manifold for pressurization of the high-pressure autoclave. (A) ISCO 100 pump, (B) vacuum pump, (C) the 
batchh reactor, (D) magnetic stirrer (E), cold trap to collect the volatile reaction products. 

Thee system has been constructed in such a way that the flow of the pressurized gases is directed 

towardss the autoclave (C) by one-way valves. 

Reactionss involving supercritical fluids, which are described in this thesis, were performed in a high 

pressuree home-built autoclave. The special properties associated with supercritical fluids, such as the 

high-pressures,, absence of surface tension of the reaction medium, the low solubility of polar com-

poundss and the need to visually monitor the reaction require special attention in the autoclave design. 

Therefore,, the autoclave was equipped with windows to allow for visual inspection of the reaction 
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mixture;; the connections were designed in such a way that the temperature gradient was minimized 

butt still can withstand high pressures. 

MP^ MP^ 

1.. Reaction Volume 
2.. Window 
3.. Thermocouple 
4.. Heating coil 
5.. BunaNO-ring 
6.. Pressure transducer 
7.. Swing-out ball valve 
8.. Catalyst reservoir 
9.. Rising plug valve 

10.. 1/8" inlet 
11.. 1/4" outlet 
12.. Safety relief valve 
13.. 1/4" relief valve outlet 
14.. Closing bolt 

Figuree 2-9. High-pressure autoclave setup; Side view. 
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Thee autoclave consists of a thick wall stainless steel (3.16) beaker (5 cm). The total reaction volume 

iss 50 mL. This batch reactor is designed for reactions up to 220 bars (safety limit was set to 350 bars) 

andd is schematically represented in Figure 2-9 and Figure 2-10. It is important to note that O-rings 

madee of elastomers tend to swell in a carbon dioxide environment, thus increasing the seal, however, 

extensivee swelling of the O-ring can lead to their explosive failure if the autoclave is depressurized 

tooo quickly. Another drawback of the use of elastomeric O-rings is that non-covalently bound addi-

tivess can be extracted during the high pressure, which can interfer with spectroscopic studies. The 

latterr problem can be dealt with, however, by the use of elastomers with higher crosslink density (thus 

decreasingg the swelling). From experiments with different sorts of O-ring it appeared that Buna N and 

Teflonn give the best resistance to the carbon dioxide where as Viton and Kalrez are completely unsuit-

able.. Support rings, made of soft metal (e.g., copper) prevents the extrusion of the gasket during the 

highh pressure experiment. However, the need to replace them after every time the connection is 

openedd make the metal gaskets only suitable for permanent connections (copper gaskets have been 

usedd in the permanent connections with the lid of the autoclave, see Figure 2-10 C). 

Ann important feature of this reaction cell is a borosilicate window (MAXOS, 1 cm thickness) which 

allowss the visual and/or spectroscopic inspection of the reaction under high pressure. The window 

iss placed in such a way that both top and bottom of the reaction volume can be visually monitored. 

Visuall  inspection of the reaction enables the experimenter to confirm that the reaction mixture is a 

singlee phase - a necessity for reactions near Tc. Under these conditions, changes in the composition of 

thee reaction mixture due to conversion can easily induce phase changes. 
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1.. Reaction Volume 
2.. Heating coil 
3.. Closing bolt 
4.. Buna N O-ring 
5.. O-ring seat 
6.. Inner ring 
7.. Buna N O-ring 
8.. Maxos Borosilicate 

window w 
9.. Protection ring 

WD=\ WD=\ 

10.. Window sqeeuze bolt 
11.. Catalyst injection 
12.. Pressure transducer 
13.. Thermocouple 
14.. Rising plug valve 
15.. 1/4" outlet 
16.. Safety relief valve 
17.. Copper gaskets 

Figuree 2-10. High-pressure autoclave setup; (A) Top view of the autoclave beaker with windows. (B) Enlargement of the 
windoww mounting. (C) Bottom view of the lid of the autoclave. 
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Thee windows are held in place by a seat for the Buna N O-ring which is created by an extra stainless 

steall  inner ring (see Figure 2-10 B). This ring is placed into the autoclave wall and forms the actual 

seall  of the high-pressure cell. The windows are held in place by a so-called squeezer type window 

mounting.. This type of window placement uses the unsupported area principle to generate a ring of 

excesss pressure to make the high-pressure seal and thus requires a separate outside force to make the 

seall  retain the high-pressure fluid. This is a good way of mounting windows over small apertures in 

highh pressure equipment (1 cm in this case) but it has not been very widely used for larger windows. 

Thee advantage of this type of window mounting is that it is easily taken apart and put together facili-

tatingg the cleaning of the reaction cell. 

Supercriticall  fluids have no surface tension and they diffuse rapidly to occupy the entire volume of 

thee system hence the reaction mixture occupies the whole reaction volume. To reduce the possibility 

off  a temperature gradient (hence density gradients), the valves were directly attached to the lid and 

thee connecting lines were drilled inside the lid (Figure 2-10 C). In this way, the temperature gradient 

hass been minimized. 

Closingg of the autoclave is achieved by tightening the six bolts, attaching the bottom to the lid of the 

autoclave.. Tightening of the six bolts was done in a crosswise manner to ensure perfect alignment of 

thee top and the bottom of the autoclave and preventing unwanted deformation of the O-ring. The lid 

off  the reactor was connected to the control unit so that the pressure and the temperature (of the wall 

andd inside the autoclave) could be monitored. To allow a more precise setting of the reaction temper-

ature,, two thermo-couples (K-type) were connected to the autoclave; one inside the autoclave wall 

andd one measuring inside the reaction volume (see Figure 2-9). The pressure inside the reaction vessel 

iss measured by a miniature pressure transducer (Kulite, model: XTME-76-190M-350BARG) placed 

onn top of the lid. 
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JJ Synthesis and Characterization 
off  CC^-phili c Ar-bian Ligands 

3.11 Introduction 

Supercriticall  carbon dioxide has attracted much interest as environmentally benign solvent, but its 

practicall  use has been limited by the need for high C02 pressures to dissolve even small amounts of 

polar,, amphilic, organometallic, or high molecular compounds. However, to increase the solubility 

so-calledd 'C02-philes' are attached to the target molecule. These C02-philes efficiently transport 

insolublee or poorly soluble materials into C02, which has resulted in the development of a broad range 

off  C02-based processes, including homogeneous as well as heterogeneous polymerization, extraction 

off  proteins and metals, and homogenous catalysis. 

Figuree 3-1. The design of C02-philic materials. Solubilizers with high affinity of C02 solutions (zig-zag lines) are either 
(a),, attached directly to functional unit or (b), used to generate C02-soluble surfactants with emulsifying or dispersing 
properties. . 

AA general design principle for C02-compatible materials (e.g., homogeneous catalysts) is to tether the 

desiredd substances to one or more solubilizers with a very high affinity for C02 (Figure 3-1). Since 

thee application of scC02 as reaction medium, different ligand systems have emerged to solubilize 

metall  complexes. However, in a few cases non-modified catalytic systems can be used in scC02 

(e.g.,Co2(CO)88 used in hydroformylations and Pauson-Khand reactions,2 Mo(CO)6 in alkene oxida-

tions,33 RuH2(P(CH3)3)4 in hydrogenation of C02). In addition, unmodified ligands with highly C02-
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philicc anions can be used (e.g., Rh[(R, fl)-Et-DuPHOS]BARF used in enantioselective hydrogena-

tion)) although the majority of the reported homogeneous catalytic systems used contain ligands with 

onee or more solubilizers attached. 

Thee most widely used C02-philic solubilizers are polysiloxanes and fluorocarbons.' Until now, the 

naturee of this increased solubility of fluorocarbons in scC02 is not yet fully understood.4"6 Computa-

tionall  and NMR studies have suggested that the solute-solvent van der Waals interactions are 

increasedd as the fluorocarbon character is increased. Combined with a lower solute-solute attraction, 

thiss may account for the high solubility of fluorocarbons in scCO2.
7"10The introduction of fluorocar-

bonss have been particularly effective, allowing, for example, the design of surfactants to disperse 

polymerss or even water in C02,' ' the synthesis of ligands for metal extraction and homogeneous 

catalysis,, and the solubilization of organic reagents which are otherwise insoluble in scCO?.13 A 

selectedd number of C02-philic modified ligands that have been successfully applied as homogeneous 

catalystt are shown in Figure 3-2.14~18 

Figuree 3-2. Selected examples from literature of C02-philic ligands used in scC02. 

Recentlyy Beekman et al. have reported the use of non-fluorous polymer (polyether/ polycarbonate 

copolymer),, which can act as a highly efficient surfactant, whose solubility in scC02 results from the 

40 0 



Synthesiss and Characterization of C02-philic Ar-bian Ligands 

judiciouss design. Their success is based on the rational analysis of the entropy (structure) and 

enthalpyy (interactions) contributing to the solubility of these polymers in CO2. Such copolymers can 

bee easily generated using an aluminum catalyst to react with inexpensive propylene oxide with C02 

itself.. The polyether skeleton of these copolymers is highly flexible and has only weak polymer-poly-

merr interactions, promoting dissolution in C02. Introducing the carbonate groups enhances this flex-

ibilit yy even further (therefore increasing the entropy of mixing), while at the same time a favorable 

interactionn of the carbonyl groups with C02 may increase the enthalpy of mixing, thereby also 

improvingg the solubility of these compounds in C02. This approach of increasing the solubility of 

transitionn metal complexes has only been scarcely used in homogenous catalysis, although the intro-

ductionn of ester moieties has been reported to be advantageous in terms of catalyst solubility. 

Inn our research group, we have studied the synthesis and catalytic activity of late transition metal com-

poundss involving bidentate nitrogen ligands. Apart from the coordination chemistry of a-diimine 

ligandss such as diazabutadiene (R-dab) and bis(N-aryl-imino) acenaphthene (Ar-bian), the catalytic 

activityy of transition metal complexes (namely palladium, ruthenium, nickel and platinum) has been 

studied.. These complexes have been employed as catalysts for a wide variety of reactions such as 

carbon-carbonn bond (e.g., cross-coupling reactions, polymerization, alkene-CO copolymeriza-

tion,233 alkyne coupling in the presence of halogens or organic halides and tin compounds, allylic 

aminationss of olefins by nitroarenes in the presence of CO25'26) and carbon-element formation (e.g., 

synthesiss of pyroles and oxazines from dienes, nitroarenes, and CO, selective hydrogenation of 

alkyness to Z-alkenes28). With respect to most diimine ligands, Ar-bian-derivatives are rigid, which 

imposess the correct geometry for coordination and imparts a high chemical stability. The ease of mod-

ifyingg the electronic as well as the steric properties of these ligands make them ideal to study them in 

aa variety of catalytic reactions. 
Schemee 1 

Inn this chapter, the synthesis of C02-philic Ar-bian ligands is described. The new compounds will be 

usedd as ligands in late transition metal complexes that will serve as homogeneous catalysts in super-
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criticall  carbon dioxide. To ensure solubility of the corresponding transition metal catalyst, both the 

anilinee and the acenaphthenequinone backbone will be substituted with C02-philic groups as is out-

linedd in the retrosynthetic scheme (Scheme 1). First, the synthesis of the 5-alkyl, 5-polyfluoroalkyl 

andd 5,8-polyfluoroalkyl substituted acenaphthenequinone (ACQ) is discussed, starting from unsubsti-

tutedd ACQ or acenaphthene (ACT) respectively. Next, the synthesis of the alkyl and polyfluoroalkyl 

substitutedd anilines will be discussed. Finally, condensation of the substituted ACQ and anilines to 

thee corresponding highly C02-philic Ar-bian ligands will be treated. 

3.22 Synthesis of Mono-alkyl- and Mono-polyfluoro-alkyl 
Acenaphthenequinones s 

Thee first step is the selective bromination of acenaphthenequinone (ACQ, 1) with bromine, by which 

thee monobromo derivative, 5-Bromo-acenaphthenequinone (2) was obtained (see Scheme 2). This 

reactionn was carried out without any solvent and the reaction time was kept under 3 hours in order to 

preventt multiple bromination. 5-Br ACQ (2) could be isolated in 96% yield. 

Schemee 2 

Brp p 

600 , 3h 

H H 

p-tol.sulfonicc acid \[ 

Ph-Me,, 130 , 
33 days 

(3)) 99% 

H2S04 4 

H20,, /PrOH 
reflux,, 2 days 

1.Znn , l-R 

Dioxane,, 50 , 3 days 

2.. I-Zn-(R), 3% Pd[P(o-tOl)3]4 

THF,, 40 , 2 days 

RR = CsHi7 
RR = C2H4CgF13 

RR = C8H1? (5)) 99% 
RR = C2H4C6F13 (7) 89% 

RR = CaHi (4)) 53% 
RR = C2H4C6F13 (6) 65% 

Inn the next step, the two carbonyl groups of the 5-Br-ACQ (2) were protected with ethylene glycol to 

preventt undesired reactions of the carbonyl moieties in the following steps. The acid catalyzed con-

densationn reaction was slow, but after a reaction time of 3 days the bis(ethylene ketal) 3 could be iso-

latedd as a white crystalline material in 99% yield. The reaction was monitored by GC/MS and during 

thee first stages of the reaction the monoketal, 5-Br-ACQ mono(ethylene ketal) accumulated, which 

disappearedd as the reaction proceeded. Two structural isomers of 5-Br-ACQ bis(ethylene ketal) (3), 
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whichh are depicted in Figure 3-3, were identified. Both isomers were formed, however compound (A), 

thee 5-membered ring ethylene ketal, converts almost totally to the thermodynamically more favorable 

6-memberedd ring ethylene ketal (B). 

Figuree 3-3. Two structural isomers of 5-Br-ACQ bis(ethylene ketal) (3). (A) Kinetic product (B) Thermodynamic 
productt of the condensation reaction. 

5-n-Octyll  ACQ (5) was synthesized via a Negishi cross-coupling reaction. The transmetallation 

agent,, «-octylzinc iodide, needed for the cross-coupling reaction, was synthesized by direct reaction 

off  the alkyl halide with activated zinc (Zn*) at 50 °C which was allowed to react for 3 days. The cross-

couplingg reaction of the protected 5-Br-ACQ (3) and the «-octylzinc iodide, catalyzed by the in situ 

preparedd Pd[P(o-tol)3]4, was allowed to react for 2 days at 50 °C to obtain 5-w-octyl-acenaphthene-

quinonee bis(ethylene ketal) (4) in a moderate yield of 53%. Finally, 4 was deprotected and the 5-n-

octyl-ACQQ (5) was isolated as a yellow sticky oil in an overall yield (starting from ACQ) of 50%. The 

samee procedure was applied for the synthesis of 5-«-C2H4C6F|3-ACQ (7) and this compound was iso-

latedd as a yellow microcrystalline solid. The overall yield of 7 (starting from ACQ) was slightly higher 

thann for 5 (55% versus 50% starting from ACQ). 

3.2.11 X-ray crystal structure determination of 5-(n-3,3,4,4,5,5,6,6,7,7,8,8,8-
tridecafluoro-octyll  acenaphthenequinone (7) 

Thee structure of 7 was unambiguously proven by X-ray structure analysis and the molecular structure 

iss depicted in Figure 3-4. The distance between C( 1 )-0( 1) and C( 12)-0(2) is 1.197(5) A and 1.195(5) 

AA respectively which are equal within standard deviation. The unusually long CI-CI 2 distance of 

1.605(6)) is the consequence of crystal defects (see experimental section). 
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Figuree 3-4. Displacement ellipsoid plot of (7), drawn at the 50% probability level. 

Figuree 3-5. Crystal packing a) view along the b axis of the unit cell b) view along the crystallographic a-axis of the unit 
cell. . 

Thesee crystal defects have no influence on the discussion of the crystal packing. The molecules of 

compoundd 7 crystallize in the monoclinic spacegroup P2|/c. The ACQ molecules pack in distinct lay-

ers,, where the alternating layers consist of the acenaphthenequinone backbone and the fluoroalkyl 

chains,, respectively. The packing is stabilized by weak intermolecular C-H...O hydrogen bonds 

betweenn the aromatic C7-H7 and Ol (see Figure 3-5A) with a C7...01 distance of 3.457(4) A. Addi-
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tionall  stabilization of the packing originates from Tt-stacking of the aromatic rings (see Figure 1-5B). 

Thee perpendicular distance between the 7i-systems is 0.5*b = 3.2972 A. This is significantly smaller 

thann the 3.4-3.6 A usually found in rc-ji interactions. No short intermolecular F...F distances were 

detected. . 

3.33 Synthesis of Bis-polyfluoroalkyl Acenaphthenequinone 

Forr the synthesis of 5,8-(«-C2H4C6F|3)2 acenaphthenequinone a different approach was chosen (see 

Schemee 3) since bromination using bromine (in the presence of iron powder) yielded mixtures of 

multi-brominatedd compounds which were difficult to separate. To obtain the 5,8-dibromoacenaph-

thenequinonee (10) it was more convenient to start from acenaphthene so the two bromine atoms could 

bee selectively introduced. 
Schemee 3 

Brr Br Brr Br 

NBS S 

DMF,, 35 , 4 h, 
RT,, 12 h 

P h ( S e O ) 2 0 0 

Ph-CI,, 125 , 
3days s 

(8) ) (9)) 33% 

HO O 
^OH H 

p-tol.sulfonicc acid 
Ph-Me,, 130 , 

44 days 

c6F F C K F I I 
CBF F 

C R F , , 

H 2 S 0 4 4 

H 2 0 ,, HFIPA 
reflux,, 3 days 

1.. Zn , l - C 2 H 4 C 6 F 1 3 

Dioxane,, 50 , 4 days 

2.. I -Zn- (C 2 H 4 C 6 F 1 3 ) , 

3%% Pd[P(o- to l )3 ]4 

THF,, 50 , 5 days 

Brr Br 

(13)) 96% (12)) 65% (11)) 77% 

Thee first step is the bromination of acenaphthene by N-bromosuccinimide and 5,8-Br2-ACT (9) was 

obtainedd in moderate to low yield (33%). The following step was the oxidation of the activated ben-

zylicc hydrocarbons of 5,8-Br2-ACT (9) that was conveniently achieved by using benzene seleninic 

anhydridee and the product quinone 10 could be isolated in 74% yield. Attempts using other oxidants 

whichh are less expensive (e.g., 5 equivalents of chromium trioxide in acetic anhydride) resulted in a 

highlyy exothermic reaction which was very difficult to control and hence no product could be isolated 

duee to over-oxidation. The protection, the introduction of the polyfluoro alkyl tails and deprotection 
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weree performed similarly to the mono-substituted analogue 7. The overall yield of 13 starting from 

ACTT was low (12%). 

3.44 Synthesis of Substituted Anilines 

Thee substituted anilines were synthesized by various procedures. The alkoxy-substituted anilines 

weree synthesized by a Williams synthesis, in which />nitrophenol or nitro-catechol is alkylated by 

iodooctanee in water in the presence of tetrabutyl ammonium bromide. This procedure allowed the 

synthesiss of 1-nitro-4-octyloxo benzene (14) and l-nitro-3,4-di(octyloxo) benzene (15) in good yields 

(833 and 71 %, respectively). The nitro moiety can subsequently be quantitatively reduced by Pd/C and 

hydrogenn gas in THF yielding 4-octyloxo aniline (16) and 3,4-di(octyloxo) aniline (17). 

(14)) 83% 

(15)) 71% 

Figuree 3-6. Alkylation of nitro phenol and catechol via the Williams synthesis 

Whenn the reaction was carried out using the polyfluoro alkyl iodide (I-C2H4C6F13) the reaction failed 

andd prolonged reaction times did not improve the results. The addition of a,a,a,-trifluorotoluene as 

phase-transferr catalyst did result in product formation and due to the long reaction times and the pro-

ductionn of HF the reaction was not further optimized. It was found that the polyfluoroaniline could be 

moree easily obtained via a Mitsunobu reaction between /?-nitro phenol and HO-CjHjCgF ,̂ to give 

thee corresponding aryl-alkyl ether (18) which was isolated in 26% yield. The nitro group was effi-

46 6 



Synthesiss and Characterization of C02-philic Ar-bian Ligands 

cientlyy reduced by Pd/C and H2 in THF yielding 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro octyloxo 

anilinee (19). 

NN \\ // OH 

n-l-C2H4C6F13 3 

DEAD,, PPh3 

THF,, RT, 48h 
0 ?N N 

FF F F \ F F\ F 

FF F F F F F 

(18)) 26% 

Figuree 3-7. Alkylation of nitro phenol via the Mitsunobu reaction 

Forr the synthesis of 3,5-dialkyl anilines, the retrosynthetic scheme is based on a double Wittig reac-

tionn of 5-nitro-benzene 1,3-dicarbaldehyde followed by the reduction of the alkenic as well as the 

nitroo function to the corresponding aniline (Scheme 4). Via this route 3,5-dinonyl aniline (24) and 3,5-

bis((4,4,5,5,6,6,7,7,8,8,9,9,9-tridecafluoro)nonyl)anilinee (25) were obtained. The phosphonium salts 

weree prepared by a standard procedure, however, in the case of the fluorous phosphonium salt (21), 

thee best results were obtained in the absence of solvent and the triphenylphosphine was dissolved in 

thee iodopolyfluoroalkane by heating the mixture to a temperature of 95 °C. 

0 2 N N 

[PPh3R]+IVV base 

RR = C8H1 7 (20) 
RR = C2H4C6F13 (21) 

OpN N 
Pd/C,, H2 

RR = C7H1 5 (22) 67% 
RR = CH2C6F13 (23) 88% 

H2N N 

RR = C7H15 (24) 98% 
RR = CH2C6F13 (25) 99% 

Thee Wittig reaction of 5-nitro-benzene 1,3-dicarbaldehyde with the alkyl phosphonium salts 20 with 

ann appropriate base (1.6 M butyl lithium in hexane) gave after work-up the doubly metathesized 3,5-

nonenyll  nitro benzene (22) (as a mixture of E/Z isomers) in moderate yields (67%). To synthesize the 

fluorousfluorous nonenyl nitrobenzene (23), the phosphonium salt (21), 5-nitro-benzene 1,3-dicarbaldehyde 

andd K2C03 were heated in dioxane with a trace of water (1.2 % relative to the solvent dioxane) and 

gavee after work-up 23 in a yield of 88% as a mixture of E/Z isomers. 

Compoundd 22 was readily converted into the corresponding aniline 24 with hydrogen using Pd/C in 

THFF (in an autoclave, 80 bars H2 and 80 °C). However, when compound 23 was subjected to the same 

reactionn conditions it appeared from !H NMR that the nitro group was reduced to the amine but the 

doublee bonds were still present. Prolonged reaction times and using highly active homogenous hydro-
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genationn catalysts such as [Rh(NBD)(PPh3)]PF6 or Ru(acac)3/ triphos gave either decomposition or 

onlyy partial conversion (standard reaction time 21 days). The compound could be obtained when the 

hydrogenationn reaction was carried out in methanol and a mixture of H2/C02 (40 and 100 bars, 

respectively)) using Pd/C as catalyst. The advantageous effect of C02 on the hydrogenation reaction 

suggestss that the highly fluorous compound 23 can form micelles or aggregates under the reaction 

conditions,, which are broken down by the C02. 

3.55 Synthesis of CC^-phili c Substituted Ar-bian Ligands 

AA series of substituted Ar-bian (bis(arylimino)acenaphthene) ligands 30, 31, 32 and 33 were synthe-

sizedd by a condensation reaction between the di-ketones: ACQ (1), 5-«-C8H]7 ACQ (5), 5-n-

C2H4C6F|33 ACQ (7) and 5,8-(fl-C2H4C6F,3)2 ACQ (13), and the anilines: w,m'-(CF3)2Ar-NH2 (a), 

/>C12H25Ar-NH22 (b), />-C8H,7OAr-NH2, (c), and m,p-(C8H170)2Ar-NH2 (d). The yields were mod-

eratee (38-66%). The condensations were carried out using two different methods as is outlined in 

Schemee 5. 

Methodd A (Scheme 5) was used for the preparation of the Ar-bian ligands via the double condensation 

off  two equivalents of anilines (a-h) with one equivalent of a di-ketone (1) in refluxing acetic acid 

usingg zinc chloride as the metal template. The (Ar-bian)ZnCl2 complexes (24a-f) precipitated 

fromm the reaction mixture after cooling to 21 °C. Subsequently, the zinc chloride template was 

removedd by shaking a CH2C12 solution with saturated K2C03(aq) solution by which the pure free 

ligandss (30a-g) were formed, obviating further purifications. The low solubility of both 26f and the 

correspondingg free ligand 30f compelled us to carry out the reaction in dilute solutions on a small 

scale.. Using the highly fluorous aniline 25 (h in Scheme 5) did not result in the isolation of the corre-

spondingg Ar-bian ligand. 
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Schemee 5 

HOAc,, reflux, 30 min r V ^ V i H2  D C M o r C H C ' 3 

38-66% % 
(30a-g,31a-d,32a-d , , 

33a,, 31b) 

R3 3 

m,m'-(CFm,m'-(CF33))2 2 

P-(Ci2H25) ) 
p-(C8H170) ) 
m,p-(C8H170)2 2 

/>(C6H130) ) 
r>(OC2H4C6F13) ) 
m,nT-(C9H19)2 2 

m,m'-(C6F13C3H6)2 2 

Contraryy to known cases, no precipitation of the (Ar-bian)ZnCl2 complexes (27, 28 and 29) occurred 

duringg the condensations of the substituted di-ketones (5, 7 and 13) with the anilines (a,b,c and d). 

Evenn after cooling to 21 °C, no solids were formed, therefore, the solvent was removed by evaporation 

too complete dryness yielding viscous oils or in some cases solids. From the 'H NMR spectra, it was 

concludedd that the crude reaction product was a mixture of the zinc chloride complexes, free ligands, 

thee mono-condensation products and starting materials. However, in the case of 5-n-octylACQ (5) 

withh 4-dodecylaniline (b), the corresponding free ligand 31b was directly yielded instead of the zinc 

chloridee complex 27b. The obtained zinc chloride complexes could not be purified by column chro-

f?11 F?2 

++ 2 H2N //// v R s 

MethodMethod B 
HCOOHH or 

p-tol.. sulfonic acid 

60-88% % 
26,, 27, 28, 29 

(isolatedd for 26a-f) 

THF,, 50-70 , 18 h-3 days 

50%% (33c, 33d) 

Compound d 

26,30 0 
27,31 1 
28,32 2 
29,33 3 

R, , 

H H 
n-C8H17 7 

r)-C2H4C6F13 3 

n-C2H4C6F13 3 

R2 2 

H H 
H H 
H H 

n-C2H4C6F13 3 

Sufi i 

a a 
b b 
c c 
d d 
e e 
f f 

9 9 
h h 
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matographyy and the crude reaction mixture was treated as before to remove the ZnCl2 (CHC13 is pre-

ferredd for the highly fluorophilic ligands), giving a mixture of free ligand, the mono-condensation 

productt and starting materials. The ligands were isolated by column chromatography, however, the 

separationn between the different compounds on the column was not ideal and some ligands appeared 

too be unstable on the column. This resulted in low to moderate yields of ligands (38-66%). 

Thee reaction of 5 ,8 - ( / Ï -C2H 4C6F ] 3 ) 2ACQ (13) with the aniline containing more electron donating 

groupss (/>-C8H17OC6H4NH2 (c) and /M,p-(CgHj70)2C6H3NH2 (d) did not to yield the ZnCl2 com-

plexess 29c and 29d (or the corresponding ligands 33c or 33d) but resulted in polymeric material. 

Therefore,, these condensation reactions were carried out in xylene in the presence of a catalytic 

amountt of/>toluenesulfonic acid and molecular sieves (reaction time 3 days at 160 °C), but again did 

nott result in product formation. The decomposition of the starting material was confirmed by 'H-

NMR.. It appears that the 5,8-(n-C2H4C6F13)2ACQ decomposes at higher temperatures, therefore, the 

reactionn was carried out in refluxing THF, which did result in a slow formation of the diimine ligand. 

Thee reaction time was between 1 and 3 days and the ligands were purified by column chromatogra-

phy.. The yield of these ligands was moderate, 50%. 

3.5.11 X-ray crystal structure determination of 30a and 30e 
Unambiguouss proof of the assigned structure was obtained by an X-ray crystal structure analysis of 

30aa and 30e, the molecular structures of which are depicted in Figure 3-8and in Figure 3-9, respec-

tively.. Selected bond lengths and angles are given in table 3-1. The molecule of 30a is located on an 

exact,, crystallographic twofold axis. In 30a the phenyl substituents on the imine N-atoms are nearly 

perpendicularr on the acenaphthenequinone system (interplanar angle 88.59(11)°), in 30e the phenyl 

ringss are tilted (interplanar angles of 70.8(2) and 82.1(2)°). 

Comparingg the two structures, the C=N distances (1.277(4) A for 30a, 1.264(6) and 1.259(6) for 30e) 

aree equal within standard deviations. Similar values have been reported for the crystal structure of (p-

CH3C6H4)biann (C=N distances (1.267(3) A).30 Also the C(aryl)-N bonds (1.411(3) A for 30a, 

1.426(6)) and 1.427(6) A for 30e) are equal within standard uncertainties and compare well to (p-

CH3C6H4)biann (1.432(3) A), thus not representing the electron withdrawing effect of the CF3-groups. 
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C55 C5' 

Figuree 3-8. Displacement ellipsoid plots of 30a drawn at the 50% probability level. Hydrogen atoms have been omitted 
forr clarity. Only the major disorder compound of the trifluoromethyl at C15 is shown. Symmetry operation i: 0.5-y, 0.5-
x,, -z. 

C244 C23 

Figuree 3-9. Displacement ellipsoid plots of 30e drawn at the 50% probability level. Hydrogen atoms have been omitted 
forr clarity.. 

Tablee 3-1. Selected distances [A] and angles (°) 30a and 30e with Esd's in parenthesis. 

(m,m'-(CF3)2C6H3)) bian (30a) 

N( l ) -C( l ) ) 

N(l)-C(8) ) 

C( l ) -N( l ) -C(8) ) 

C(l)) N(l) C(8) C(13) 

1.276(4) ) 

1.411(3) ) 

118.2(3) ) 

89.6(3) ) 

0>(C6H13O)2C6H3)) bian (30e) 

N(l)-C(12) ) 

N(2)-C(l) ) 

N(l)-C(25) ) 

N(2)-C(13) ) 

C(l)-N(2)-C(13) ) 

C(12)) - N(l) - C(25) 

C(12)N(1)C(25)C(30) ) 

C(1)N(2)C(13)C(18) ) 

1.264(6) ) 

1.259(7) ) 

1.426(6) ) 

1.427(6) ) 

121.3(5) ) 

119.6(5) ) 

105.7(8) ) 

64.5(7) ) 
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3.5.22 Comments on the role of ZnCl2 in the formation of the Ar-bian ligands 
Thee stoichiometric amount of ZnCl2 in the synthesis of Ar-bian ligands is necessary to obtain diimines 

andd the metal remains coordinated to the formed Ar-bian ligand, which acts as ligand. This promoting 

effectt has been attributed to a 'templating' effect or to the stabilization of the diimine by its coordina-

tionn to the metal, adding a thermodynamic bias towards the condensation.32'33 Recently, Gasperini et 

al.al. discussed that, in some cases, the driving force of the double condensation is the precipitation of 

thee formed (NN)ZnCl2 complex which is less soluble than the reaction components.32 These authors 

statedd that the desired product was only formed in minute amounts if the (NN)ZnCl2 complex does 

nott precipitate. 

Inn the cases employing the 5, 7 or 13 backbone and anilines a-d, the [Ar-bian]ZnCl2 did not precipi-

tatee from the reaction mixture. The reaction mixture changed color, within the standard reaction time, 

too the typical brown-red solution indicating that the ZnCl2 complex is formed. After evaporation of 

thee solvent and standard work-up, the free ligand could be isolated in 38-66% yield, which proves that 

precipitationn of the ZnCl2 is not a necessity for product formation. Furthermore, in the condensation 

reactionn of 5-n-octylACQ (5) with 4-dodecylaniline (b) no ZnCl2 complex was formed and only the 

freee diimine was obtained. In the latter case, the ZnCl2 merely acts as a dehydrating agent and not as 

templatingg reagent. 

3.66 Conclusions 

Inn this chapter, several viable routes for the synthesis of substituted acenaphthenequinone and anilines 

ass well as the synthesis of corresponding Ar-bian ligands have been described. Introduction of the 

C02-philicc groups on the acenaphthene backbone can be easily afforded by a Negishi cross-coupling 

reaction.. It was found that most condensation reactions, yielding the highly lipophilic and fluorophilic 

Ar-biann compounds, proceed well in glacial acetic acid. However, the condensation reaction of 5,8-

(/7-C2H4C6F13)2ACQQ and the anilines with more electron donating substituents give decomposition 

off  the reagents. In the latter cases, the reaction proceeds best when the condensation is carried out in 

THFF solution in the presence of an organic acid and molecular sieves (3A). 
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3.77 Experimental 

General. . 

Alll  syntheses of complexes and other air- and/or water-sensitive compounds were carried out in dried glasswork, in dry 

solvents,, using standard Schlenk techniques under an atmosphere of purified nitrogen. Diethyl ether, THF, pentane, and 

hexanee were distilled from sodium metal, acetone was distilled from CaS04, methanol from NaOMe and 1,4-dioxane and 

dichloromethanee were distilled from CaH2. Iodooctane was distilled prior to use from sodium metal and was stored under 

nitrogenn on molecular sieves (4 A). Other chemicals were used as received. Alumina for column chromatography was 

deactivatedd by the addition of 3% (w/w) water. Bromine, ethylene glycol, iodooctane, acenaphthene, benzeneseleninic 

anhydride,, trwMolylphosphine were purchased from Acros Chimica. Acenaphthenequinone, 1,1,1,2,2,3,3,4,4,5,5,6,6-

tridecafluoro-8-iodooctane,, norbomadiene were purchased from Aldrich Chemical Co., ZnCl2 and 4-dodecylaniline were 

purchasedd from Fluka. N-Bromosuccinimide (NBS) was purchased from Merck. 3,5-Bis(trifluoromethyl)-aniline was 

purchasedd from ABCR. Maleic anhydride was purchased from EGA-CHEMIE. 

Thee 'H and 1JC NMR spectra were recorded on a Varian Mercury 300 spectrometer (*H, 300.13 MHz; l3C, 75.48 MHz; 
19FF 282.41 MHz) or on a Varian Unity Inova 500 spectrometer ('H, 499.86 MHz; 13C, 125.70 MHz). Positive chemical 

shiftss (ppm) are denoted in the :H and 13C NMR spectra to higher frequency from an external tetramethylsilane reference 

andd in the 19F NMR spectra to higher frequency from an external CC13F reference. 

IRR spectra were measured on a Biorad FTS-7 and a Biorad FTS-60A spectrometer. Elemental analyses were carried out 

att H. Kolbe Mikroanalytisches Laboratorium, Mülheim and der Ruhr, Germany. 

High-resolutionn mass spectrometry (HRMS) measurements were carried out at the Swammerdam Institute of Life Sci-

encess (SILS), University of Amsterdam, the Netherlands. The Electron Impact (EI) and the Fast Atom Bombardment 

(FAB)) mass spectrometry measurements were carried out using a JEOL JMS SX/SX 102A four-sector mass spectrometer, 

coupledd to a JEOL MS-MP9021D/UPD system program. In the EI-MS measurements the samples were introduced via a 

directt insertion probe into the ion source. In the FAB-MS measurements the samples were loaded in a matrix solution (3-

nitrobenzyll  alcohol) on to a stainless steel probe and bombarded with Xenon atoms with an energy of 3 KeV. During the 

highh resolution EI-MS and the FAB-MS measurements a resolving power of 10,000 (10% valley definition) was used. 

Low-resolutionn mass spectrometry (MS) measurements were performed in the El-mode (70 eV) on a GC/MS HP 5890/ 

59711 apparatus equipped with a ZB-5 column (5% cross-linked phenyl polysiloxane) with an internal diameter of 0.25 

mmm and film thickness of 0.25 urn. The low-resolution mass spectrometry (MS) measurement for compound 12 (5.8 Br2-

ACQQ bisfethylene ketal)) was carried out at University of Munster, Germany. This EI-MS measurement was carried out 

usingg a Varian MAT 212 (70 eV). For all the compounds containing bromine atom/s, the corresponding correct isotope 

patternss in their mass spectra were observed. 
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3.7.11 Synthesis of mono-substituted ACQ 

Figuree 3-10. Molecular structure and adopted atomic numbering of compounds 2-13. 

5-Bromo-acenaphthenequinonee (2) 

Thee reaction was carried out in a three-neck flask (250 mL) equipped with two condensers, connected to two washing 

bottles,, of which the last one was filled with concentrated NaHS03 solution. A mixture of acenaphthenequinone (ACQ; 

6.000 g, 32.93 mmol) in excess of bromine (20 mL, 390 mmol) was refluxed (bath temperature 80 °C) with vigorous stirring 

forr 3 hours. After cooling the reaction mixture to room temperature, the reaction was quenched by adding 5M H-,S04 and 

thee excess of bromine was boiled off. The yellow solid product was filtered off and washed with water. Subsequently the 

productt was dissolved in hot acetic acid and it was recrystallized overnight at 20 °C yielding 5-bromo-acenaphthene-

quinonee (2; 8.26 g, 31.65 mmol. 96c/r) as a yellow powder. (NOTE: Because of the very low solubility of 5-bromo-

acenaphthenequinonee (2) in acetic acid, recrystallization of larger amounts from acetic acid gave a lower and less pure 

yield) ) 

'HH NMR (499.84 MHz, CDC13): 6 8.50 (d, Jg.,0 = 8.5, 1H. Ar-H10), 8.19 (d, J8.9=  7.0, IH, Ar-H8). 8.13 (d, J3_4 = 7.5, 

IH,, Ar-H3), 7.99 [d,J3_4=  7.5, IH, Ar-H4), 7.98 (pst, IH, Ar-H9). 

U CC NMR (125.70 MHz, CDCI3): 5 187 (C,,C12), 149.9 (Cq), 146.1 (Cq), 132.4 (CH), 132.3 (CH), 131.0 (Cq), 129.9 (CH), 

129.11 (Cq), 128.3 (Cq), 132.2 (CH), 122.9 (CH). 

GC/MSS (EI): m/z (rel intensity): 260 (M+-, 100), 262 (M +\ 100). 

5-Bromo-acenaphthenequinonee bis(ethylene ketal) (3) 

AA solution of 5-bromo-acenaphthenequinone (1; 10.00 g, 38.02 mmol), an excess amount of ethylene glycol (20 mL. 358 

mmol)) and a catalytic amount of p-toluenesulfonic acid in toluene (250 mL) was refluxed for 3 days in a Dean-Stark trap 

withh an azeotropic removal of water. The reaction was monitored by GC/MS. The reaction mixture was evaporated 

approximatelyy to 10 mL and was neutralized with 1M NaHCO,. The product was extracted with chloroform (3x30 mL) 

inn a separatory funnel. The chloroform extracts were dried with MgS04, filtered and the solvent was removed under 

reducedd pressure yielding 5-bromo-acenaphthenequinone bis(ethylene ketal) (3; 13.16 g, 37.69 mmol, 99%) as a cream-

coloredd powder. An analytically pure sample was obtained by recrystallization from toluene at -20 °C and subsequently 

byy washing with hexane. 

'HH NMR (499.84 MHz, CDC13): 5 8.04 (d. J9_w=  8.5, IH, Ar-H10), 7.87 (d, J3.4 = 7.0, IH, Ar-H3), 7.73 (pst, IH, Ar-

H9),, 7.64 (d, Js_9 = 1.0, IH, Ar-H8), 7.45 (d, J3.4=  7.5, IH, Ar-H4), 4.2(m, 4H, 0(CH2)0), 3.7 (m, 4H, 0(CH2)0). 
13CC NMR (125.70 MHz, CDC1,): 5 137.7 (Cq), 137.2 (Cq), 136.3 (Cq), 131.3 (CH), 130.4 (Cq), 125.8 (CH), 121.1 (Cq), 

120.11 (CH), 120.1 (CH), 98.6 (C, or C]2), 98.7 (C, orC12), 61.7 (CH2), 61.6 (CH2). 
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GC/MSS (EI): m/z (rel intensity): 348 (M+\ 100), 350 (M +\ 100). 

5-w-Octyl-acenaphthenequinonee bis(ethylene ketal) (4) 

Thee reaction was carried out in an atmosphere of dry nitrogen. A mixture of etched zinc powder (Zn*) (6.90 g, 106 mmol) 

andd 1,2-dibromoethane (0.37 mL) in dry 1,4-dioxane (20 mL) was heated at 65 °C for 2 minutes. After cooling the mixture 

too room temperature, chlorotrimethylsilane (0.37 mL) was added and the mixture was stirred for 1 hour. «-Iodooctane 

(13.144 mL, 72.78 mmol) was added dropwise to the reaction mixture in order to keep the solution at room temperature. 

Thee reaction mixture was stirred at 50 °C for 3 days yielding a solution of «-octylzinc iodide in 1,4-dioxane. 

Thee almost colorless solution of n-octylzinc iodide in 1,4-dioxane was added to a solution of 5-bromo-acenaphthene-

quinonee bis(ethylene ketal) (3; 11.90 g, 34.09 mmol) and PdLP(o-tol)3]4*  (1.36 g, 1.03 mmol, 3 mol%) in dry THF (40 

mL)) yielding a dark red solution. The reaction was monitored by GC/MS. After 2 days at 40 °C, the reaction was quenched 

byy adding water (5 mL) to the reaction mixture and the solvents were removed under reduced pressure. The crude product 

wass purified by column chromatography over neutral alumina (hexane/ethylacetate/triethylamine, 84/15/1). Removing 

thee solvents under reduced pressure yielded 5-n-octyl-acenaphthenequinone bis(ethylene ketal) (4; 7.49 g, 18.07 mmol, 

53%)) as a pale yellow powder. 

dd in situ from Pd(dba)2 (0.59 g, 1.03 mmol) and tri-o-tolylphosphine (1.57 g, 5.16 mmol) in dry THF giving 

aa dark orange solution. 

'HH NMR (499.84 MHz, CDC13): 5 8.03 (d, J9.l0=  8.0, 1H, Ar-//10), 7.69 (d, J8_9=1.5, 1H, Ar-//8), 7.65 (pst, 1H, Ar-

HH99),), 7.58 (d, J3_4 = 7.0, 1H, Ar-//3), 7.50 (d, J3_4 = 7.5, 1H, Ar-//4), 4.2 (m, 4H, 0(CH2)20), 3.7 (m, 4H, 0(CH2)20), 3.13 

(t,, / = 7.8, 2H, ArC//2C7H,5), 1.84 (m, 2H, ArCH2C//2C6H,3), 1.39-1.57 (br, 10H, ArC2H4C5//10CH3), 0.87-0.92 (m, 

3H,, ArC7H14C//3). 
13CC NMR {125.70 MHz, CDC13): 5 139.8 (Cq), 138.3 (Cq), 136.3 (Cq), 135.6 (Cq), 130.3 (Cq), 128.0 (C4 or C8), 127.8 

(C44 or C8), 123.8 (C,0). 119.4 (C3 or C9), 119.1 (C3 or C9), 99.5 (C] or C,2), 99.3 (C, or CJ2), 61.99 (CH2). 62.03 (CH2), 

32.88 (ArCH2C6H12CH3), 32.3, 31.3, 30.1, 29.9, 29.6. 23.0 (ArCH2C6H,2CH3), 14.5 (ArCH2C6H,2CH3). 

GC/MSS (EI): m/z (rel intensity): 382 (M+\ 100). 

5-n5-n -Octy 1-acenaphthenequinone (5) 

5-/7-Octyl-acenaphthenequinonee bis(ethylene ketal) (4; 13.15 g, 34.09 mmol) was hydrolyzed by refluxing in a mixture of 

isopropanolisopropanol (200 mL), water (50 mL) and sulfuric acid (1 mL) for 2 days. The reaction was quenched by pouring the reac-

tionn mixture onto 1M NaHC03 (200 mL). The product was extracted with chloroform (2 x 50 mL) in a separatory funnel. 

Thee combined yellow organic layers were evaporated to dryness under reduced pressure yielding 5-«-octyl-acenaphthene-

quinonee (5; 9.94 g, 33.75 mmol, 99%) as a yellow oil. 

'HH NMR (499.84 MHz, CDC13): 5 8.40 (d, 79. / 0= 8.5, 1H, Ar-//10), 8.11 (d, Js.9 = 7.5, 1H, Ar-//8), 8.08 (d. 7M = 7.8, 

1H,, Ar-//3). 7.87 (dd, JH.9 = 7.0. J9.l0 = 8.5, 1H, A r - / / \ 7.69 (d, 7 M = 7.5, 1H, Ar-//4), 3.22 (t, J = 7.8, 2H, 

ArC//2C7H l5),, 1.83 (m. 2H, ArCH2C//2C6H13). 1.25-1.51 (br. 10H, ArC2H4C5//|0CH3), 0.87-0.92 (m. 3H, 

ArC7H14C//3). . 
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13CC NMR (125.70 MHz, CDC13): 8 189.2 and 188.0 (Cj, C12), 147.8 (C7), 146.6 (C5), 130.2 and 129.3 (C2, Cn) , 130.0 

(C10),, 128.23(C4 or C9), 128.21 (C4 or C9), 127.3 (C6), 122.6 (C3), 121.9 (Cg), 33.4(ArCH2C6H12CH3), 32.1, 30.9,29.9, 

29.7,, 29.5, 22.9 (ArCH2C6H12CH3), 14.3 (ArCH2C6H12CH3). 

GC/MSS (EI): m/z (rel intensity): 294 (M+', 100). 

5-(nn -3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro octyl) acenaphthenequinone bis< ethylene ketal) (6) 

Thee procedure to synthesize 5-(«-3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro octyl) acenaphthenequinone bis(ethylene ketal) 

(6)(6) was similar to the synthesis of compound 4. 

'HH NMR (499.84 MHz, CDC13): 5 8.04 (d, J9.w = 8.0, 1H, Ar-tf 10), 7.69 (d, J8.9 = 6.5, 1H, Ar-ff 8} , 7.62 (pst, 1H, Ar-

HH99),), 7.53 (d, 7 M = 7.0, 1H, Ar-#3), 7.49 (d, J3.4 = 7.5, 1H, Ar-fl 4), 4.2 (m, 4H, 0(CH2)20), 3.7 (m, 4H, 0(CH2)20), 3.5 

(m,, 2H, ArC//2CH2C6F13), 2.6 (m, 2H, ArCH2C//,C6F,3). 
I3CC NMR (125.70 MHz, CDC13): 8 139.8 (Cq), 138.3 (Cq), 136.3 (Cq), 135.6 (Cq), 129.6 (Cq), 128.2 (C4 or C8), 126.0 

(C44 or C8), 122.7 (C!0), 119.6 (C3 or C9), 119.4 (C3 or C9), 99.2 (C, or C12), 61.90 (CH2), 31.99 (t, 2J(C,F)= 21.3, 

ArCH2CH2C6Fi3),, 23.30 (ArCH2CH2C6F13), (no ArC2H4C6F,3 were resolved). 
19FNMRR (282.41 MHz, CDC13): 8-81.4 (t, 37(C,F) = 9.9, CF2CF3), -114.6, -122.1, -123.2, -123.6, -126.5 (m, CF2). 

5-(«-3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoroo octyl) acenaphthenequinone (7) 

Thee procedure to synthesize 5-(«-3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro octyl) acenaphthenequinone (7) was similar to the 

synthesiss of compound 5. Crystals suitable for single crystal X-ray diffraction were obtained from slow diffusion of pen-

tanee into a CH2C12 solution containing (7). 

'HH NMR (300.13 MHz, CDC!3): 5 8.38 (d, J9_w=  8.5, 1H, Ar-tf 10), 8.18 (d, J8_9=  7.5, 1H, Ar-ff 8), 8.12 (d, J3  ̂ = 7.8, 

1H.. Ar-/73), 7.87 (pst, IH, Ar-tf 9), 7.77 (d, J3^= 7.0, 1H, Ar-tf 4), 3.5 (m, 2H, ArC//2CH2C6Fl3), 2.6 (m, 2H, 

ArCH2Ctf2C6F13). . 

13CC NMR (125.70 MHz, CDC13): 8 188.6 and 187.8 (C,, C12), 146.3 (C7), 143.0 (C5), 129.9 and 129.6 (C2, CM ), 130.0 

(C,0),, 129.0 (C4 or C9), 128.9 (C4 or C9), 127.3 (C6), 122.5 (C3), 122.4 (C8), 31.95 (t, 2J(C,F)= 21.3, ArCH2CH2C6F13), 

23.344 (ArCH2CH2C6F13), (no ArC2H4C6F,3 were resolved). 
19FF NMR (282.41 MHz, CDC13): 8-81.5 (t, V(C,F) = 9.8, CF2CF^), -114.5, -122.1, -123.3, -123.5, -126.4 (m, CF2). 

3.7.22 Synthesis of di-substituted ACQ 
5,8-Dibromoo acenaphthene (9) 

Too a brown N,N-dimethylformamide (DMF) suspension (250 mL) of acenaphthene (65.08 g, 0.42 mol), a DMF solution 

(2500 mL) of N-bromosuccinimide (NBS) (74.76 g, 0.42 mol) was added dropwise over a period of 90 minutes at 35 °C 

whilee stirring. After the mixture had been stirred for 1 hour at 30 °C, additional NBS (112.13 g, 0.63 mol) was added in 

portionss over a period of 90 minutes at 35 °C. The formed dark mixture was stirred overnight at room temperature. The 

crudee product precipitated at -20 °C from the reaction mixture as a pale yellow powder, and was subsequently filtered off, 

washedd with DMF (100 mL) and methanol (100 mL). Recrystallization of the crude product from a mixture of THF and 

hexanee at -20 °C yielded off-white microcrystalline 5,8-dibromo acenaphthene (9; 43.68 g, 0.14 mol, 33%). 
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lHH NMR (300.13 MHz, CDC13): 5 7.79 (d, 73_4 = 7.5, 2H, Ar-tf 3), 7.09 (d, 73.4 = 7.8, 2H, Ar-tf4), 3.30 (s, 4H, Ar-Cff2). 
13CC NMR (75.48 MHz, CDC13): 6 147.3 (C5), 142.2 (C7), 136.1 (C4), 128.0 (C6), 121.2 (C3), 114.6 (C2), 30.3 (C,). 

GC/MSS (EI): m/z (rel intensity): 310 (M+', 50), 312 (M+*, 100), 314 (M+', 50). 

5,8-Dibromoo acenaphthenequinone (10) 

AA solution of 5,8-dibromoacenaphthene (9; 7.59 gr, 24.33 mmol) andbenzeneseleninic anhydride (17.51 g, 48.62 mmol) 

inn chlorobenzene (400 mL) was heated at 125 °C for 3 days. After cooling to room temperature, the bright yellow precip-

itatee was filtered off, washed thoroughly with 1M NaHC03, water, and small portions of chloroform. The crude product 

wass recrystallized from chlorobenzene at -20 °C and dried in vacuo yielding 5,8-dibromo acenaphthenequinone (10; 6.08 

g,, 17.88 mmol, 74%) as a bright yellow powder. 

'HH NMR (499.84 MHz, DMSO-d6): 5 8.35 (d, J3.4 = 7.6, 2H, Ar-//3), 7.96 (d, J3.4 = 7.6, 2H, Ar-ff 4). 
13CC NMR (125.70 MHz, DMSO-d6 + Cr(acac)3): 5 186.4 ( d ). 145.7 (C7), 136.8 (C4), 130.2(C5), 126.8 (C6), 124.3 (C2), 

122.66 (C3). 

HRMSS (EI): [M] +": found 339.8586; calcd (C,2H4
79Br8lBr02) 339.8558. 

5,8-Dibromoo acenaphthenequinone bis(ethylene ketal) (11) 

AA yellow solution of 5,8-dibromo acenaphthenequinone (10; 6.08 g, 17.88 mmol), an excess amount of ethylene glycol 

(155 mL) and a catalytic amount of p-toluenesulfonic acid in toluene (250 mL) was refluxed for 4 days in a Dean-Stark trap 

withh an azeotropic removal of water. After 2 days an extra portion of ethylene glycol (15 mL) was added. The pale brown 

reactionn mixture was concentrated to approximately 10 mL and was neutralized with 1M NaHC03. The product was 

extractedd with dichloromethane in a separatory funnel. Subsequently, the dichloromethane extracts were dried with 

MgS04,, filtered and the solvent was removed under reduced pressure. Washing the product with small portions of ether 

andd drying in vacuo yielded 5,8-dibromo acenaphthenequinone bis(ethylene ketal) (11; 5.92 g, 13.83 mmol, 77%) as an 

off-whitee powder. 

'HH NMR (499.84 MHz, CDC13): 58.05 (d, J3.4 = 7.5, 2H, Ar-tf 3), 7.43 (d, J3_4 = 7.5, 2H, Ar-tf4), 4.2 (m, 4H, 0(CH2)20), 

3.7(m,4H,, 0(CH2)20). 
13CC NMR (125.70 MHz, CDC13): 5 137.6 (C5), 138.4 (C7), 136.5 (C4), 127.9 (C6), 121.2 (C3), 119.6 (C2), 98.2 (C,), 62.0 

(CH2). . 

MSS (EI): m/z (rel intensity): 426 (M+', 50), 428 (M+*, 100), 430 (M+', 50). 

5,8-Bis-(n-3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoroo octyl) acenaphthenequinone bis(ethylene ketal) (12) 

Thee reaction was carried out in a dry nitrogen atmosphere. A mixture of etched zinc powder (Zn*) (7.50 g, 114.00 mmol) 

andd 1,2-dibromoethane (0.50 mL) in dry 1,4-dioxane (50 mL) was stirred for 2 minutes at 65 °C. After cooling the mixture 

too room temperature, chlorotrimethylsilane (0.50 mL) was added and the mixture was stirred for 1 hour. 

1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluoro-8-iodooctane;1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluoro-8-iodooctane; I(n-C2H4C6F,3) (18.61 mL, 75.95 mmol) was added dropwise to the 

reactionn mixture and the dark yellow reaction mixture was stirred for 4 days at 50 °C yielding a solution of I-Zn-(n-

C2H4C6F13)inn 1,4-dioxane. 
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Thee brown solution of I-Zn-(n-C2H4C6F13) in 1,4-dioxane was added to a solution of 5,8-dibromo acenaphthenequinone 

bis(ethylenee ketal) (11; 5.82 g, 13.59 mmol) and Pd[P(o-tol)3]4 (0.90 g, 0.68 mmol, 5 mol%) in dry THF (80 mL), yielding 

aa black solution. After 5 days at 50 °C, the reaction was quenched by adding water (5 mL) to the reaction mixture and the 

solventss were removed under reduced pressure. The crude product was purified by column chromatography over deacti-

vatedd neutral alumina (hexane/ethylacetate/triethylamine, 84/15/1, Rf = 0.5). The solvents were removed under reduced 

pressuree and the product was further purified by recrystallization from a mixture of THF and hexane at -20 CC yielding 

5,8-bis-(rt-3,3,4,4,5,6,6,7,7,818,8-tridecafluoroo octyl) acenaphthenequinone bis(ethylene ketal) (12; 8.52 g, 8.85 mmol, 

65%)) as colorless needles. 

1HH NMR (499.84 MHz, CDCI3): 5 7.59 (d, 7 M - 7.0,2H, Ar-ff 3), 7.55 (d, J3.4 = 7.0, 2H, Ar-W4), 4.2 (m, 4H, 0(CH2)20), 

3.77 (m, 4H, 0(CH2)20), 3.5 (m, 4H, ArO/2CH2C6F13), 2.47 {m, 37(H,F) = 19.0, 4H, ArCH2C//2C6F13). 
I3CC NMR (125.70 MHz, CDC13): 5 138.3 (C5), 137.9(C7), 135.9 (C2), 131.5 (C4), 128.7 (C6), 119.6 (C3), 98.5 (C,), 62.0 

(CH2),, 34.3 (t, 2J(C,F) = 21.6, ArCH2CH2C6F13) 26.8 (ArCH2CH2C6Fl3) (ArCH2CH2C6F13 could not be resolved). 
19FF NMR (282.41 MHz, CDC13): 5 -81.15 (t, 3/(F,F) = 9.9, CF2CF^), -114.69, -122.00, -123.05, -123.61, -126.32 (m, 

CFCF22). ). 

HRMSS (FAB+): [M + H]+* : found 963.1020; calcd (C32H21F2604) 963.1025. 

5,8-Bis-(n-3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoroo octyl) acenaphthenequinone (13) 

5,8-Bis-(n-3,3,4,4,5,6,6,7,7,8,8,8-tridecafluoroo octyl) acenaphthenequinone bis(ethylene ketal) (12; 8.37 g, 8.70 mmol) 

wass hydrolyzed by refluxing (bath temperature 100 °C) in a mixture of hexafluoroisopropanol (HFIPA) (5 mL), water 

(1000 mL) and sulfuric acid (3 mL) for 3 days. (NOTE: Only a small amount of HFIPA should be used for the dissolution 

off  the reactant since, from experience, the product (13) can form a low boiling azeotropic mixture which may result is loss 

off  most of the product!) After cooling the brown reaction mixture to room temperature, the precipitated product was fil -

teredd off, dissolved in dichloromethane. The solution was dried with MgS04, filtered and the solvent was removed under 

reducedd pressure yielding 5,8-bis-(«-3,3,4,4,5,6,6,7,7,8,8,8-tridecafluoro octyl) acenaphthenequinone (13; 7.32 g, 8.37 

mmol,, 96%) as yellow needles. 
]HH NMR (300.14 MHz, CD2C12): 5 8.10 (d, Jj_4=  7.2, 2H, Ar-//3), 7.78 (d, Jj.4 = 6.9, 2H, Ar-fl 4), 3.6 (m, 4H, 

ArC//2CH2C6F13),, 2.62 (m, 3J(H,F) = 19.0, 4H, ArCH2C#2C6F,3). 

13CC NMR (75.48 MHz, CDC13): 5 188.3 (Cj), 147.7 (C7),143.2 (C5). 131.6 (C4), 129.5 (C2), 129.1 (C6), 122.3 (C3), 33.5 

(t,, 2J(C,F) = 21.6, ArCH2CH2C6F13) 27.5 (ArCH2CH2C6F13) (ArCH2CH2C6F13 could not be resolved). 
i y FF NMR (282.41 MHz, CDC13): 5 -81.36 (t, 3./(C,F) = 9.9, CF2CF3), -114.57, -122.13, -123.16, -123.58, -126.45 (m, 

CFCF22). ). 

HRMSS (FAB+); [M + H]+": found 875.0533; calcd (C2gH,3F2602) 875.0500. 

3.7.33 Synthesis of substituted anilines 
l-nitro-4-octyloxoo benzene (14) 

AA mixture of 4-nitrophenol (1.39 g, 10 mmol), iodooctane (3.2 g, 13.3 mmol), K 2C03 (1.0 g, 9.2 mmol) and tetrabutyl 

ammoniumm bromide (0.3 g, 1 mmol) in 20 mL water was heated to 100 °C for 3 hours with stirring. After cooling the 

reactionn mixture to room temperature, it was extracted with CHC13 (3 x 20 mL). The combined extracts were dried over 
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anhydrouss K 2C03 and filtered. The solvent was removed in vacuo and the residue was dissolved in hexane. After filtration 

andd cooling to -80 °C a white powder was obtained. Yield 2.0 g (85%) 

HH NMR (500 MHz, CDC13): 5 8.20 (d, 7 = 9.5, 2H, Ar-JZ), 6.95 (d, / = 9.5, 2H, Ar-7/), 4.05 (t, J = 7.0, 2H, CH2), 1.82 

p,, J= 7.0, 2H, C//2), 1.4 (m, 2H, CH2), 1.3 (m, 8H, CH2), 0.89 (t, J = 7.0, 3H, Ctf3). 
13CC NMR (125.70 MHz, CDC13): 8 164.60 ( C ^ ^ ), 142.1 (CArom), 126.10 (CArom), 114.38 (CArom), 69.15 (OCH2), 

32.02,, 29,51, 29,43, 29.21, 26.16, 22.89 (CH2), 14.39 (CH3). 

GCMSS = m/z 251 (C14H2 lN03 = 251.32). 

l-nitro-3,4-di(octyloxo)) benzene (15) 

AA mixture of 4-nitrocatechol (1.55 g, 10 mmol), iodooctane (6.4 g, 26.0 mmol), K2C03 (2.2 g, 20.3 mmol) and tetrabutyl 

ammoniumm bromide (0.3 g, 1 mmol) in 50 mL water was heated to 100 °C for 9 hours with stirring. After cooling the 

reactionn mixture to room temperature, it was extracted with CHC13 (3 x 20 mL). The combined extracts were dried over 

anhydrouss K2C03 and fdtered. The solvent was removed in vacuo and the residue was dissolved in methanol. After fil -

trationn and cooling the filtrate to -80°C a white/yellow powder was obtained. Yield 2.47 g (68%) 

'HH NMR (500 MHz, CDC13): 8 7.85 (dd, J = 9.0, J = 2.5, 1H, Ar-H), 7.73 (d, J = 2.5, 1H, Ar-Jf), 6.88 (d, J = 9.0, 1H, Ar-

i/) ,, 4.09 (t, J = 6.5, 2H, OC7/2), 4.06 (t, J = 6.5, 2H, OCH2), 1.8 (m, 4H, CH2Ctf2), 1.5 (m, 4H, CH2Cff2), 1.3 (m, 8H, 

CH2Cff2),, 0.9 (m, 6H, CH3). 
13CC NMR (125.70 MHz, CDC13): S 154.93 (CArom), 148.90 (CArom), 141.43 (CArom), 117.90 (CArom), 111.29 (CArom), 

108.311 (CArom), 69.70 (OCH2), 69.66 (OCH2), 32.02, 32.01, 29.53, 29.50, 29.47, 29.45, 29.17, 29.15, 26.17, 26,13, 22.89 

(CH2),, 14.39 (CH3). 

4-octyloxoo aniline (16) 

AA suspension of l-nitro-4-octyloxo benzene (14; 2.0 g, 8.5 mmol) and a catalytic amount of Pd/C in THF was charged in 

aa high-pressure autoclave. The autoclave was pressurized with 15 bars H2 and stirred for 16 hours at room temperature. 

Afterr venting, the reaction mixture was filtered over Celite filter aid and the filter was washed with THF (3x10 mL) and 

collected.. The solvent was removed in vacuo yielding 2.05 g 4-octyloxo aniline as a white solid (98%). 

'HH NMR (300 MHz, CDC13): 8 6.87 (d, J = 8.7, 2H, Ar-tf) , 6.77 (d, J = 8.7, 2H, Ar-H), 3.89 (t, J = 6.6, 2H, C//2), 1.77 

p,, 7= 6.6, 2H, CH2), 1.4 (m, 10H, CH2), 0.89 (t, J= 7.0, 3H, Cff3). 

GCMSS = m/z 221 (C14H23NO - 221. 34). 

3,4-di(octyloxo)) aniline (17) 

AA suspension of l-nitro-3,4-di(octyloxo) benzene (15; 2.0 g, 4.3 mmol) and a catalytic amount of Pd/C in THF was 

chargedd in a high-pressure autoclave. The autoclave was pressurized with 20 bars H2 and stirred for 16 hours at 60°C. 

Afterr cooling to room temperature and venting, the reaction mixture was filtered over Celite filter aid and the filter was 

washedd with THF (3 x 10 mL) and collected. The solvent was removed in vacuo yielding 1.56 g 4-octyloxo aniline as a 

whitee solid (99%). 
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]HH NMR (500 MHz, CDCI3): 5 6.75 (d, / = 8.5, 1H. Ar-ff) , 6.33 (d, J = 2.0, 1H, Ar-tf) , 6.23 (dd, J = 8.5, J = 2.0, 1H, Ar-

H).H). 3.94 (t, J = 6.5, 2H, OCH2), 3.91 (t. J = 6.5, 2H, OC//2). 3.7 (br, 2H, Ni/2), 1.82 (p, J = 6.5. 2H, CH2C#2), 1.75 (p, 

JJ = 6.5, 2H, CH2Ctf2). 1.5 (m, 4H, CH2Ctf2), 1.3 (m, 10H, CH2Ctf2), 0.9 (m, 12H, Ctf3). 

]3]3CC NMR (125.70 MHz, CDCI3): S 150.80 (CArom), 142.43 (CArom), 140.76 (CArom). 117.40 (CHAmmj , 107.30 

(CHArom),, 103.03 (CArom), 71.12 (OCH2), 69.19 (OCH2), 32.06, 32.05. 29.82, 29.66, 29.60, 29.53, 29.51, 26.28, 22.89 

(CH2),, 14.39 (CH3). 

GCMSS - m/z 349 (C22H39N02 - 349.55). 

l-Nitro-4-(rt-3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-octyloxo)-benzenee (18) 

Too a solution of triphenylphosphine (4.56 g, 15 mraol), 3,3.4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-octa-l-ol (3.64 g. lOmmol) 

andd nitrophenol (1.39 g, 10 mmol) in 50 mL dry THF, a solution of DEADC in toluene (40%, 15 mmol) was slowly added 

att room temperature. After stirring the solution for48 hours the solvent was evaporated in vacuo yielding a yellow/ white 

stickyy solid. The residue was purified by colomn chromatography on silica gel (eluens: hexanes to remove PPh ,̂ 5% 

EtOAcc in hexane to give 18 as a white solid. Yield 1.26 g (26%). 

'HH NMR (300 MHz, CDC13): 8 8.17 (d, 7= 9.0. 2H. Ar-tf) . 6.95 (d, J= 9.0. 2H, AT-H), 4.35 (t, J = 6.9. 2H, CH2), 2.7 (m, 

2H,, CH2). 

13CC NMR (125.70 MHz, CDCI3): 8 163.13 (CArom), 142.26 (CArom), 126.13 (CHArom), 114.63 (CHArom), 60.93 (OCH2), 

31.00(1,7-20.6,, CH2CH2). 
19FF NMR (282.41 MHz, CDCl,): d -81.4 (CF3), -113.8, -122.4, -123.4, -124.1, -126.7 (CF2) 

GCMSS = m/z 485 (C14HgF13N03 = 485.20). 

4-(«-3,3,4,4,5,5,6,6,7,7,8,8,88 tridecafluoro octyloxo) aniline (19) 

Thee procedure to synthesize 4-(3,3,4,4,5,5,6,6,7,7,8,8,8 tridecafluoro octyloxo) aniline (19) was similar to the synthesis 

off  compound 16 and 17. The reaction was performed on 1.0 mmol scale (0.47 g 18) and yielded 0.44 g (99%) 19 as col-

orlesss oil. 

'HH NMR (500 MHz, CDCI3): 8 6.75 (d, J = 8.5, 1H, Ar-Jf), 6.65 (d, J = 2.0. 1H, Ar-H), 4.21 (t. J = 7.0, 2H, CH2), 3.4 (b, 

2H,, NH2), 2.5 (m, 2H, CH2). 
13CC NMR (75.48 MHz, CDCl,): 8 151.20 (CArom), 139.0 (CArom), 112.91 (CHArom), 101.08 (CHArom), 55.85 (OCH2). 

31.0O(t,yy = 2O.7.CH2CH2). 

GCMSS = m/z 455 (C14HsF|3NO = 455.21). 

n-Octyll  triphenylphosphonium iodide (20) 

Triphenylphosphinee (9.19 g, 35.1 mmol) was dissolved in 30 mL benzene and «-octyl iodide (7.2 mL, 40.0 mmol) was 

added.. The reaction mixture was heated at 80 °C for 24 hours. The solvent was evaporated and yielded «-octyl triphe-

nylphosphoniumm iodide (20) as a yellow sticky oil in 95% which solidifies upon standing. 

'HH NMR (300 MHz, CDC13): 8 7.8-7.6 (m, 15H, CffArom), 3.47 (m, 2H, PC#2C7H15), 1.54 (m. 4H, PCH2C2W4C5Hn), 

1.133 (b, 10H, PC2H4C5//10CH3), 0.73 (t, 3H, J= 6.4 Hz, PC7Hi 4C//3). 
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l3CC NMR (75.5 MHz, CDC13): 5 136. 57 (d, CArom, 47(C, P) = 2.3), 134.95 (d, CArom, 37(C, P) = 9.8), 131.98 (d, CArom, 

27(C,, P) - 12.8), 119.33 (d, CArom, V(C, P) = 86.1), 32.95 (CH2CH2), 31.70 (d, CH2CH2, 7 = 15.5), 30.20 (d, CH2CH2, 

77 = 17.7), 24.45 (d, PCH2, 7 = 50.3), 23.85 (d, CH2CH2, 7 = 4.0), 23.84 (CH2CH2), 15.38 (CH,CH3). 

31PP NMR (121.5 MHz, CDC13): 5 24.71. 

(n-3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro)octyll  triphenylphosphonium iodide (21) 

Triphenylphosphinee (5.22 g, 18.5 mmol) was added to «-3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro iodooctane (10 g 21.1 

mmol).. The emulsion was heated to 95 °C for 16 hours during which a white solid precipitated. The white solid was fil -

teredd off and washed successively with 3 x 10 mL toluene and 3 x 10 mL diethylether. The product was recrystallized 

fromm a mixture of CH2C12 and diethylether. Yield 13.7 g (90.0%). 

'HH NMR (500 MHz, CDC13): 8 7.8-7.6 (m, 15H, C//Arom), 4.05 (dt, 2H, 37(H, H) = 7.5, 27(P,H) = 13.5, PC//2CH2C6HB), 

2.555 (m, 2H, 37(H, H) = 7.5, 37(F,H) = 21 , 37(P, H) = 11 , PCH2Ctf2C6H13). 
13CC NMR (125.7 MHz, CDC13): 5 135.65 (d,CArom,47(C,P) = 2.5), 133.61 (d, CArom, 37(C, P) = 10.6), 130.78 (d,CArom, 
27(C,, P) = 12.7), 116.42 (d, CArom, '7(P, C) = 87.4) (signals of CFX could not be resolved). 
31PP NMR (121.5 MHz, CDC13): Ö 26.70. 

19FF NMR (282.4 MHz, CDC13): 6 -81.18, -113.40, -122,23, -122.99, -123.57, -126.55. 

Elementall  analysis calculated for C26H19F13IP: C, 42.41; H, 2.60; F, 33.54. Found: C, 42.32; H, 2.68; F, 36.36. 

11 -nitro-3,5-dinon-1 -enyD-benzene (22) 

n-Octyltriphenylphosphoniumm iodide (18; 17.0 g, 33.0 mmol) was dissolved in 100 mL THF. The solution was cooled to 

00 °C in an ice bath and under vigorous stirring 19.8 mL 1.6 M «-BuLi in hexane solution (32.3 mmol) was added over 30 

minutes.. The yellow/brown solution was allowed to warm to room temperature and 2.86 g. 5-nitro-benzene 1,3-dicarbal-

dehydee (16.0 mmol) was added and the solution was warmed by the exothermic reaction. The reaction was heated to reflux 

forr 45 minuets and after cooling to room temperature the reaction was quenched by 0.5 L water. The product was extracted 

byy 4 x 75 mL diethylether. After column chromatography (silica, hexane) the product was isolated as a yellow oil in a 

yieldd of 4.0 g (66.9%). 

'HH NMR (300 MHz, CDC13): 5 8.02, 7.98, 7.95 (2H, CtfArom E+Z isomers), 7.46, 7.44 (1H, CH^^, E+Z isomers), 6.39 

(m,, Ar-OÏ E+Z isomers), 5.80 (m, ArCH=C/J E+Z isomers), 2.29 (q, 4H, 7 = 6.0, Ar-CH2), 1.50-120 (b, 24H, CH2). 0.85 

(t.. 6H, J = 6.6, CH3). 

GCMSS = m/z371. 

l-nitro-3,5-Bis-(»-4,4,5,5,6,6,7,7,8,8,9,9,9-tridecafluoronon-l-enyl)-benzene(23) ) 

Inn 20 mL dry dioxane 9.21 g (13.1 mmol) (H-3,3,4.4,5,5,6,6,7,7,8,8,8-tridecafluoro)octyltriphenylphosphonium iodide 

(21),, 1.14 g 5-nitro-benzene 1,3-dicarbaldehyde (6.39 mmol), 1.75 g (12.7 mmol) K2C03 and 0.24 mL H20 was added. 

Thee solution turned orange upon dissolution of the reactants and reaction mixture was heated to 95 C for 48 hours. The 

solventt was evaporated and the desired product could be isolated with column chromatography (alumina, 5% ethylacetate, 

1%% triethylamine, 94% hexane). Yield: 4.55 g. (88%). 
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! HH NMR (300 MHz. CDCI3): 8 8.15, 8.08, 8.02 (2H, CHAlom, E+Z isomers), 7.43. 7.38 (1H, CtfArom, E+Z isomers), 6.87 

(m,, Ar-Ctf=CH, E+Z isomers), 5.95 (m, ArCH=Ctf, E+Z isomers), 3.05 (dt, 2H, V(H, H) = 7.8. V(F, H) = 16.8). 

3,5-Dinonyll  aniline (24) 

AA high pressure autoclave was charged with l-nitro-3,5-dinon-1-enyl-benzene (22; 3.71 g., 10.1 mmol) dissolved in 15 

mLL THF and a catalytic amount of Pd/C was added. The reaction vessel was pressurized to 80 bars of dihydrogen and was 

heatedd to 80 C. After 16 hours the autoclave was cooled down and carefully vented. The content was filtered over Celite 

filterr aid and the filter was washed with 3 x 20 mL THF. The desired product was obtained after evaporation the solvent. 

Yieldd 3.43 g (98%) 

'HH NMR (300 MHz, CDC13): 8 6.49 (s, IH, Ar-tf) , 6.39 (s, 2H. Ar-H), 3.61 (b. 2H, NH2). 2.56 (t, 2H, J = 7.5, Ar-CH2-

C8H17),, 1.66 (p, 2H, J = 7.2, CH2), 1.38 (b, 12H, CH2), 0.99 (t. 3H, J = 6.3, Ctf3). 
13CC NMR (75.5 MHz. CDCI3): 8 147.51 (H2N-CAromj . 144.22 (CAroni), 119.45 <CArom), 113.02 (CArom). 68.18 (Ar-CH2), 

36.344 (Ar-CH2.-CH2), 32.28 (CH2), 31.80, 29.95, 29.81, 29.73, 25.92, 23.03 (CH2), 14.42 (CH3). 

GC-MSm/zz = 345. 

3,55 Bis-(« -4,4,5,5,6,6,7,7,8,8,9,9,9-tridecafluoro-nonyl) aniline (25) 

AA high pressure autoclave was charged with l-nitro-3,5-bis-(n-4,4,5,5,6.6,7,7,8,8,9,9,91-tridecafluoro-non-l-enyl)-ben-

zenee (23; 3.0 g, 3.6 mmol) dissolved in 15 mL MeOH and a catalytic amount of Pd/C was added. The reaction vessel was 

pressurizedd to 40 bars dihydrogen and additionally with 100 bars of C02 (end pressure is 140 bars). The reaction vessel 

wass heated to 45 °C for 4 days. After this reaction time the autoclave was cooled down to -30 °C and was carefully vented 

throughh a cold trap. The content of autoclave and cold trap were collected and filtered over Celite filter aid. The filter was 

washedd with 3 x 20 mL THF and the product was obtained after evaporation of the solvent. Yield 2.85 g (98%) 

'HH NMR (500 MHz, CDCI3): 8 6.47 (s, 3H, CtfArom), 2.60 (t, 2H, J = 7.5 Hz, Ar-CH2C8H17), 2.05 (m. 4H, CH2), 1.91 

(m,, 4H, CH2). 
13CC NMR (75.5 MHz, CDC13): 8151.38 (H2N-C), 141.00 (CAr„ m-CH2), 116.59 (CArpm-H), 116.24 (CAn,m-H). 61.09 (Ar-

CH2),, 31.57 (t, ArCH2CH2,
 27(C,F) = 21 Hz). 

I9FF NMR (282.4 MHz, CDCI3): 8-81.05,-114.32,-122,10, -122.99, -123.57, -126.27. 

3.7.44 Synthesis of ZnCl2(Ar-bian ) Complexes 
Thee intermediate ZnCI2(Ar-bian) complexes were prepared according to literature. SI'32 In a round bottom flask equipped 

withh a condensor and a magnetic stirring bar, filled with acenaphthenequinone, dry ZnCl2 (1-3 equivalents) and 3 equiv-

alentss of aniline were suspended/ dissolved in glacial acetic acid (5-15 ml). The flask was heated to reflux for 45 minutes. 

Afterr cooling to room temperature a solid deposit was filtered off. Subsequently, the solid was washed with ether (1x10 

mL)) and pentane (3 x 20 mL). The solids were dried in vacuo. 
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17'' 18' 18 17 

Figuree 3-11. Molecular structure and adopted atomic numbering of the Ar-bian ligands. 

ZnCl 2[(/n^i'-(CF 3)22 C6H 3) bian] (26a) 

>HH NMR (300.14 MHz, acetone-d6): 8 8.40 (d, J4.5=  8.4, 2H, Ar-//5), 8.17 (br, 2H, Ar-//16), 8.15 (br, 4H, Ar-//14), 7.76 

(pst,, 2H, Ar-//4), 7.36 (d, J3.4 = 6.9, 2H, Ar-H3). 
I3CC NMR (125.70 MHz, acetone-d6): 8 165.32 br (C,), 147.07 (C7), 145.82 (C6), 133.50 (C5), 132.97 (q, 27(C,F)= 33.9, 

C15),, 132.74 (C13), 129.36 (C4), 126.57 (C3), 125.59 (C2), 123.36 (q, '/(C,F)= 271, Ar-CF3), 122.85 br (C14), 121.96 

(CMS)--

19FF NMR (282.41 MHz, acetone-d6): 8 -63.96 (Ar-CF3). 

HRMSS (FAB+): [M] +v found 7.02.9764; calcd (C28H12Cl2F12N2Zn) 708.9789. 

ZnCl 2[(p-(C 12H 25)) C6H 4) bian] (26b) 

'HH NMR (300.14 MHz, acetone-d6): 8 8.39 (d, J4.5=  8.1, 2H, Ar-H5), 7.68 (d, J3.4 = 1.2, 2H, Ar-H3), 7.78 (pst, 2H, Ar-

H4),, 7.63 (d, J14.15 = 8.7,4H, Ar-H14-18), 7.53 (d, Ju.15 = 8.7, 4H, Ar-H15-17), 2.8 (t, J= 7.2, 4H, ArCH2C, ,H23), 1.7 (b, 

4H,, ArCH2CH2C10H2I), 1.5-1.3 (b, 36H, A r C ^ C ^ i g C H , ), 0.9 (m, 6H, ArC, |H22CH3). 

Elementall  analysis: calcd for C ^ H ^ C l ^ Z n: C, 71.59; H, 8.01; CI, 8.80; N, 3.48. Found: C, 71.39; H, 7.88; CI, 8.74; N, 

3.53. . 

ZnCl 2[(p-(C 8H 170)) C6H 4) bian] (26c) 

'HH NMR (499.84 MHz, CDC13): 8 8.16 (d, J4.5 = 8.5, 2H, Ar-H5), 7.84 (d, Jh4 = 7.5, 2H, Ar-i/ 3), 7.64 (d, J,4.l5 = 9.0, 

4H,, Ar-ff l4J8), 7.63 (pst, 2H, Ar-//4), 7.07 (d, J,4_l5 = 9.0, 4H, Ar-//15-17). 4.06 (t, J = 6.5,4H, ArOC/Z2C7Hl5), 1.86 (p, 

7=6.5,, 4H, ArOCH2C//2C6H l3), 1.5-1.4 (m, 4H, ArOCH2CH2C//2C5H,,), 1.4-1.3 (m, 16H, ArOC3H6C4//gCH3), 0.90-

0.933 (m, 6H, ArOC7H|4C//3). 
13CC NMR (125.70 MHz, CDC13): 8 161.23 (C,), 160.15 (C16), 144.75 (C7), 136.44 (C,3), 132.40 (C5), 131.31 (C6), 

128.744 (C4), 125.79 (C3), 125.76 (C2), 124.12 (C14), 115.96 (C15), 69.83 (NArOCH2C7H15), 69.62 (NArOCH2C7H,5), 

32.07,, 29.61, 29.50, 29.46, 26.31, 22.92 (NArOCH2C6H|2CH3), 14.36 (NArOC7H,4CH3). 

IR(KBr):: 1656. 1619 (C=N). 

Elementall  analysis: calcd for C40H48Cl2N2O2Zn: C, 66.26; H, 6.67; CI, 9.78; N, 3.86. Found: C, 66.34; H, 6.61; CI, 9.79: 

N,, 3.82. 

63 3 



Chapterr 3 

ZnC] 2[</H^'-(C 8H 170)2C6H3)) bian] <26d) 

1HH  NMR (499.84 MHz. CDC13): 8 8.16 (d, J4.5 = 8.5, 2H. Ar-//5). 7.88 (d. Jim4 = 7.5. 2H. Ar-//3). 7.63 (pst, 2H, Ar-//4). 

7.277 (d,y^./ i V = 2.5, 2H,Ar-//14), 7.20 (dd,y]7.18 = 8.5, y|4_18 = 2.5, 2H. Ar-//18), 7.02 (d,y,7_18 = 8.5, 2H, Ar-// I7),4.12 

(t,, J = 6.5, 4H, ArOC//2C7H|5), 4.03 (t, J = 6.5, 4H, ArOC//2C7H|5), 1.90 (p, J= 6.5, 4H, ArOCH2C//2C6H13), 1.85 (p. 

77 = 6.5. 4H. ArOCH2C//2Cf,Hn), 1.6-1.4 (m. 8H, ArOC2H4C//2C4H8CH3), 1.4-1.3 (m. 32H. ArOC3H6C4l/8CH3), 1.0-

0.99 (m, 12H, ArOC7H14C//3). 

I3CC NMR (125.70 MHz, CDCI3): 6 161.26 (C,). 150.46, 149.99 (Cl5. C16). 144.76 (C7J, 136.89 (C13). 132.35 (C5). 

131.411 (Cfi), 128.70 (C4), 125.91 (C3), 125.78 (C2), 1 14.40, 144.07 (C,7, C18), 108.06 (C14), 69.83 (NArOCH2C7H,5), 

69.622 (NArOCH2C7H l5), 32.09, 32.05, 29.64, 29.60, 29.55 29.51, 29.48, 29.33, 26.29, 26.25. 22.94. 22.91 

(NarOCH2C6H]2CH3hh 14,38. 14.35 (NArOC7H,4CH3). 

IR(KBr) :: 1619 (C=N). 

Elementall  analysis: calcd for C56H80C!2N2O4Zn; C. 68.52; H, 8.22; N, 2.85. Found: C, 68.55; H, 8.41; CI, 7.22; N, 3.09. 

HRMSS (FAB+): [M+H] +v found 943.5083 and 943.5120; calcd (C56H80
37Cl2N2Zn) 945.5086. 

ZnCl2[(p-(C6H130)) C6H4) bian] (26e) 
1HH NMR (499.84 MHz. CDC13): 5 8.2 (d. J4.5 = 8.5, 2H, Ar-//5), 7.8 (d, 7 M = 7.5, 2H, Ar-//3). 7.6 (d, J/4.,5 = 9.0, 4H. 

Ar-/ / 1 4 1 8) .. 7.6 (pst, 2H. Ar-//4), 7.1 (d, Jl4.l5 = 9.0. 4H, Ar-//1517), 4.6 (t, J = 6.5, 4H, ArOC//2C5H,,). 1.9 (p. J = 6.5, 

4H,, ArOCH2C//2C4H9), 1.5-1.4 (m, 4H, ArOCH2CH2C//2C3H7), 1.4-1.3 (m, 8H, ArOC3HAC2//4CH3), 0.90-0.93 (m, 

6H.. ArOC5H10C//3). 

I3CC NMR (125.70 MHz, CDC13): 5 161.2 (C|), 160.2 (C16), 144.8 (C7), 136.4 (C13), 132.4 (C5), 131.3 (C6), 128.7 (C4), 

125.88 (C3), 125.8 (C2), 124.1 (C,4), 116.0 (C15), 69.8 (NArOCH^H,, ), 69.7 (NArOCH2C5Hn), 32.07, 29.50. 26.31, 

22.922 (NArOCH2C4H8CH3), 14.36 (NArOC5H]0CH3). 

IR(KBr) :: 1655, 1618 (C=N). 

ZnCl 2[(p-(OC2H4C6F13)C6H4)) bian] (26f) 

1HH  NMR (499.84 MHz, CDC13 + trifluoro ethanol): 5 8.18 (d, J45 = 8.5, 2H, Ar-//5), 777 (d, Jj_4 = 7.5, 2H, Ar-//3), 7.66 

(pst,, 2H, Ar-//4), 7.61 (d, J14.t5 = 9.0, 4H, Ar-//14J8), 7.12 (d, J14.,5 = 9.0, 4H, Ar-//1517), 4.40 (t, J = 6.5, 4H, 

ArOCZ/2CH2C6F|3)) (ArOCH2CZ/2C6F13 not observed due to overlap with trifluoro ethanol). 
13CC NMR could not be measured due to the low solubility of compound 26f. 
]9]9FF NMR (282.41 MHz, CDC13 + trifluoro ethanol): 5 -76.15 (CF3), -117.46, -126.01 -127.13, -130.5, -130.4 (CF2). 

3.7.55 Synthesis of Ar-bian ligands 
Forr compounds 30a-g, the corresponding [Ar-bian]ZnCl2 (26a-g) were readily isolated and for these compounds the stan-

dardd literature procedure was followed. ' ~ For the other ligands, the [Ar-bian]ZnCl2 did not precipitate from solution 

andd after the reaction of ACQ, aniline and ZnCl2 in HOAc, the solvent was removed in vacou. The remaining oil/ solid 

wass dissolved in 20-50 mL CH2C12 (CHCI3 is preferred for the more fluorous ligands) and shaken in a separation funnel 

togetherr with 30 mL saturated K 2C03 solution. The organic layer was separated and the water layer was subsequently 
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washedd with CH-,C12. The combined organic fractions were dried on K 2C03 and the after Filtration the solvent was 

removed.. The Ar-bian ligands were purified over a deactivated alumina (3 %w/w H20) using hexane/ethylacetate(l-

10%)/Et3N(l%).. Yields 38-68% 

[m^j'-(CF3)22 C6H3] bian (30a) 

' HH NMR (499.84 MHz, CDC13): 8 8.04 (d, J4.5=  8.1, 2H, Ar-//5), 7.81 (br, 4H, Ar-//14), 7.61 (br, 2H, Ar-//16), 7.50 (pst, 

2H,, Ar-//4), 6.87 (d, J3.4 = 6.9, 2H, Ar-//3). 
I3CC NMR (125.70 MHz, CDC13): 5 162.58 (C,), 152.44 (C13), 142.67 (C7), 133.39 (q, 2/(C,F) = 33.4, C15), 131.82 (C6), 

130.677 (C5), 128.42 <C4), 127.68 (C2), 124.21 (C3), 123.36 (q, ,7{C,F) = 271, Ar-CF3), 119.14 (C14). 118.56 (C16). 

19FF NMR (282.41 MHz, CDC13): 8 -63.35 (Ar-CF3). 

HRMSS (FAB+): [M+H]+* : found 605.0872; calcd (C28H13FI2N2) 935.3821. 

[p-(C[p-(CnnHH 2525)) C6H 4] bian (30b) 

'HH NMR (300.14 MHz, CDC13): 5 7.86 (d, J4.5= 8.1, 2H, Ar-//5), 7.35 (pst, 2H, Ar-//4), 6.86 (d, J3_4 = 1.2, 2H, Ar-//3), 

7.277 (d, J,4.15=  8.1, 4H, Ar-//15), 7.02 (d, J,4.,5=  8.1, 4H, Ar-//14), 2.68 (t, / = 7.2, 4H, ArC//2C,,H23), 1.7 (b, 4H, 

ArCH2C//2C10H2]),, 1.5-1.3 (b, 36H, ArC^CV^gCH-,), 0.9-1.0 (m, 6H, ArCnH22C//3). 
I3CC NMR (75.48 MHz, CDC13): 8 161.57 (C^), 149.69 (C13), 141.91 (C7), 139.31 (C16),131.45 (C6), 129.50 (C15), 128.99 

(C5),, 127.79 (C4), 124.08 (C3), 118.42 (C14), 35.78 (NArCH2CnH23), 32.17, 31.80, 29.92, 29.79, 29.61, 22.93 

(NArCH2C10H20CH3),, 14.37 (NArCnH22CH3) (Not all signals were resolved). 

r/KC8H170)) C6H4] bian (30c) 

'HH NMR (499.84 MHz, CDCI3): 8 7.89 (d, J4.5 = 8.5, 2H, Ar-//5), 7.40 (pst, 2H, Ar-//4), 7.09 (d, J!4_I5=9.0, 4H, Ar-

7/15),, 7.06 (d, J3.4 = 7.0, 2H, Ar-//3), 7.01 (d, J!4.l5 = 9.0, 4H, Ar-//14), 4.04 (t, J = 6.5, 4H, ArOC//2C7H l5), 1.85 (p, J = 

6.5,4H,ArOCH2C//2C6H13),, 1.6-1.5 (m, 4H, ArOCH2CH2C//2C5H,,),!.4-1.3 (m, 16H, ArOC3H6C4//gCH3), 0.90-0.93 

(m,, 6H, ArOC7H,4C//3). 
I3CC NMR (125.70 MHz, CDC13): 8 161.77 (C,), 156.75 (C16), 144.95 (C13), 141.89 (C7), 131.48 (C6), 129.04 (C5), 

127.811 (C4), 128.97 (C2), 123.93 (C3), 120.05 (C,4), 115.43 (C,5), 68.59 (NArOCH2C7H15), 32.09, 29.68, 29.52, 26.39, 

22.922 (NArOCH2C6H12CH3), 14.37 (NArOC7H14CH3). 

[ /n^ '-(C 8H 1 70)22 C6H 3] bian (30d) 

'HH NMR (499.84 MHz, CDCI3): 8 7.88 (d, J4,5 = 8.0, 2H, Ar-//5), 7.38 (pst, 2H, Ar-//4), 7.07 (d, J3.4 = 7.5, 2H, Ar-//3), 

6.988 (d, J,7_i$= 8.5, 2H, Ar-//17), 6.74 (d, JI4_!S = 2.5, 2H, Ar-//'4), 6.55 (dd, J!4_l8=2.5, / / 7 . M = 8.5, 2H, Ar-//18), 4.07 

(t,, 7 = 6.5, 4H, ArOC//2C7H,5), 3.97 (t, 7 = 6.5, 4H, ArOC//2C7H15), 1.88 (p, J= 6.5, 4H, ArOCH2C//2C6H13), 1.81 (p, 

77 = 6.5, 4H, ArOCH2C//2C6H l3), 1.6-1.5 (m, 8H, ArOC2H4C/Z2C4H8CH3), 1.6-1.3 (m, 32H, ArOC3H6C4//8CH3), 1.0-

0.99 (m, 12H, ArOC7H,4C//3). 

13CC NMR (125.70 MHz, CDC13): 8 161.84 (C,), 150.09 (C13), 146.23, 145.67 (C15, C16), 141.82 (C7), 131.39 (Cj), 

129.000 (C5), 128.73 (C2), 127.77 (C4), 124.09 (C3), 114.97 (C17), 110.02 (C,8), 105.18 (C14), 69.94 (NArOCH2C7H,5), 
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69.200 (NArOCH2C7H|5), 32.03, 31.96, 29.70, 29.65, 29.53 29.29, 29.41, 29.35, 26.30, 26.17, 22.86, 22.81 

(NarOCH2C6H12CH3),, 14.29, 14.26 (NArOC7H14CH3). 

HRMSS (FAB+): [M+H] +* : found 845.6190; calcd (C56H81N202) 845.6196. 

\p-(C\p-(C66HH uuO)O) C6H 4] bian (30e) 

'HH NMR (499.84 MHz, CDC13): Ö 7.89 (d, J4.5 = 8.5, 2H, Ar-//5), 7.39 (pst, 2H, Ar-//4), 7.09 (d, J,4_l5 = 9.0, 4H, Ar-

HH]5]5),), 7.06 (d, y M = 7.0, 2H, Ar-//3), 7.01 (d, J 14_i5 = 9.0, 4H, Ar-//14), 4.04 (t, J = 6.5, 4H, ArOC//2C5H,,), 1.85 (p, J 

==  6.5, 4H, ArOCH2C//2C4H9), 1.5 (m, 4H, ArOCH2CH2C//2C3H7), 1.4-1.3 (m, 8H, ArOC3H6C2//4CH3), 0.90-0.93 (m, 

6H,, ArOC5H10C//3). 

13CC NMR (125.70 MHz, CDC13): 5 161.7 (C,), 156.7 (Cl6), 145.0 (C13), 141.8 (C7), 131.5 (C6), 129.0 (C5), 129.0 (C2)„ 

127.88 (C4), 123.9 (C3), 120.1 (C14), 115.4 (C15), 68.6 (NArOCH2C5Hn), 31.09, 29.7, 26.0, 22.7 (NArOCH2C4H8CH3), 

14.33 (NArOC7H14CH3). 

Elementall  analysis: calcd for C36H40N2O2: C, 81.17; H, 7.57; N, 5.26. Found C, 82.20; H, 5.25; N, 4.58. 

b- (OC 2H 4C 6F 1 3)) C6H 4] bian (30f) 

'HH NMR (300.14 MHz, CDC13): 5 7.90 (d, J4_5 = 8.1, 2H, At-H5), 7.40 (pst, 2H, AT-H4), 7.11 (d, J]4.,5=9.0, 4H, Ar-

H15),, 7.03 (d, J,4.]5 = 8.7, 4H, AT-H14), 7.01 (d. Js.4 = 7.0, 2H, AT-H3), 4.36 (t, J = 6.5, 4H, ArOC//2CH2C6F13), 2.68 

(m,, 4H, ArOCH2C//2C6F13), 

13CC NMR (125.70 MHz, CDC13); 5 161.87 (C,J, 155.60 (C16), 145.79 (C13), 141.95 (C7), 131.50 (C6), 129.20 (C5), 

128.977 (C2), 127.83 (C4), 123.93 (C3), 120.08 (Cl4), 115.62 (C]5), 68.59 (NArOCH2CH2C6F13), 31.65 (t, CH2CH2, J = 

211 Hz). 
I 9FNMRR (282.41 MHz, CDCI3): Ö -76.18 (CF3), -117.48,-126.05 -127.13, -130.5, -130.4 (CF2). 

HRMSS (FAB+): [M-C2H3]
+* : found 1057.1334; calcd (C40H23F26N2O2) 1057.1334. 

[m,m'-(C9H19)22 C6H4] bian (30g) 

'HH NMR (499.84 MHz, CD2C12); 5 7.92 (d, J4.5 = 8.0, 2H, AT-H5), 7.38 (pst, 2H, AT-H4), 6.95 (s, 2H, Ar-ff 16} , 6.88 (d, 

JJ33__44==  7.5, 2H, AT-H\ 6.75 (s, 2H, Ar-//14), 2.68 (t,7= 7.5, 8H, ArCff 2C8H17), 1.7 (p, 8H, ArCH2CH2C7H15), 1.5-1.3 

(b,, 48H, A r C ^ C y / ^ C R j ), 0.9-1.0 (m, 12H, ArC8H16C//3). 
13CC NMR (125.70 MHz, CDC13): Ö 162.97 (C,), 154.19 (C15), 146.60 (C,3), 143.67 (C7), 133.38 (C6), 130.94 (C16), 

129.600 (C5), 129.25 (C2,Cn) , 126.93 (C4), 125.98 (C4), 38.06 (NArCH2C8H17), 34.07, 33.58, 31.76, 31.70, 31.50, 31.40, 

24.833 (NArCH2C7H,4CH3), 16.03 (NAiC8H,6CH3). 

HRMSS (FAB+): [M+H] +<: found 837.7032; calcd (C60H89N2) 837.7026. 

[m/n[m/n'-(CF'-(CF33))22 C6H3]-5-n-C8H17 bian (31a) 

'HH NMR (300.14 MHz, CDC13): 5 8.15 (d, J8.9=  8.4, 1H, Ar-H8), 7.80 (s, 2H, Ar-ff 16), 7.61 (s, 4H, Ar-//14), 7.50 (pst, 

1H,, Ar-//9), 7.32 (d, J3.4 = 7.5,1 H, AT-H4), 6.84 (d, J9.l0 = 7.2, 1H, Ar-//10), 6.79 (d, J3.4 = 7.5, 1H, Ar-//3), 3.08 (t, J = 
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7.8,, 2H, ArCff 2C7H|5), 1.66-1.76 (m, 2H, ArCH2C//2C6H,3), 1.25-1.43 (br, 10H, ArC2H4C5// l0CH3), 0.9 (m, 3H, 

ArC7H14C//3). . 

\p-(C\p-(CuuUU2525)) C6H 4]-5-n-C8H 17 bian (31b) 

'HH NMR (499.84 MHz, CDC13): 8 8.04 (d, J8.9 = 8.4, 1H, Ar-//8), 7.38 (pst, 1H, Ar-//9), 7.33 (d, J,4.,5 = 8.0, 4H, Ar-

Z/15),, 7.21 (d, J3.4 = 7.5, 1H, Ar-//4), 7.03 (d, J,4.,s = 8.0, 4H, Ar-//14), 6.90 (d, J9.,0 = 7.0, 1H, Ar-//10), 6.84 (d, i M = 

7.5,, 1H, Ar-//3), 3.05 (t, J = 7.8, 2H, ArC//2C7H15), 2.74 (t, J = 7.5, 4H, NArC//2CuH23), 1.69-1.76 (m, 6H, 

ArCH2C//2C6H133 + NARCH2C//2C10H21), 1.25-1.43 (br, 46H, ArC2H4C5//,0CH3+ NArC2H4CV/ lgCH3), 0.9 (m, 3H, 

ArC7H14C//33 + NArCnH22C//3). 
13CC NMR (125.70 MHz, CD2C12): 6 161.6 and 161.2 (Ĉ  and Cl2), 150.0 and 149.9 (C13 and C1V), 142.9 (C7), 142.3 

(C5),, 139.33 and 139.33 (C16 and C,6) , 130.4 (C6), 129.7 (br, C,5 and C15.). 129.4 (C2, C,,), 127.3, 127.2, 126.0 (C4, C8, 

C9),, 123.9, 123.6 (C3, C10), 118.1 and 118.0 (C14 and C14-), 35.7 (NArCH2CMH23), 32.6, 32.2, 32.1, 31.9, 31.0, 29.99, 

29.97,, 29.96, 29.89, 29.8, 29.64, 29.63, 29.59, 29.50, 22.94, 22.87 (NArCH2C10H20CH3 + ArC7H|4CH3), 14.13, 14.08 

(NArCnH22CH33 + ArC7H14CH3). 

|/v(C8H,70)) C6H4]-5-/i-C8H17 bian (31c) 

'HH NMR (499.84 MHz, CD2C12): 5 8.08 (d, J8.9 = 8.5, 1H, Ar-//8), 7.44 (pst, 1H, Ar-//9), 7.26 (d, J3.4 = 7.5, 1H, Ar-//4), 

7.10-7.055 {m, 3H, Ar-//10'14'15), 7.01 (d, J3  ̂ = 7.0, 1H, Ar-//3), 4.08 (t, J = 6.7, 4H, NArOC//2C7H15), 3.08 (t, J = 7.8, 

2H,, ArC//2C7H15), 1.91-185 (m, 4H, NArOCH2C//2C6H13), 1.76-1.70 (m, 2H, ArCH2C//2C6H ]3), 1.6-1.3 (br, 30H, 

ArC2H4C5//|0CH33 + NArOC2H4C5//10CH3), 0.9 (m, 3H, ArC7H14C//3 + NArOC7H14C//3). 
13CC NMR (125.70 MHz, CD2C12): 5 161.9 and 161.4 (C; and C12), 156.8 and 156.7 (C,3 and C1 3) , 145.2 and 145.1 (C16 

andC16-),, 143.0 (C7) 142.3 (C5), 129.4 (C2, Cu) , 127.3, 127.2, 126.0 (C4, C8, C9), 123.8, 123.4 (C3, C,0), 119.65, 119.56 

(C155 and C15), 115.7, 115.6 (Cl 4 and C140, 68.6 (NArOCH2C7H,5). 32.7, 32.12, 32.08, 31.1, 29.8, 29.7, 2964. 29.55, 

29.46,, 29.4, 22.94, 22.88 (NArOCH2C6Hl2CH3 + ArC7H14CH3), 14.14, 14.09 (NArOC7H14CH3 + ArC7H14CH3). 

HRMSS (FAB+): [M+Hf* : found 701.5044; calcd (C48H65N202) 701.5046. 

[w,p-(C8H170)22 C6H3]-5-n-C8H17 bian (31d) 

'HH NMR (300.13 MHz, CD2C12): 5 8.07 (d, J8_9 = 8.7, 1H, Ar-//8), 7.65 (m, 3H, Ar-//), 7.52 (pst, 1H, Ar-//9), 7.41 (d, 

JJ99__1010 = 7.2, 1H, Ar-//10), 7.05 (d, J!7_I8 = S.1, 2H, Ar-//17), 6.76 (s, 2H, Ar-//14), 6.67 (d, J,7.,8=  8.7, 2H, Ar-//18), 4.12 

(t,, J = 6.3, 4H, ArOC//2C7H15), 4.01 (t, / = 6.5, 4H, ArOC//2C7H15), 3.08 (t, J = 7.8, 2H, ArC//2C7H15), 1.91-185 (m, 

4H,, NArOCH2CZ/2C6H13), 1.8 (m, 8H, ArOCH2C//2C6H13), 1.6-1.3 (m, 50H, ArOC2H4Cs//10CH3 ArC2H4C5//10CH3), 

1.0-0.99 (m, 15H, ArOC7H,4C//3 + ArC7H14CZ/3). 
13CC NMR (75.48 MHz, CDCI3): 5 161.2 and 160.6 (C, and C12), 159.9 (C16), 145.0 and 144.9 (C,3 and C,v ) , 142.4 (C7), 

136.4(CS),, 130.0(C6),129.1, 128.6 (C8, C9), 127.8(C2), 126.3, 125.6(C3, C4), 125.1 (C10), 124.0(C14). 115.9(CI5),68.8 

(NArOCH2C7H15),, 32.7, 32.1, 32.1, 31.2, 29.8, 29.7, 29.64. 29.53 29.47, 29.40, 22.94, 22.88 (NArOCH2C6H12CH3 + 

ArC7H14CH3),, 14.36, 14.24 (NArOC7H14CH3 + ArC7H14CH3). 
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[m,m'-(CF3)22 C6H3]-5-n-C2H4C6F13 bian (32a) 

'HH NMR (300.14 MHz, CDC13): 8 8.14 (d, JH.9 = 8.4, 1H, Ar-//8), 7.81 (br. s, 2H, Ar-W'6), 7.62 (br. s, 4H, Ar-//14), 7.59 

(pst,, 1H, Ar-//9), 7.40 (d, 7 ^ = 7 . 5, 1H, Ar-//4), 6.95 (d,7?.4= 7.5. 1H, Ar-//3), 6.85 (d, /y . / 0= 7.5, 1H, Ar-//10), 3.4 (rn, 

2H,, ArC//2CH2C6F13), 2.5 (m, 2H, ArCH2C//2C6F13). 
13CC NMR (75.48 MHz, CDC13): 5 162.56, 162.13 (C, and C,2). 152.47 and 152.34 (C,3 and Ci r ) , 143.00 (C7), 140.50 

(C5),, 133.40 (q, 2/<C,F)= 34.0, C15, C,7). 130.39 (C6), 128.74, 128.41 <C8, C9), 128.24 (C2 and C,,), 126.98, 126.0 (C3, 

C4),, 124.24 (C|0), 123.32 (q, 'V(C,F)= 272, Ar-CF3), 119.03 (C16). 118.51 (C14, Cl 8). 31.99 (t, 2J(C,F)= 21.3, 

ArCH2CH2C6F13),, 23.30 (ArCH2CH2C6F|3), (no ArC2H4C6F13 were resolved). 
19FF NMR (282.41 MHz, CDC13): 8 -63.53 (Ar-CFj), -81.27 (t, 3J(F,F)= 11.0, CF2CFj). -114.87. -122.1, -123.1.-123.6, 

-126.433 (m,C 2̂). 

HRMS(FAB+):: [M-F]+>: found 951.0910; calcd (C36H,6F25N2) 951.0914. 

[p-(C 12H 25)) C6H 4]-5-/ i-C 2H 4C6F13 bian (32b) 

'HH NMR (300.13 MHz, CD2C12): 8 8.00 (d. J8.9 = 8.4, 1H, Ar-//8), 7.46 (pst, 1H, Ar-//9). 7.35 (d, JI4.15 = 8.4, 4H, Ar-

HHMM 18), 7.27 (d, J3,4 = 7.2, 1H, Ar-//4), 7.06 (d, Jl4.,5 = 8.4, 4H, Ar-//15- , 7) . 6.99 (d, J9.i0 = 7.2, 1H, Ar-//10), 6.90 (d, 

Js_4=Js_4= 7.2, 1H, Ar-//3). 3.39 (m, 2H, ArCZ/2CH2C6F13), 2.68 (t, J = 7.2, 4H, ArC//2CnH23), 2.5 (m, -?J(H,F> = 19.5, 2H, 

ArCH2C//2C6F13),, 1.75 (br, 4H, ArCH2C//2C10H21), 1.5-1.3 (br, 36H, ArC2H4C9// lgCH3), 0.9 (m, 6H, ArC,,H22C//J). 
13CNMR(75.48MHz,CD2Cl2):88 161.17 and 160. (C, andC,2), 149.86 and 149.75 (C,3 and C1 3) , 142.20 (C7), 139.48 

(C16),, 138.33 (C5), 129.71 (C15,C17), 128.33 (C2), 129.92, 128.03, 127.64 (C4. Cg, C9), 124.92, 123.97 (C3, C,f)), 117.98 

andd 117.92 (Cl 4 and C] 4 ) , 35.74 (NArCH2CnH23). 32.21, 31.99, 30.00, 29.85, 2966, (NArCH2C10H2OCH3, ) (signals 

obscuredd by deuterated solvent peaks), 31.16 (t, 2J(C,F) = 21.1, ArCH2CH2C6F,3), 22.93 (s, ArCH2CH2C6F13), (not all 

aromaticc singals were resolved and no ArC2H4C6F|3 resonances were resolved). 
19FNMRR (282.41 MHz, CDC13): 8-81.40 (t, 3i(F,F)= 8.5.CF2CFj), -114.9, -122.1,-123.1, -123.6, -126.45 (m. CF2). 

|p - (C8H 1 70)) C6H 4] -5-«-C2H 4C6F13 bian (32c) 

!HH NMR (300.14 MHz, CDC13): 8 8.22 (d, Js.9=  8.7, 1H, Ar-//8), 7.76 (d, ./9./ 0= 7.2, 1H, Ar-//10), 7.69 (pst, 1H, Ar-

Z/9),, 7.85 (d, J3.4 = 7.2, 1H, Ar-//4), 7.61 (d, JI4.IS=%. 1, 4H. Ar-//14- 18), 7.49 (d, J3_4 = 7.2, 1H, Ar-//3), 7.07 (d, Jl4.15 

== 8.1, 4H, Ar-//15' 17), 4.05 (t, J = 6.3, 4H, ArOC//2C7H|5), 3.5 (m, 2H, ArC//2CH2C6F13), 2.5 (m, 2H, V(H.F)= 19.5, 

ArCH2C//2C6Fl3),, 1.85 (p, J = 6.3, 4H, ArOCH2C//2C6H|3), 1.6-1.3 (m, 20H, ArOCH2CH2C5//20CH3), 0.95 (m, 6H, 

ArOC7H14C//j). . 
13CC NMR (75.48 MHz, CDC13): 8 161.17 and 160.64 (C, and C]2), 159.894 (C16), 145.03 and 144.91 (C,3and C,3-), 

142.411 (C7), 136.34 (C5), 130.05 (C6), 129.09, 128.64(C„, C9), 127.75 (C2), 126.25, 125.63 (C3,C4), 125.07 (C,0), 124.08 

(C14),, 115.93 (C15), 68.77 (NArOCH2C7H15), 31.20 (t, 2J(C,F) = 21.6, ArCH2CH2C6F13), 32.05, 29.60, 29.49, 26.28, 

22.922 (NArOCH2C6H12CH3), 14.36 (NArOC7H14CH3) (no ArC2H4C6F13 were resolved). 

19FF NMR (282.41 MHz, CDC13): 8 -80.90 (t, 3J(F,F)= 8.5, CF2CFj), -114.5, -122.87, -122.8, -123.3, -126.14 (m, CF2). 

HRMSS (FAB+): [M+H] +#: found 935.3824; calcd (C48H52F13N202) 935.3821. 
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[/n,/>-(C8H170)22 C6H3]-5-n-C2H4C6F13 bian (32d) 

'HH NMR (300.13 MHz, CD2C12): 5 8.04 (d, J8.9=  8.7, 1H, Ar-//8), 7.6 (m, 3H, Ar-//), 7-52 (pst, 1H, Ar-tf 9), 7.41 (d, 79. 

,0== 7.2, 1H, Ar-//10), 7.05 (d, J17_18 = 8.7, 2H, Ar-//17), 6.76 (s, 2H, Ar-//14), 6.67 (d, J,7_t8 = 8.7, 2H, Ar-//18), 4.12 (t, 

77 = 6.3, 4H, ArOC//2C7H15), 4.01 (t, J = 6.5, 4H, ArOC//2C7H15), 3.5 (m, 2H, ArC//2CH2C6F!3), 2.6 (m, 2H, 

ArCH2C//2C6F13),, 1.8 (m, 8H, ArOCH2C//2C6H13), 1.6-1.3 (m, 40H, ArOC2H4C5//10CH3), 1.0-0.9 (m, 12H, 

ArOC7H14C//3). . 
13CC NMR (75.48 MHz, CD2C12): 8 161.43 and 161.03 (C, and C12), 150.62 (C13), 146.55, 145.79 (C]5, C16), 142.18 (C7), 

138.433 (C5), 129.98 (C6), 128.80, 128.11, 127.72 (C3> C4, C8), 128.32 (C2 and C,,), 127.72 (C9), 123.98 (C10), 115.39 

(C17),, 109.68 (C18), 105.02 (C14), 70.05 (NArOCH2C7H15), 69.28 (NArOCH2C7H15), 31.20 (ArCH2CH2C6F13), 32.15, 

29.64,, 26.43, 22.95 (NarOCH2C6H12CH3, not all signals are resolved), 14.08 (NArOC7H14CH3) (no ArC2H4C6F13 were 

resolved). . 
19FF NMR (282.41 MHz, CDC13): 8 -79.53 (br, CF2CF.j), -113.0, -120.2, -121.2,-121.8, -124.57 (m, CF2). 

[ /H,*W'-(CF 3)22 C6H 3]-5,8-{«-C2H 4C6F13)2 bian (33a) 

'HH NMR (499.84 MHz, CD2C12): 8 7.88 (s, 2H, Ar-//16), 7.62 (s, 4H, Ar-//14), 7.42 (d, J3_4 = 7.5, 2H, Ar-//4), 6.86 (d, 

JJ33,,44 = 7.5, 2H, Ar-//3), 3.5 (m, 4H, ArC//2CH2C6F13), 2.5 (m, 4H, ArCH2C//2C6F13). 
13CC NMR (125.70 MHz, CD2C12): d 161.7 (C, and C12), 152.7 (C,3), 144.6 (C7), 140.4 (C5), 133.2 (q, 2/(C,F) = 33.9, 

C13),, 131.3 (C4), 129.6(C6), 128.2 (C2), 124.3 (C3), 123.5 (q, >7(C.F)= 272.8, Ar-CF3), I18.8(C14), 118.4 (C16), 33.4 (t, 
2J(C,F)== 21.8, ArCH2CH2C6F13), 27.1 (ArCH2CH2C6F13) (no ArC2H4C6F13 were resolved). 
19FF NMR (282.41 MHz, CDC13): 8 -63.51 (Ar-CFj), -81.37 (br, CF2CF,), -114.6, -122.15, -123.1, -123.6, -126.46 (m, 

CF2). . 

HRMSS (FAB+): [M+Hf : found 1297.1100; calcd (C^H^F^N;,) 1297.0941. 

b - (C1 2H 2 5)) C6H 4]-5,8-(n-C2H 4C6F13)2bian (33b) 
]HH NMR (300.13 MHz, CD2C12): 8 7.27 (d,7i .4= 7.2, 1H, Ar-//4), 7.06 (m, 8H, Ar-//14-15), 6.90 (d, 7 ^ = 7.2, 1H, Ar-

H\H\ 3.39 (m, 4H, ArC//2CH2C6F13), 2.68 (t, J= 7.2, 4H, ArC//2C,,H23), 2.5 (m, V(H,F) = 19.5,4H, ArCH2C//2C6F13), 

1.755 (br, 4H, ArCH2C//2C10H21), 1.5-1.3 (br, 36H, A r C ^ C y / ^ C H j ), 0.9 (m, 6H, ArCnH22CZ/,). 
19FF NMR (282.41 MHz, CD2C12): 8-81.37 (t, V(F,F) = 9.9, CF2CFj), -114.7, -122.2, -123.2,-123.7, -126.4 (m, CF2). 

[p-(C8H170)) C6H4]-5,8-(n-C2H4C6F13)2 bian (33c) 

'HH NMR (300.13 MHz, CD2C12>: 8 7.30 (d, J3_4 = 7.2, 2H, Ar-//4), 7.05-7.02 (m, 10H, Ar-//3-14-15), 4.05 (t, J = 6.6, 4H. 

ArOC//2C7H l5),, 3.50-3.45 (m, 4H, ArC//2CH2C6Fl3), 2.5 (m, 4H, ArCH2C//2C6F13), 1.90-1.78 (m, 4H. 

ArOCH2C//2C6H|3),, 1.6-1.3 (br, 20H, ArOCH2CH2C5//20CH3), 0.92 (m, 6H, ArOC7H14C//j). 
13CC NMR (75.48 MHz, CD2C12): 8 160.8 (Ĉ  and C12), 156.8 (C]3), 144.9 (C7), 138.4 (C5), 130.9 (C4). 129.4 (C6), 123.9 

(C3),, 119.4 (C15), 115.6 (C,4), 68.6 (NArOCH2C7H,5), 33.6 (t, V(C.F) = 21.6, ArCH2CH2C6F13), 32.1, 29.6, 29.5, 26.3, 
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22.99 (NArOCH2C6H,2CH3), 27.1 (ArCH2CH2C6F|3). 14.36 (NArOC7H14CH3) (C2, C16, and ArC2H4C6F13 could not be 

resolved). . 

, 9FF NMR (282.41 MHz, CD2C12): 8 -81.37 (t, V(F,F) = 9.9, CF2CF3), -114.7.-122.2, -123.2, -123.7, -126.4 (m, CF2). 

HRMSS (FAB+): (M]+* : found 1281.3885; calcd (C56H55F2602N2) 1281.3848. 

[m, j p-(C8H 170)2C6H3]-5,8-(«-C2H 4C6F13)22 bian (33d) 

'HH NMR (300.13 MHz, CD2C12): 8 7.30 (d, 3iA = 7.2, 2H, Ar-tf 4), 7.0 (m, 10H, Ar-//3), 6.96 (d, Jl7_,H = 8.5, 2H, Ar-

J/17),, 6.75 (d, Jl4.1H = 2.5, 2H, Ar-Hu), 6.56 (dd, J14_,H = 2.5, J!7.,H = 8.5, 2H, Ar-ff 1*) , 4.09 (t, J = 6.5, 4H, 

ArOC//2C7H15),, 3.94 (t, J = 6.5, 4H, ArOCtf2C7H15), 3.50-3.45 (m, 4H, ArC//2CH2C6FL3), 2.5 (m, 4H, 

ArCH2Cf/2C6F,3),, 1.88 (p, J- 6.5. 4H, ArOCH2Ctf2C6H13), 1.80 (p, J = 6.5, 4H, ArOCH2C//2C6H]3), 1.6-1.5 (m, 8H, 

ArOC2H4C//2C4H8CH3),, 1.6-1.3 (m, 32H, ArOC3H6C4#8CH3), 1.0-0.9 (m, 12H, ArOC7H14Cff3). 
19FF NMR (282.41 MHz, CD2C12): 5 -81.39 (t. V(FF) = 9.9, CF2CF3). -114.7, -122.2, -123.2,-123.6, -126.4 (m, CF2). 

3.7.66 Crystal structure determinations 
X-rayy intensities were measured on a Nonius KappaCCD (compound 7 and 30a) or a Enraf-Nonius CAD4T (compound 

30e)) diffractometer, both equipped with a rotating anode and graphite monochromator (X - 0.71073 A). The structures 

weree solved with direct methods using the programs SHELXS-86 M (compound 7 and 30e) or SIR-97 35 (compound 30e). 

Thee structures were refined with the program SHELXL-97 36 against F2 of all reflections. Non-hydrogen atoms were 

refinedd with anisotropic displacement parameters. Hydrogen atoms were refined as rigid groups. Crystallographic calcu-

lations,, plotting and checking for higher symmetry was performed with the PLATON package.37 Further crystallographic 

detailss are given in table 3-2. 

Inn the crystal structure of 7, there is residual electron density close to atoms Ol and 02. this is due to crystal defects and 

alsoo explains the elongated bond CI-CI 2. In the crystal structure of 30a the trifluoromethyl group at C15 is rotationally 

disordered.. The crystal of 30e was weakly diffracting, leading to relatively high R-values. 

Tablee 3-2. Crystallographic data of compounds 7, 30a and 30e. 

Formula a 

FW W 

Crystall  size (mm) 

Crystall  system 

Crystall  color 

Spacee group 

aa (A) 

b(A) ) 

c(A) ) 

7 7 

C2QQ Hi) F |3 02 

528.27 7 

0.36x0.12x0.06 6 

Monoclinic c 

yellow w 

P2,/cc (No. 14) 

17.7036(3) ) 

6.5943(2) ) 

18.5011(5) ) 

30a a 

C 288 H 12 F I 2 N 2 

604.40 0 

0.500 x 0.30 x 0.30 

Tetragonal l 

yellow w 

I4c2(no.. 120) 

14.5419(1) ) 

--
24.2085(2) ) 

30e e 

C3 6H4 0N2O2 2 

532.70 0 

0.500 x 0.40 x 0.03 

Triclinic c 

orange e 

PTT (No. 2) 

8.5778(16) ) 

13.129(2) ) 

14.083(3) ) 
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Tablee 3-2. Crystallographic data of compounds 7, 30a and 30e. 

oc(°) ) 

PC) ) 

Y(°) ) 

V(A 3) ) 

z z 
Dcalcc (g/cm3) 

HH (mm"1) 

extinctionn coefficient 

F(000) ) 

sin(e/A,)max((A°) ) 

refl.. collected./ unique 

parameters// restraints 

RR}} 1 wR2 (I > 2a(I)) 

/?,, / wR2 (all refl.) 

GoF F 

Pmin/maxx (e'A ) 

7 7 

--
113.4479(9) ) 

--
1981.51(9) ) 

4 4 

1.7708(1) ) 

0.196 6 

--
1048 8 

0.52 2 

18567/2476 6 

316/0 0 

0.0537/0.1434 4 

0.0665/0.1561 1 

1.070 0 

-.29// 0.72 

30a a 

--

--

--
5119.30(7) ) 

8 8 

1.5684 4 

0.154 4 

0.0022(5) ) 

2416 6 

0.65 5 

26984/1599 9 

220/81 1 

0.0410/0.1093 3 

0.0456/0.1138 8 

1.038 8 

-0.31/0.37 7 

30e e 

107.463(14) ) 

96.281(15) ) 

99.222(14) ) 

1472.3(5) ) 

2 2 

1.202 2 

0.074 4 

--
572 2 

0.60 0 

6739// 5395 

363/0 0 

0.0938/0.1634 4 

0.2348// 0.2173 

1.007 7 

-0.29// 0.49 
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T""  Synthesis and Characterization 
off  CC^-phili c Zerovalent 
Palladiumm Complexes; Use of 
Pd(nbd)(ma)) as Precursor 
Complex** * 

4.11 Introductio n 

Theree has been considerable interest in the chemistry of palladium and platinum complexes contain-

ingg ^-coordinated unsaturated ligands, which may be ascribed to the versatile catalytic reactions 

involvingg platinum T)2-alkene and T|2-alkyne complexes. Complexes of Pd(0) are often invoked and 

occasionallyy directly used as catalyst precursor in homogeneous hydrogenation, Heck coupling, 

cross-coupling,66 carbonylation,7,8 and allylic alkylation reactions.9 The versatility in chemistry of the 

palladiumm catalysts and their high tolerance towards functional groups make these complexes an 

indispensablee tool for both common and state-of-the-art organic synthesis. 

Thee synthesis of Pd(0) complexes containing various neutral ligands is usually accomplished either 

byy ligand displacement of Pd(0) precursor complexes with labile ligands or by the reduction of Pd(II) 

compoundss containing hard nucleophiles such as halogens or oxygen ligands (as in PdCI2 and 

Pd(OAc)2).
5,100 Since the discovery of an air-stable zerovalent palladium complex of the general for-

mulaa Pdx(dba)y(solv.)z (dba = dibenzylidene acetone, solv. = solvent of crystallization) by Itoh et al. 

inn the 1970s, this complex has been extensively used as starting material in synthesis and cataly-

sis.6,11"222 Due to its successful application as a precursor complex, it has become one of the most 

widelyy used routes to obtain other zerovalent palladium compounds. 

§.. Part of this chapter has been published. A.M. Kluwer, C.J. Elsevier, M. Bühl, M. Lutz, A.L. Spek. Angew. Chem. Int. 
Ed... 2003, 42, 3501-3504 
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Besidess Pdx(dba)y(solv.)z, other Pd(alkene) complexes, such as Pd(ethylene)3, Pd(cod)2 (cod = 1,5-

cyclooctadiene)) and Pd(nbe)3 (nbe = norbornene), have been applied as precursor complexes and in 

catalysiss (mainly to form ligand-free catalysts). 23~25 In contrast to their platinum analogues, these 

palladiumm complexes are thermally instable and suffer from rapid decomposition at temperatures 

higherr than -30 °C which hampered the general use of these compounds for synthesis of com-

plexes.26-27 7 

MM = Pt, Pd 

Figuree 4-1. Homoleptic M2(1.6-diene)3 complexes as described by Pörschke et al. 

Pörschkee et al. have described the synthesis and use of "naked palladium" complexes containing coor-

dination-labilee 1,6-diene and other [L-Pd(O)] fragments as highly reactive building units.28 It was 

shownn that the homoleptic dinuclear palladium and platinum complexes (Pd2( 1,6-diene)3 and Pt2( 1,6-

diene)3,, see Figure 4-1) are very useful starting materials for preparing mononuclear complexes of the 

generall  formula L-M( 1,6-diene) with L being a phosphine, phosphite or nitrile. According to the 

authors,, it is to be expected that these complexes find general application in homogeneous catalysis 

inn those cases where an unsaturated, mono ligated complex fragment [L-Pd(0)], which is easily devel-

opedd from these complexes, acts as the "true catalyst". 

Duringg the synthesis of the palladium complexes containing lipophilic and/or fluorophilic nitrogen or 

phosphoruss ligands starting from Pd(dba)2 problems were encountered concerning the purification of 

thesee compounds due to the similar solubility of free dibenzylidene acetone (dba) and the desired pal-

ladiumm complex in organic solvents. Furthermore, the general instability of zerovalent palladium 

complexess in solution gave rise to low yields and impure products. Therefore we were interested in 

thee use of a new zerovalent palladium precursor that is easily available and contains labile ligands, 

whichh are volatile and can thus be easily removed by evaporation. Preferably, the palladium precursor 

needss to be stable at room temperature and to be handled in air without decomposition in order to be 

usedd on a general basis. 

Ishiii  et al. have reported the synthesis of a number of mixed alkene complexes of the general formula 
90 0 

Pd(diene)(alkene).. The stability of these complexes depends on the judicious combination of elec-
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tron-donatingg and electron-withdrawing alkenic ligands. One of the complexes reported was the 

zerovalentt palladium complex Pd(nbd)(ma) (1) (nbd = norbornadiene, ma = maleic anhydride), which 

iss stable as a solid at room temperature but rapidly decomposed when it was dissolved in an organic 

solvent.. This indicates that in solution, one of the coordinated alkenes is labile and can thus easily be 

replacedd by other, more stabilizing ligands. The apparent lability of one of the ligands prompted us to 

investigatee the use of Pd(nbd)(ma) as precursor complex for the synthesis of lipophilic and/or fluoro-

philicc zerovalent palladium complexes. 

Inn this chapter the synthesis and characterization of zerovalent complexes of palladium of the type 

Pd(LL)(ma)) (LL = nitrogen or phosphorus donor ligand) is described using Pd(nbd)(ma) as starting 

material.. Although Pd(nbd){ma) is a known complex it has only been poorly characterized.29 This 

compoundd was studied by a number of NMR techniques and revealed different fluxional processes in 

solution,, which will be described. Furthermore, by this route, one can readily exchange the coordi-

natedd norbornadiene ligands for "ö-donor only" ligands to form zero-valent complexes, which have 

previouslyy been alleged to be unstable. This resulted in the synthesis and characterization of several 

unprecedentedd stable Pd(0) compounds with monodentate N-ligands, as well as an X-ray structure of 

onee of these, Pd(py)2(ma) (py = pyridine, ma = maleic anhydride). 

4.22 Results and Discussion 

4.2.11 Synthesis and substitution experiments with Pd(nbd)(ma) 
Pd(nbd)(ma)) (1) has been prepared from Pd(dba)2 by a modified procedure based on the synthesis 

publishedd by Ishii et al. It appeared that the decomposition to metallic palladium during the synthesis 

couldd be appreciably reduced when THF was used as solvent instead of acetone. In contrast to other 

zerovalentt palladium precursors with volatile and labile ligands that can easily be displaced, e.g., 

Pd(nbe)33 (nbe = norbornene) or Pd(ethylene)3, the complex Pd(nbd)(ma) (1) can be stored at room 

temperaturee and can even be handled in air for a short while without decomposition. Similarly, 

Pd(cod)(ma)) (2) (cod = 1,5-cyclooctadiene) contains simple alkenic ligands but is more stable in solu-

tion. . 

Thee coordinated norbornadiene in Pd(nbd)(ma) complex can be readily and quantitatively substituted 

inn solution by a mono- or bidentate ligands. The exchange is complete within several minutes at 20 

°CC in THF, acetone, CD2C12 or CDC13. The substitution reaction between the coordinated norborna-
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dienee of the Pd(nbd)(ma) complex and (0,0'-iPr2C6H3)-bian was studied by ]H NMR in CDC13 (see 

Figuree 4-2). The rapid formation of Pd[(<-;,o'-/Pr2C6H3) bian](ma) is observed as is indicated by the 

loww frequency shift of the Ar-bian ligand signals and the concomitant release of one equivalent of nor-

bornadiene.. Besides the desired product, no other palladium complexes were formed and after evap-

orationn of the solvent the product could be isolated in 95% yield. 

Figuree 4-2. Substitution reaction with (o,o'-i'Pr2 C6H4)-bian and Pd(nbd)(ma). Free ligand is indicated with an asterisk, 
freee norbornadiene is marked with cross and Pd[(o,o' ;Pr2 C6H4) bianl(ma) is marked with an open circle. Spectrum (A) 
wass recorded after 4 minutes, (B) after 10 minutes. (C) after 14 minutes and (D) after 18 minutes. 

4.2.22 Synthesis of Pd(NN)(ma) and Pd(PP)(ma) complexes 

Zerovalentt palladium(maleic anhydride) complexes containing substituted bis(arylimino)acenaph-

thenee (Ar-bian) (3-6, see Scheme 1) and substituted bipyridine (7a-c), of the general formula 

Pd(NN)(ma),, were synthesized and isolated in 60-90% yield by reaction of Pd(nbd)(ma) with the 

appropriatee bidentate nitrogen ligand. When the more lipophilic Ar-bian ligands were employed in 

combinationn with Pd(dba)2, the yields were lower because of the extensive washing needed to remove 
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thee free dibenzylidene acetone. The new Pd-complexes and the adopted numbering are given in 

Schemee 1. 

1 1 
Ri i 

m,m, m'-(CF3)2 

p-C12H25 5 
p-OC8H17 7 

m,m, p-(OC8H17)2 
p-OC2H4C6H13 3 

m,m, m'-(C9H19)2 

m,, m'-(CF3)2 
p-Ci2H25 5 
P-0C8H17 7 

m,m, p-(OC8H17)2 

m,, m'-(CF3)2 

p-C12H25 5 
p-OC8H17 7 

m,, p-(OC8H17)2 

m,, m'-(CF3)2 

p-C12H25 5 
p-OC8H17 7 

m,m, p-(OC8H17)2 

R2 2 

H H 
H H 
H H 
H H 
H H 
H H 

C8H17 7 
C8H17 7 
C8H17 7 
C8H17 7 

C2H4C6F13 3 
C2H4C6F13 3 
C2H4C6Fi3 3 
C2H4C6F13 3 

C2H4C6F13 3 

C2H4C6Fi3 3 
C2H4C6Fi3 3 
C2H4C6F13 3 

R3 3 

H H 
H H 
H H 
H H 
H H 
H H 

H H 
H H 
H H 
H H 

H H 
H H 
H H 
H H 

C2H4C6F13 3 
C2H4C6F13 3 
C2H4C6F13 3 
C2H4C6Fi3 3 

Too compare the two routes, the complex Pd[(/?-C12H25C6H4) bian](ma) (3b) was synthesized starting 

fromm Pd(dba)2 as well as from Pd(nbd)(ma) (1). Both routes yielded the desired complex although the 

yieldd was significantly lower in the case where Pd(dba)2 was used (41%) instead of Pd(nbd)(ma) 

(83%).. When employing Ar-bian ligands with more alkyl and/or fluoro alkyl tails attached, concom-

itantly,, the solubility of the ligands and their palladium complexes in organic solvents increases and 

hencee the corresponding palladium complexes are highly soluble in solvents like pentane as well as 

methanol.. Attempts to synthesize complex 4d, starting from Pd(dba)2 as precursor complex, resulted 

inn mixtures of 4d and dibenzylidene acetone that could not be separated due to the high solubility of 

thee complex in almost all common solvents. However, the desired pure product was isolated in 65% 

yieldd when Pd(nbd)(ma) was used. 

Thee synthesis of Pd(4,4'-R2-2,2'-bpy)(ma) (R = Me, n-pentyl, H-nonyl) (7a-c, see Scheme 2) was suc-

cessfullyy carried out when Pd(nbd)(ma) is used as starting material. By introduction of longer alkyl 

chainss the solubility of the complexes increases and hence the isolated yields decrease due to the 

washingg with pentane. Pd(4,4'-(C9H17)2-2,2'-bpy)(ma) (7c) can still be isolated in a 61% yield. 

< < 
Compound d 

R22 R3 

3a a 
3b b 
3c c 
3d d 
3e e 
3f f 

4a a 
4b b 
4c c 
4d d 

5a a 
5b b 
5c c 
5d d 

6a a 
6b b 
6c c 
6d d 
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Besidess nitrogen donor ligands also phosphorus ligands can be used, as was shown by the synthesis 

off  the highly fluorophilic Pd[P{/?-(CH2)2C6F13Ar}3] 2(ma) (8) which was isolated in 77% yield. 

^6^13 3 

C6Fi i 

RR = CH3 (7a) 
fl-CgHnn (7b) 
n-C9H199 (7c) 

CTT O O 

Figuree 4-3. Molecular structure of compounds 7a-c and 8. 

4.2.33 NMR Characterizations of the Pd-Complexes 

4.2.3.11 Pd(nbd)(ma) (1) and Pd(cod)(ma) (2) 

Thee characterization of Pd(nbd)(ma) (1) was hampered by its immediate decomposition upon disso-

lutionn in organic solvents unless an excesss of norbornadiene (typically 5-10 fold) was present in solu-

tion.. The 'H-NMR spectrum (500 MHz) of 1 recorded in the presence of norbornadiene (5 

equivalents)) in CD2C12 shows fluxional behavior on the NMR time-scale. The compound was studied 

byy VT NMR at temperatures between -85 °C and +20 °C and ^ - 'H COSY at -25 °C allowed assign-

mentt of all proton signals observed. 

Thee alkenic proton signals of the coordinated norbornadiene, which are shifted to lower frequency 

comparedd to free norbornadiene, show coalescence at -5 °C (at 500 MHz) which is due to the intramo-

lecularlecular exchange of the coordinated norbornadiene double bonds (see Figure 4-4). Concomitantly 

withh the («Zramolecular exchange process, also an z'n/ermolecular norbornadiene exchange process 

operates.. The latter process is responsable for the alkenic resonance signals to remain broad in the fast 

exchangee limit and shifted to higher frequency than expected for the averaged signal ((va + vb)/2, see 

Figuree 4-4). Addition of more equivalents of norbornadiene resulted in an increased downfield shift. 

Thiss intermolecular exchange process between the coordinated and the free norbornadiene could be 

convenientlyy studied by 2D-EXSY NMR spectroscopy 30 0 
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Thee EXS Y spectra, which have been recorded with different mixing times, reveal that the intermolec-

ularr exchange is observed only at temperatures above 0 °C, where, as result of the coalescence, the 

intramolecularr exchange process is intrinsically no longer visible. 

Figuree 4-4. Experimental and calculated spectra of the coordinated alkenic protons of norbornadiene in Pd(nbd)(ma) as 
functionn of temperature. 

Beloww 0 °C the /'«fórmolecular exchange is sufficiently slow, justifying the line-shape analysis for the 

determinationn of the activation barriers of the intramolecular diene fluxionality. The activation param-

eterss for this process can be obtained from the Eyring plot (see Figure 4-5) yielding an activation 

enthalpyy (AW*) of 53  1 kJmol"1 and an activation entropy (AS*) of -4.2  0.5 JrC'mol1. Since the 

latterr is small, we propose that the intramolecular exchange of the diene resonances is caused by the 

rotationn of the maleic anhydride around the Pd-alkene bond (see Figure 4-4). The Gibbs free energy 

off  activation at the coalescence temperature (AG*268) n as D e en calculated to be 54  1 kJmol" , which 

iss within the range of normally observed values for alkene rotation processes in low-valent palladium 

andd platinum complexes. ' 

Att -15 °C the methylene signals of the norbornadiene were resolved as two double pseudo triplets 

(7HHH = 7.5 Hz, JHH = 1.5 Hz) at 8 1.55 and 50.79 ppm, respectively and the bridgehead protons were 

resolvedd as two singlets. The inequivalent bridgehead protons show that the complex Pd(nbd)(ma) has 

C// (as is shown in Figure 4-4) and not C2 symmetry. From the observed coalescence between the 
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bridgeheadd signals, the activation parameters could be independently be determined for the maleic 

anhydridee rotation process (bridgehead: T, coal l -255 °C, A//*  = 51  1 kJmol"1, AS* = -5.6  0.5 JK" 

mol""  , AG*248 = 53  1 kJmol"1) which is in excellent agreement with the values obtained from the 

coalescencee of the alkene protons. 

00 0035 0.0036 0 0037 0 0038 0.0039 0 0040 0 004 

1/T(K' 1) ) 

Figuree 4-5. Eyring pot of the data for the intramolecular alkene exchange in Pd(nbd)(ma) (1). 

Thee coordinated maleic anhydride gives rise to a broadened singlet with a coordination induced down-

fieldd shift (CIS A(8)) of 2.17 ppm, which is small compared to other zerovalent palladium com-

plexes.31'33"366 Upon lowering the temperature to -85 °C the maleic anhydride signal sharpened and 

thee chemical shift appeared to be temperature independent. Also, upon the addition of extra maleic 

anhydridee to the solution, the signals of free and coordinated maleic anhydride remained sharp and 

thee position unchanged, hence, it can be concluded that no intermolecular exchange of maleic anhy-

dridee occurs in solution at room temperature. The ' 3C NMR spectrum recorded at -25 °C displays two 

sharpp signals for the coordinated maleic anhydride (169.1 and 59.4 ppm) but the signals for the nor-

bornadienee are still broad. As in the 'H NMR spectra, two signals were detected for the alkenic car-

bonss of norbornadiene (110.6 and 106.8 ppm respectively). 

Hd .x H H 

H H 

Pd d r HCC W H) 
O ^ O - ^ OO o=3>""0'"" c^o 

Figuree 4-6. Proposed structure of Pd(nbd)(ma) (1) and the observed NOEs. 

Thee spatial orientation of the different ligands was studied by NOESY experiments in the slow 

exchangee limit (at -40 °C). These experiments revealed several NOE cross peaks, which are indicated 
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withh arrows in Figure 4-6. Interestingly, a NOE interaction between the maleic anhydride protons 

(Ha)) and both alkenic protons of the norbornadiene (Hb and Hc) is observed, thus confirming that 

thesee molecular fragments are in close contact. At this temperature, the recorded NOESY spectra 

showw a time averaged spectrum caused by the intramolecular double bond exchange, moreover, at -

855 °C it was not possible to freeze out one isomer. Furthermore, also a strong NOE was observed 

betweenn the two hydrogens (Hd and He). Based on the spectroscopic investigation presented here a 

molecularr structure of Pd(nbd)(ma) can be proposed in which the maleic anhydride is tightly coordi-

natedd to the palladium typically making an angle of around 75° 31<37"39 and the norbornadiene is coor-

dinatedd in r|2, x\2 fashion. Although the conformational preference of d10 palladium tris(alkene) is a 

planarr (in plane) arrangement of the double bonds, the steric constraints of the cyclic norbornadiene 

demandd a perpendicular coordination with respect to the coordination plane. The main structural fea-

turess were confirmed by DFT calculations.40 This type of geometry has been reported before for a 

numberr of zerovalent nickel complexes such as Ni(cod)(sma) (sma = methyl trans-$-(phenyku\fo-

nyl)acrylate),, Ni(cod)(Ti2-Ph-C{0)-CH=C(CF3)2)) and recently also for palladium; Pd(cod)(nq) (nq 

== ^-naphthoquinone).41,42'58 

Tablee 4-1. Isotropic chemical shifts of Pd(nbd)(ma). 

entry y 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

Isotropicall  chemical 
shift(ppm) ) 

172 2 

170 0 

169 9 

147 7 

144 4 

103 3 

68 8 

62 2 

60 0 

Tll  (ppm) 

254 4 

255 5 

250 0 

263 3 

250 0 

103 3 

isotropic c 

isotropic c 

isotropic c 

T22 (ppm)a 

254 4 

255 5 

250 0 

148 8 

156 6 

(170) ) 

isotropic c 

isotropic c 

isotropic c 

T33 (ppm)a 

7 7 

0 0 

5 5 

30 0 

25 5 

(37) ) 

isotropic c 

isotropic c 

isotropic c 

a.. Tensor values between brackets could not be accurately measured. 

MAS-NMRR was used to obtain more structural information about the molecular structure of com-

poundd (1) in the solid state. Attempts to measure the solid-state ]H-NMR resulted in a spectrum con-

sistingg of broad signals and did not reveal any structural information. Solid-state 13C-NMR gave a 

numberr of signals, which are listed in table 4-1 and suggests that there are several co-existing phases 
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orr conformers in the solid state. No VT MAS NMR was undertaken to study the dynamic behavior in 

thee solid state. 

Thee similar complexes 1 and Pd(cod)(ma) (2) have been used to study the lability of the coordinated 

norbornadiene.. EXSY spectra recorded (with tmj x of 0.5 and 1.2 seconds) of Pdfcod)(ma) (2) (cod = 

1,5-cyclooctadiene)) at 21 °C in CD2C12 in the presence of free 1,5-cyclooctadiene (5 equivalents) in 

solutionn did not, in contrast to complex 1, show cross-peaks corresponding to the intermolecular 

exchange.. The cyclooctadiene ligand is more strongly associated with the palladium center than the 

norbornadiene.. The lability of the norbornadiene in solution is believed to be caused by the rigidity 

off  the carbon framework and secondly by its small 'bite angle', which results in a non-ideal overlap 

withh the palladium orbitals. This is corroborated by the fact that complex 2, which contains one addi-

tionall  carbon atom in the bridge between the two alkenic functions and is a more flexible molecule, 

iss stable in solution for a number of days in the absence of free 1,5-cyclooctadiene, whereas 

Pd(nbd)fma)) decomposes immediately to metallic palladium upon dissolution in the absence of nor-

bornadiene. . 

4.2.3.22 Pd(Ar-bian)(ma) complexes 3a-f, 4a-d, 5a-d and 6a-d 

Fromm both SH and 13C NMR data of the Pd(Ar-bian)(alkene) complexes (3a-f, 4a-d, 5a-d and 6a-d) 

itt appears that the signals of the Ar-bian ligands shift to higher frequency upon coordination to the 

metall  center, as compared to the free ligands. This effect was most pronounced for H3 in the H NMR 
ii  ^ spectraa and Cj in the C NMR spectra, which are both in the vicinity of the palladium. Conversely, 

forr the alkenic protons a coordination induced shift (CIS A{8)) of 3.0-3.5 ppm to lower frequency are 

observedd in the H NMR spectra, which are in the range of normally observed values for other 

Pd(L2)(alkene)) complexes containing maleic anhydride. ' Some of the maleic anhydride protons 

off  the Pd(Ar-bian)(ma) complexes exhibited broad signals in their ]H NMR spectra. 

Thee carbon resonances of the complexes 3a-f, 4a-d, 5a-d and 6a-d were assigned by the use of APT, 

'H-- C COSY spectra and similarity between the prepared complexes, which allowed most aromatic 

carbonn resonances to be accounted for. However, the C resonances of the polyfluoroalkyl tails could 

nott be resolved due to the extensive J(C,F) coupling and only broad peaks could be observed around 

1200 ppm. In addition, the alkenic carbon resonances of the coordinated maleic anhydride could not be 

resolvedd in most cases because the signals were too broad to be assigned. 

84 4 



Synthesiss and Characterization of C02-philic Zerovalent Palladium Complexes 

Thee Pd-complexes (3a-f and 6a-d) containing the symmetrically substituted acenaphthene backbones 

exhibit,, as a consequence of their apparent C2 symmetry in solution, only one set of NMR signals for 

thee protons and carbon atoms. However, complexes containing the asymmetric mono-substituted 

acenaphthenee backbones (4a-d and 5a-d) exhibit two sets of NMR signals for the anisochronous 

acenaphthenee protons and carbons. Because of the lack of symmetry, also the ' C resonances of the 

N-phenyll  groups attached to the imine function become inequivalent giving rise to a double set of 

phenyll  signals although the ]H spectra show only one set of phenyl resonances. This may indicate that 

thee breaking of symmetry of the acenaphthene backbone by substitution at the C5, also breaks the 

symmetryy of the two phenyl groups attached to the imine moieties. 

4.2.44 DOSY NMR of Pd[(m,m,-(CF3)2C6H3)-5-rt-C2H 4C6F13 bian](ma) (5a) 

Pd[(m,m'-(CF3)2C6H3)-5-rc-C2H4C6Fl33 bian](ma) (5a) was the only palladium complex to form 

aggregatess in solution as was concluded from the broad peaks in the aromatic region in both H NMR 

andd 13C NMR spectra, which were unresolved. After the addition of a fluorous co-solvent (trifluoro 

ethanol)) the NMR signals of both !H NMR and ' 3C spectra were resolved and could be fully assigned. 

Thee aggregation was studied by DOSY NMR, which is a powerful technique for the characterization 

off  supramolecular systems and for the study of aggregates or complexation phenomena in solu-

tion.43'44 4 

Whenn obtaining diffusion data in different solvents, one should always consider the results with some 

reservationn since the solvent can (strongly) coordinate to a metal complex and change the molecular 

sizee of the diffusing particle. Therefore, as a reference, DOSY spectra of Pd[(w,m,-{CF3)2C6H3) 

bian](ma)) (3a) in different solvents were obtained to study the behavior and solvation of the metal 

complex.. From the obtained diffusion coefficient (D) the hydrodynamic radii, which includes effects 

arisingg from both shape and solvation, could be obtained using the Stokes-Einstein equation. The 

resultss are presented in table 4-2. For complex 3a the values of the hydrodynamic radii are about 6 A 

andd are equal within the experimental error. This value corresponds well with the X-ray structure 

determinationn of the free ligand [(m,m,-(CF3)2C6H3) bian] and Pd[(<?,r/-/Pr2C6H3) bian](ma) as well 

ass a structural model of 3a calculated on a PM3 level (mean diameter, 11.8 A). From calculated 

hydrodynamicc radii, it can be concluded that the coordinating solvents such as methanol and acetone 

showw a slightly larger radius than less-coordinating solvents such as CD2C12. However, the diffusion 

coefficientt seems to be determined primarily by the viscosity of the solvent and is only slightly influ-

encedd by the solvation of the metal complex. 
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Too study the aggregation of the complex 5a in solution, DOSY spectra were recorded in both CD2C12 

andd in the mixture CD2C12/ trifluoro ethanol (5:1) yielding diffusion coefficients of 0.6 x 10~10 m V 

andd 0.5 x 10"10 mV1, respectively. The hydrodynamic radii of 5a changes from 9.0 x 10"10in CH2C12 

too 6.8 x 10"1 in a mixture of CH2C12 and trifluoro ethanol (5:1) and confirms that 5a forms aggregates 

inn CD2C12, which are broken down by the addition of the fluorous co-solvent. 

Tablee 4-2. The diffusion coefficients of complexes 3a and 5a obtained with DOSY NMR spectroscopy and the 
calculatedd Hydrodynamic Radii. 

Complex x 

Pd(m,, »f-(CF3)2C6H3 

bian)(ma)) (3a) 

Pd(m.. »f-(CF3)2C6H3 

bian)(ma)) (3a) 

Pd(m,, m'-(CF3)2C6H3 

bian)(ma)) (3a) 

Pd(w.. w'-(CF3)2C6H3 

bian)(ma)) (3a) 

Pd(w.. wMCF3)2C6H3 

bian)(ma)) (3a) 

Pd[(/M.»r-(CF3)2C6H3)-5-n--
C2H4C6F|33 bian](ma) (5a) 

Pd[(ni,m'-(CF3)2C6H3)-5-n--
C2H4Cf)F133 bian)(ma) <5a) 

Solvent t 

Acetone-d6 6 

CD2C12 2 

methanol-d4 4 

Benzene-d6 6 

CD2C122 + TFE(5:1> 

CD2C12 2 

CD2C122 + TFE(5:1) 

Diffusionn coefficient 
(x lü - | 0mV' ) ) 

1.133 2 

1 1 

0.70  0.01 

0.611 2 

0.77 1 

0.66  0.1 

0.55 1 

Hydrodynamicc Radius 
(inn A) 

6.00 + 0.1 

5.99 1 

6.22 1 

6.11 1 

6.11 5 

9.00  0.5 

6.88 5 

Duee to the low solubility of complex 3a, diffusion coefficients using DOSY NMR could not be mea-

suredd in either liquid C02 or supercritical C02. In general, the solubility of complexes 3-6 in super-

criticall  C02 is in the order of 10"7 to 10"3 M, which is not enough for DOSY NMR measurements but 

iss still a sufficient concentration for an active homogeneous catalyst. 

4.33 Unprecedented Zerovalent Pd(N)2(ma) with N being o-
Donorr  only Ligands from Pd(nbd)(ma) as the Precursor 

Fromm ligand substitution experiments with ligands typically associated with low valent metal com-

plexess (e.g., phosphine ligands, Ar-bian) it appeared that the corresponding zerovalent palladium 

complexess could be easily synthesized and isolated in good yields. Compared to the large number of 

known,, well-characterized zerovalent [bis(phosphanyl)pal1adium(alkene)] complexes,1,45 the 

numberr of [Pd(0)(Tj2-alkene)] complexes that contain monodentate nitrogen ligands is very lim-
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ited.39'46'477 Moreover, only complexes containing bidentate ligands that display both a-donor and n-

acceptorr properties are known. So far, zerovalent palladium(alkene) complexes that contain simple 

monodentatee nitrogen ligands have not been isolated and characterized. 

R3NN NR3 

Pdd + 2NR3 -j——*• Pd + nbd 
THFF _ l _ 

Figuree 4-7. Synthesis of Pd(N)2(ma) starting from Pd(nbd)(ma). 

Byy using Pd(nbd)(ma) as the precursor complex several unprecedented Pd(0) compounds of the 

genericc formula Pd(L)2(alkene) with monodentate N-ligands (such pyridine, amine, aniline or even 

ammonia)) have been synthesized and isolated (see Figure 4-7 and Figure 4-8). The elusiveness of 

zerovalentt palladium complexes containing ligands that only behave as G-donors has been attributed 

too the alleged instability of such compounds, which arises from the combination of a soft, low-valent 

metall  center and a hard nitrogen donor atom.  For the synthesis of new Pd(0) compounds 

[Pd(L)2(ma)],, and some [Pd(L'2)(ma)] where L' is a bidentate N-ligand, we used [Pd(nbd)(ma)] (nbd 

== norbornadiene) as a versatile precursor. As stated before, dibenzylidene acetone (dba) complexes 

aree not very suitable, since dba is non-volatile and difficult to separate from many Pd(0) compounds, 

especiallyy the ones containing labile ligands. 

AA \ / 
\-N\-N N= / .. NH NH-

\\ / ^ "  \ / 
Pdd Pd 

cAA>> cAA ) 
99 10 

HoNN NH3 33 \ / 
H2NN NH2 Pd 

\\ / | 
Pd d 

rA^ O O 
cAA ) ) 

111 12 

Figuree 4-8. Structure of Pd(L)2(ma) complexes 9-12. 

Thee zerovalent Pd(N)2(alkene) complexes (9-12) were prepared in a typical yield of 65-70% by sub-

stitutionn of the norbornadiene ligand in Pd(nbd)(ma) (1) by an excess of the monodentate nitrogen 
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ligandd in THF. Importantly, isolation of the product was carried out quickly, to prevent extensive 

decompositionn of the complex to palladium black. The products (9-12) were isolated as yellow crys-

tallinee solids and are stable at room temperature for days in a closed vessel. The isolated products were 

characterizedd by lH and 13C NMR, IR and exact mass determination. From the NMR, the coordina-

tionn induced shifts (CIS) of the signals for the protons of maleic anhydride, Aö(H) = -3.44 ppm for 9 

(LL = pyridine) to -3.87 ppm for 12 (L = NH3) and for the coordinated carbon atoms AÖ(C) = -92.32 

ppmm for 9 and -74.35 ppm for 12, are indicative of a highly electron-rich Pd(0) center. 

Concomitantt with our experiments, several calculations at the BP86/ECP1 level have been carried out 

too assess the stabilities of a number of selected Pd(0){L)2(alkene) compounds in terms of the driving 

forcee for their formation from the corresponding tris(alkene) model complexes (equation 1). These 

computationss revealed that, when one electron-deficient alkene is coordinated to Pd, the Gibbs free 

energyy AG298of this process is only slightly positive or even negative (table 4-3). Such thermo-neu-

trall  palladium(0)(alkene) complexes (AG298=0) can, in principle, be synthesized if an appropriate 

kineticc route is chosen. In such a case, the starting compound should contain highly labile ligands, 

whichh can be readily displaced in solution to form the desired complex. Calculated thermodynamical 

dataa (BP86/ECP1 level) of several relevant compounds are collected in table 4-3. The AG298 values 

calculatedd for the [Pd(L)2(ethene)l complexes are all positive, suggesting that compounds of this type 

aree likely to be unstable under standard conditions and should not be formed from precursors with 

simple,, unactivated alkenes. Substitution of ethene by maleic anhydride as the alkene ligand leads to 

aa decrease in the AG298 values by approximately 40 kJ mol'. The [Pd(py)2(ma)] complex 10 still has 

aa positive AG298 value, consistent with the limited stability of this compound at ambient temperature 

andd pressure. Comparing, for instance, entry 1 and 4 (or 10 and 13), the chelate effect (bipyridine vs. 

pyridine)) is clearly reflected in the calculated values of enthalpies (A#298) vs. Gibbs free energies 

(AG298),, and gives rise to a further stabilization by up to 40 kJ mol"1. 
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[Pd(C2H4)2(alkene)]] + 2 L ~ [Pd(L)2(alkene)] + 2 C2H4 (eq. 1) 

Tablee 4-3. Free energies for formation of [Pd (L)2(r| -alkene)] complexes according to equation 1 (in kJ mol" ). 

Entry y 

1. . 

2. . 

3. . 

4. . 

5. . 

6. . 

7. . 

8. . 

9. . 

10. . 

11. . 

12. . 

13. . 

14. . 

15. . 

16. . 

17. . 

18. . 

alkene e 

C2H4 4 

ma a 

(L)2
a a 

(py>2 2 

(NH3) ) 

(NHMe2)2 2 

bpy y 

tmeda a 

DAB B 

(SMe2)2 2 

C7H12 2 

(PMe3)2 2 

(py)2 2 

(NH3) ) 

(NHMe2)2 2 

bpy y 

tmeda a 

DAB B 

(SMe2)2 2 

C7H12 2 

(PMe3)2 2 

AE AE 

57.9 9 

50.0 0 

69.1 1 

75.7 7 

79.5 5 

61.4 4 

59.7 7 

14.3 3 

-31.6 6 

11.9 9 

1.7 7 

16.6 6 

36.1 1 

30.1 1 

37.9 9 

17.5 5 

9.2 2 

-78.9 9 

Atf298 8 

56.0 0 

47.8 8 

69.9 9 

67.9 9 

74.9 9 

54.3 3 

57.7 7 

7.9 9 

-33.3 3 

10.5 5 

4.9 9 

18.8 8 

28.8 8 

26.2 2 

31.0 0 

15.9 9 

2.3 3 

-79.6 6 

AG29g g 

52.7 7 

32.1 1 

61.3 3 

19.8 8 

35.6 6 

8.4 4 

49.5 5 

-23.1 1 

-41.0 0 

11.9 9 

-11.4 4 

19.3 3 

-14.3 3 

-10.5 5 

-11.6 6 

17.4 4 

-26.6 6 

-77.5 5 

a.. ma = maleic anhydride, bpy - 2,2'-bipyridine, tmeda = tetramethyl ethylenediamine, DAB = 1,4-diazabutadi-
ene,, C7H12 = 1,6-heptadiene. 

Furthermore,, the bis(dimethylsulfide) complexes [Pd(Me2S)2(ma)] (13), as well as the chelate com-

poundss [Pd(l,6-heptadiene)(ma)] (14) and [Pd(tmeda)(ma)] (15) were prepared following the same 

syntheticc route (see Figure 4-9). The monodentate dialkylsulfide donors can be introduced, even 

thoughh a somewhat lower stability of the resulting complexes could have been expected based on the 

computationss (see entry 16 in Table 1). Of course, the calculated AG2gg values for compounds with 

mono-- and bidentate phosphine as well as with bidentate N ligands are negative (see Table 1, entries 

14,, 15, and 18); in particular, the stabilization for PMe3 is large. However, the latter complexes can 

alsoo be obtained by using conventional starting materials. 
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// \ 

Pd d 

OAAO O 

MejNN NMe2 

Pd d 
\_ \_ 

13 3 

Figuree 4-9. Structure of Pd(L)2(ma) complexes 13-15. 

14 4 15 5 

Thee molecular structure with the adopted numbering of compound 9 is presented in Figure 4-10. The 

structuree of 9 shows that the palladium center is trigonal planar as expected for zerovalent complexes 

off  the type [ML 2(alkene)] (M=Pd, Pt). The dihedral angle between the least-squared planes of the Nl, 

N2,, Pd and the CI 1, C14, Pd rings is 4.74(16)° and thus slightly distorted from planarity. The Pd-N 

interatomicc distances observed for compound 9 are equal within standard deviation and amount to 

2.1472(19)) and 2.1462(19) A, slightly smaller than the BP86/ECP1 optimized values (2.162 and 

2.1600 A). The alkene bond length C(l 1)-C(14) is 1.430(3) A and is 0.098(3) A longer than in the free 

alkene,, which is slightly higher than the C=C bond lengthening in the previously reported [Pd(o,o'-

(Pr2C6H3-bian)(ma)]]  of 1.408(11) A and [Pd(R'N-SR)(ma)] (R'N-SR = 2-methyl(sulfanylme-

thyl)pyridine)) of 1.413(5) A.31'39 The room temperature X-ray crystal structure of free maleic anhy-

dridee has led to discussions in the literature about the C=C distance in maleic anhydride. The maleic 

anhydridee moiety makes a typical angle of 78.16(16)° with the Cl l , C14, Pd plane. The other dis-

tancess in the coordinated maleic anhydride part are similar to the reported complexes and the free mol-

ecule. . 

Tablee 4-4. Selected distances [A] and angles (°) for Pd(py)2(ma), (9) with Esd's in parenthesis. 

Pd-N(l) ) 

Pd-N(2) ) 

Pd-C(ll) ) 

Pd-C(14) ) 

C(ll)-C(14) ) 

C(ll)-Pd-C(14) ) 

N(l)-Pd-N(2) ) 

2.1472(19) ) 

2.1462(18) ) 

2.068(2) ) 

2.062(2) ) 

1.430(3) ) 

40.51(10) ) 

94.44(7) ) 

C(ll)-Pd-N(l) ) 

C(14)-Pd-N(2) ) 

C(ll)-Pd-N(2) ) 

C(14)-Pd-N(l) ) 

Pd-C(ll)-C(12) ) 

Pd-C(14)-C(13) ) 

151.96(9) ) 

153.81(8) ) 

113.32(9) ) 

111.73(8) ) 

108.29(17) ) 

105.07(17) ) 
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Figuree 4-10. Displacement ellipsoid plot (50% probability level) of Pd(py)2(ma) (9). 

4.44 Conclusions 

Inn summary, the apolar zerovalent palladium complexes with nitrogen or phosphorus donor ligands 

havee been prepared in moderate to good yields using Pd(nbd)(ma). Most of the reported complexes 

couldd not be isolated as pure compounds using Pd(dba)2 and therefore Pd(nbd)(ma) has proven to be 

successfull  as starting material for a wide range of complexes. This new synthesis route seems espe-

ciallyy useful for the synthesis of apolar complexes as well as the synthesis of zerovalent complexes 

containingg "o-donor only" ligands since the synthesis and work-up is quick, preventing decomposi-

tionn to palladium black. Pd(nbd)(ma) can be used as a standard synthesis precursor since it is stable 

inn a closed vessel at room temperature for months and can be handled in air. 

Thee interesting dynamic behavior of the norbonadiene ligand and especially the fast intermolecular 

exchangee makes this complex especially suitable as precursor for new palladium complexes. Due to 

thee low affinity of the norbornadiene for the palladium center the back reaction is not a competing 

reaction.. The volatility of the norbornadiene reduces the amount of washings and facilitates the work-

upp procedure. 
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4.4.11 Experimental 
General l 

Alll  syntheses of complexes and other air- and/or water-sensitive compounds were carried out in dried glasswork, in dry 

solvents,, using standard Schlenk techniques under an atmosphere of purified nitrogen. Dietyl ether, THF, pentane. hexane 

andd methanol (from NaOMe) were distilled from sodium metal, acetone was distilled from CaS04 and 1,4-dioxane, 

dichloromethanee were distilled from CaH2. Iodooctane was distilled prior to use from sodium metal and stored under 

nitrogenn on molecular sieves (4 A). Other chemicals were used as received. The starting material Pd(dbah was prepared 

accordingg to literature procedures and the starting material Pd(nbd)(ma) was prepared according to a modified literature 

procedure.""  Maleic anhydride was purchased from EGA-CHEMIE. 

Thee routine 'Hand 13C NMR spectra were recorded on a Varian Mercury 300 spectrometer ('H, 300.13 MHz; l3C, 75.48 

MHz;; 19F 282.41 MHz) or on a Varian Unity Inova 500 spectrometer ( 'H, 499.86 MHz; 13C, 125.70 MHz). Positive 

chemicall  shifts (ppm) are denoted in the H and C NMR spectra to higher frequency from an external tetramethylsilane 

referencee and in the F NMR spectra to higher frequency from an external C13CF reference. Coupling constants are given 

inn J (Hz) and the multiplicity as s = singlet,, d = = doublet, dd = double doublet, t = triplet, pst = pseudo triplet, m = multiplet, 

brr = broad. Proton spectra were simulated using the program DNMR. 

IRR spectra were measured on a Biorad FTS-7 and a Biorad FTS-60A spectrometer. Elemental analyses were carried out 

att H. Kolbe Mikroanalytisches Laboratorium, Mülheim and der Ruhr. 

Two-dimensionall  spectra were generally acquired using IK data points in the (2 dimension and lKinr l , with subsequent 

weightingg with gaussian functions and transformation into a IK x IK matrix. Standard pulse sequences were used with 

phasee cycling by the States model for phase sensitive 2-D spectra. 

Al ll  COSY, DOSY, EXS Y and phase sensitive NOESY NMR experiments were recorded with a VARIAN Inova 500 spec-

trometerr (11.75 T) equipped with a pulsed gradient unit capablee of producing magnetic field pulse gradients in the z-direc-

tionn of 56 Gem" . All spectra were acquired in a 5 mm inverse probehead at 298 K in 5 mm tubes. All DOSY experiments 

weree performed using the bipolar pulse longitudinal eddy current delay (BPPLED) pulse sequence. The duration of the 

magneticc field pulse gradients (5) was optimized for each diffusion time {A) in order to obtain a 1-5% residual signal with 

thee maximum gradient strength. Typically, in each PFG-NMR experiment a series of 32 BPPLED spectra on 16K data 

pointss were collected, the values of 5 were of 0.8-5.0 ms duration (depending on the preset diffusion time). The tempera-

turee was set and controlled at 298 K with an air flow of 545 1 h"1 in order to minimize convection effects and to avoid any 

temperaturee fluctuations due to sample heating during the magnetic field pulse gradients. After Fourier transformation and 

baselinee correction, the diffusion dimension was processed with the VNMR software package. EXSY spectra were 

acquiredd with the standard three-pulse NOESY sequence; mixing times of 100 ms up to 1.5 s were used. 

High-resolutionn mass spectrometry (HRMS) measurements were carried out at Swammerdam Institute of Life Sciences 

(SILS),, University of Amsterdam, the Netherlands. The Electron Impact (EI) and the Fast Atom Bombardment (FAB) 

masss spectrometry measurements were carried out using a JEOL JMS SX/SX 102A four-sector mass spectrometer, cou-

pledd to a JEOL MS-MP9021D/UPD system program. In the EI-MS measurements, the samples were introduced via a 

directt insertion probe into the ion source. In the FAB-MS measurements, the samples were loaded in a matrix solution (3-

nitrobenzyll  alcohol) on to a stainless steel probe and bombarded with Xenon atoms with an energy of 3 KeV. During the 
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highh resolution EI-MS and the FAB-MS measurements a resolving power of 10,000 (!0% valley definition) was used. 

Low-resolutionn mass spectrometry (MS) measurements were performed in the El-mode (70 eV) on a GC/MS HP 5890/ 

59711 apparatus equipped with a ZB-5 column (5% cross-linked phenyl polysiloxane) with an internal diameter of 0.25 

mmm and film thickness of 0.25 im. The low-resolution mass spectrometry (MS) measurement for compound (9) was car-

riedd out at University of Munster, Germany. This EI-MS measurement was carried out using a Varian MAT 212 (70 eV). 

Forr all the compounds containing bromine atom/s, the corresponding correct isotope patterns in their mass spectra were 

observed. . 

Tris[4-(3,3,4,45,5,6,67,7,8,8,8-tridecafluoro-octyl)phenyl]phosphine533 and the substituted bipyridides54 were synthe-

sizedd according to literature. 

4.4.22 Synthesis 

Pd(nbd)(ma)) (1) 

Pd(nbd)(ma)) has been prepared according to a modified literature procedure.29 Decomposition to palladium black could 

bee appreciably reduced using THF as the solvent instead of acetone. To a solution of norbornadiene (10.2 mL) and maleic 

anhydridee (2.0 g, 20 mmol) in 7 mL THF, Pd(dba)2 (2.5 g, 4.4 mmol) was added. After 30 minutes stirring at 21 °C the 

colorr changed from purple to green. The solution was filtered through Celite filter aid under N2 atmosphere to remove 

tracess of metallic palladium and the Celite filter aid was quickly washed with dry THF (2x5 mL). The combined filtrates 

weree concentrated to 2 mL and after the addition of 50 mL diethyl ether a pale yellow solid deposited. The solvent was 

removedd be careful decantation and the remaining solid was washed with diethyl ether (2 x 50 mL, some norbornadiene 

cann be added if palladium black starts to form) and carefully dried under a stream of dry nitrogen. Yield 0.84 g (65%). 

'HH NMR (499.84 MHz, CD2C12 + norbonadiene, 248 K): 8 5.75 (br s, 2H, C=C-H), 5.50 (br s, 2H, C=C-H), 4.68 (s, 2H, 

C=C-H),, 3.77 (br, 2H, CH), 1.55 (d, J = 7.5, IH, CH2), 0.78 (d, ƒ = 7.5, 1H, CH2). 
13CC NMR (125.70 MHz, CD2C12 + norbonadiene, 248 K): 8 169.08 (C=0), 110.64 (C=C). 106 (C=C), 66.44 (CH2), 59.41 

(C=C),, 50.02 (CH). 

IRR (KBr): 1813 (C=0), 1748 (C=0). 

Noo satisfactory elemental analysis could be obtained, due to the presence of free norbornadiene and/or decomposition to 

metallicc palladium. 

Pd(cod)<ma)) (2) 

Too a mixture of 2 mL 1,5-cyclooctadiene and 5 ml dry dichloromethane 0.20 g Pd(nbd)(ma) (0.67 mmol) was added. The 

reactionn mixture was stirred for 10 minutes at room temperature. The yellow reaction mixture was filtered through Celite 

filterfilter  aid under N2 atmosphere to remove traces of metallic palladium. The filter was quickly washed with dry dichlo-

romethanee (2x3 mL). The combined filtrates were concentrated to 1 mL and after addition of 20 mL dry pentane an off-

whitee solid deposited. The solvent was removed be careful decantation and the remaining solid was washed with pentane 

(2xx lOmL) and carefully dried under a stream of dry nitrogen yielding 0.17 g(80%) of Pd(cod)(ma)as an off-white solid. 

'HH NMR (499.84 MHz, CD2C12): 8 6.27 (br, 4H, C=C-H), 4.2 (br, 2H, C=C-H), 2.85 (br, 4H, CH2), 2.54 (br, 4H, CH2). 
13CC NMR (125.70 MHz, CD2C12): 8 170 (br, C=0), 117.93 (C=C), 60 (br, C=C), 32.27 (CH2). 
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4.4.33 General synthesis for the synthesis of Pd(Ar-bian)(ma) complexes 
Thee ligand was dissolved in dry THF (7 mL) and then Pd(nbd)(ma) (ligand:palladium =1:1) was added. The reaction mix-

turee was stirred for 20 minutes at room temperature. The reaction mixture was filtered through Celite filter aid under N2 

atmospheree to remove traces of metallic palladium and the Celite filter aid was repeatedly washed with dry THF ( 3 x5 

mL)) until the washings were colorless. The combined filtrates were evaporated to dryness in vacuo and the last traces of 

solventt were removed by stripping with dry pentane. Then the product was carefully washed with dry pentane and dried 

inin vacuo. 

Thee atomic numbering for the Ar-bian ligands is presented in Figure 4-11. 

17''  18' 18 17 

Figuree 4-11. Molecular structure and adopted atomic numbering of the Ar-bian ligands. 

Pd[(m^' - (CF 3)2C6H 3)) bian](ma) (3a) 

Thee ligand (m,m'-(CF3)2C6H3)-bian (0.20 g, 0.56 mmol) was dissolved in dry THF (7 mL) and then Pd(nbd)(ma) (0.20 

g,, 0.67 mmol) was added. This yielded 0.40 g. (89%) of Pd[(m,m'-(CF3)2C6H3)-bian](ma) as a red powder. 

'HH NMR (499.84 MHz, acetone-d6): 8 8.40 (d, J4.$=  8.5, 2H, Ar-H5 8), 8.24 (br, 4H, Ar-i/ 14'18), 8.19 (br, 2H, Ar-tf 16), 

7.755 (pst, 2H, Ar-tf 4-9), 7.46 (d, J3.4 = 7.5. 2H, Ar-tf3- l()), 4.25 (br, 2H, C=C-ff). 
I3CC NMR (125.70 MHz, acetone-d6): 8 171.11 (C=0), 170.40 (C,, C12). 151.11 (C13), 146.29 (C7). 133.86 (q, 2J(C,F) = 

33.3,, C15, C17), 133.11 (C5, Cg), 132.73 (C6), 129.90 (C4, C9), 127.44 (C2, C„) , 125.86 (C3, C10), 124.19 (q, 'i(C,F)= 

271,, Ar-CF,). 123.27 (C14,, C:8), 122.22 (C16), (C=C of alkene not resolved). 
19FF NMR (282.41 MHz, acetone-d6): 8 -63.16. 

IRR (KBr): 1804 (C=0), 1730 (C=0) . 

Elementall  analysis: calcd for C32H14F12N203Pd: C, 47.52; H, 1.74; N, 3.46. Found C, 47.65; H, 1.81; N, 3.43. 

Pd[(p-Ci 2H 2 5C6H 4)) bian](ma) (3b) 

Thee ligand (p-C|2H25C6H4)-bian (0.32 g, 0.48 mmol) was dissolved in dry THF (7 mL) and then Pd(nbd)(ma) (0.16 g, 

0.544 mmol) was added. This yielded 0.35 g. (83%) of Pd[(p-C|2H25C6H4)-bian](ma) as a brown powder. 

'HH NMR (300.13 MHz, CD2C12): 8 8.08 (d, J4.5 = 7.8, 2H, Ar-f/5- 8), 7.51 (pst, 2H, Ar-tf 49), 7.41 (d, J3.4 = 7.0, 2H, Ar-

ffff 33 10), 7.41 (br. 4H, Ar-ff 14-18), 7.41 (br, 4H, Ar-ff 15-17), 3.8 (br, 2H, C=C-H), 2.76 (t, J= 7.8, 4H, ArCH2CnH23), 1.7 

(br,, 4H, ArCH2CW2C10H21), 1.5-1.3 (br, 36H, ArC2H4C9tfHCH3), 0.9 (m, 6H, ArCuH22Ctf5). 
13CC NMR (125.70 MHz, CD2C12): 8 172.0 (C=0), 166.7 (C,, C12), 146.5 (C13), 144.7 (C7), 143.6 (C16), 131.6 (C6), 131.0 

(C5,, C8), 129.6 (C15, C,7), 128.5 (C4, C9), 126.6 (C2, Cn) , 124.6 (C3, C10), 121.6 (C14, C18), 35.9 (NArCH2C,,H23), 
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32.2,, 31.6, 29.93, 29.91, 29.89, 29.87, 29.8, 29.7, 29.6, 22.9 (NArCH2C10H20CH3), 14.1 (NArC,,H22CH3) (C=C of 

alkenee were not resolved). 

IR(inTHF)) 1801 (C=0), 1733 (C=0). 

Pd[(/»-(C8H|70)C6H4)) bian](ma) (3c) 

Thee ligand/KCgH170)C6H4)-bian (0.34 g, 0.57 mmol) was dissolved in dry THF (5 mL) and then Pd(nbd)(ma) (0.20 g, 

0.688 mmol) was added. This yielded 0.30 g. (66 %) of Pd[(p-(CgH170)C6H4)-bian)](ma) as a brown powder. 

'HH NMR (499.84 MHz, CD2C12): 8 8.10 (d, J4.5 - 8.0, 2H, Ar-//5- 8), 7.54 (d, J3.4 = 7.0, 2H, Ar-//3 l 0) , 7.54 (pst, 2H, 

Ar-//4-9),, 7.51 (d, J,4.}5 = 9.0,4H, Ar-//15- n ) , 7.10 (d, J14.,5 = 9.0,4H, ATH 14 18), 4.12 (t, J = 6.5,4H, ArOC//2C7H15), 

4.11 (br, 2H, C=C-ff), 1.89 (p, J = 7.0, 4H, ArOCH2C//2C6H13), 1.6 (m, 4H, ArOCH2CH2C//2C5Hn), 1.4-1.3 (m, I6H, 

ArOC3H6C4^CH3),, 0.95 (m, 6H, ArOC7H14CHJ). 
I3CC NMR (125.70 MHz, acetone-d6): 5 166.35 (C,, C12), 159.48 (C16), 144.37 (C7), 142.75 (C13), 131.85 (C6), 130.07 

(C5,, Cg), 128.61 (C4, C9), 127.21 (C2, C,,), 124.12 <C3, C,0), 124.00 (C14, C18), 115.13 (C15, C17), 68.43 

(NArOCH2C7H15),, 31.96, 28.19, 22.694, 13.73 (NArOCH2C6H,2CH3), 14.37 (NArOC7H,4CH3) (signals obscured by 

deuteratedd solvent peaks and C=C of alkene not resolved). 

IR(inn THF): 1800 (C=0), 1732 (C=0). 

Elementall  analysis: calcd for C ^ H ^ N ^ P d: C, 66.62; H, 6.35; N, 3.53. Found: C, 64.73; H, 6.41; N, 3.77. 

Pd[(m^-(C8H170)2C6H3)) bian](ma) (3d) 

Thee ligand (m,/?-(C8H170)2C6H3)-bian (0.15 g, 0.17 mmol) was dissolved in dry THF (5 mL) and then Pd(nbd)(ma) (0.07 

g,, 0.24 mmol) was added. This yielded 0.15 g. (84 %) of Pd[(m,/?'-(CgH|70)2C6H3)-bian)](ma) as a dark brown powder. 

'HH NMR (499.84 MHz, CD2C12): 6 8.11 (d, J4.5 = 8.0, 2H, AtH5 8), 7.61 (d, J3.4 = 7.0, 2H, Ar-//3- l 0), 7.55 (pst, 2H, 

Ar-//4-- \ 7.13 (d, Jl4.l8=2.5, 2H, Ar-//14), 7.08 (dd, J14.18=2.5, J]7.18=S.5, 2H, Ar-tf 18), 7.05 (d, J,7.,8=  8.5, 2H, 

Ar-// 17),, 4.1 (br, 2H, C=C-//), 4.15 (m, 8H, ArOC//2C7H15), 1.93 (p, J = 6.5, 4H, ArOCH2C//2C6H13), 1.90 (p, 7= 6.5, 

4H,, ArOCH2C//2C6H13), 1.6-1.3 (m, 40H, ArOC2H4C5// /0CH3), 1.0-0.9 (m, 12H, ArOC7H14C//j). 
13CC NMR (125.70 MHz, CD2C12): 8 166.34 (CUC12), 150.10 (C13), 149.40 (C,5 or C16), 144.49 (C7), 142.15 (C,5 or 

C16),, 131.66 (C6), 130.87 (C5, C8), 128.40 (C4, C9), 126.91 (C2, Cu) , 124.47 (C3, C10), 113.78 (C17), 113.55 (C18), 

108.100 (C,4), 69.74 (NArOCH2C7H,5), 69.60 (NArOCH2C7H,5), 32.10, 32.08, 29.67, 29.65, 29.56, 29.52, 26.35, 26.31. 

22.94,, 22.90 (NarOCH2C6H12CH3)14.12, 14.10 (NArOC7H,4CH3) (not all signals were detected due to overlapping and 

C=CC of alkene not resolved). 

Pd[^-(OC2H4C6F13)C6H4)bian](ma)(3e) ) 

Thee ligand {^-(OC2H4C6F13)C6H4)bian (0.0115 g, 0.011 mmol) was dissolved in dry CH2C12 (5 mL) and then 

Pd(nbd)(ma)) (0.0033 g, 0.011 mmol) was added. This yielded 0.013 g (93%) of Pd[(p-(OC2H4C6F13)C6H4)bian](ma) as 

aa dark brown powder. 

'HH NMR (300.13 MHz, CD2C12): 8 8.09 (d, J4.5 = 8.7, 2H, Ar-//5), 7.6-7.5 (m, 8H, Ar-//3-4'15), 7.13 (d, Jl4.}5=  8.7, 4H, 

Ar-//14-- l 8) , 4.43 (t, J = 6.9, 4H, ArOC//2CH2C6F!3), 4.2 (br, 2H, C=C-H), 2.7 (m, 4H, ArOCH2C//2C6F]3). 
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13CC NMR could not be measured due to the low solubility of compound 3e. 

I 9FF NMR (282.41 MHz, CD2C12): 8 -81.5 (CF3). -113.9, -122.3. -123.4. -124.0. -126.7 (CF2). 

Pd[(m^n'-(C 9Hi 9)2C6H3)) bian](ma) (3D 

Thee ligand (m,m'-(C9H,9)2C6H3) bian (0.12 g, 0.35 mmol) was dissolved in dry THF (10 mL) and then Pd(nbd)(ma) (0.12 

g,, 0.040 mmol) was added. This yielded 0.29 g (80 %) of Pd[(m,m'-(C9H|9)2C6H3) bian](ma) as a dark brown powder. 
1HH NMR (499.84 MHz, CD2C12): 5 8.11 (d, J4.s=  8.5, 2H, Ar-//5), 7.52 (pst, 2H, Ar-//4), 7.40 (d. Js.4 = 7.0, 2H. Ar-//3), 

7.166 (br, 4H, Ar-//14), 7.13 (br, 2H, Ar-//16), 2.75 (t, J = 7.5, 8H. ArC7/2CsH17). 1.75 (br, 8H, ArCH2C//2C7H13). 1.5-

1.33 (b, 48H, ArC2H4C6Hn
cu  ̂ °-9 <m> 12H> A rC8H i f , cw3)-

n CC NMR (125.70 MHz, CDC13): 5 1.71.83 (C=0), 166.71 (C,), 148.80 <C15), 144.93 (C,3), 144.73 (C7). 131.65 (C6), 

I30.90(C5>,, 129.25 (C,,C]|), 128.54, 128.40 (C4,C,6), 126.78 (C2). 124.68 (C3), 35.99 (NArCH2C8H,7), 32.15. 31.62. 

29.83,, 29.77, 29.57, 22.91 (NArCH2C7H14CH3) (not all signals were detected due to overlapping) 14.10 (NArC8H16CH3) 

(C=CC of alkene not resolved), 

IR(inTHF):: 1700 (C=Oj, 1732 (C=0). 

Pdt(/n^i'-(CF3)2C 6H3)-5-/i-C8H ]77 bian](ma) (4a) 

Thee ligand m,m'-(CF3)2C6H3)-5-/7-C8H]7bian (0.36 g, 0.51 mmol) was dissolved in dry THF (5 mL) and then 

Pd(nbd)(ma)) (0.16 g, 0.51 mmol) was added. This yielded Pd[(m,m'-(CF3)2C6H3)-5-n-C8H17bian)](ma) (0.31 g, 0.34 

mmol,, 67 %) as a brick red powder. 
llHH NMR (499.84 MHz, acetone-d6): 8 8.32 (d, JH.9 = %A, 1H, Ar-//8), 8.02 (s, 2H, Ar-//16), 7.99 (s, 4H, Ar-// 14' l 8), 7.60 

(pst,, I H , A r - / / \ 7.43 (d, 7^=7.5, 1H, Ar-/?4), 7.20 (d, J8.9 = 7.8, IH, Ar-//10), 7.17 (d,J3.4 = 7.5, 1H, Ar-//3), 4.07 (br, 

2H,, C=C-H). 3.12 (t, J = 7.5, 2H, ArC//2C7H15), 1.68-1.78 (m, 2H, ArCH2C//2C6H13), 1.22-1.45 (br, 10H, 

ArC2H4C5// /0CH3)0.877 (m, 3H, ArC7H14C//,). 
13CC NMR (125.70 MHz, acetone-d6): 8 162 (br, Cl, C12), 150.45, 150.37 (C13 and C i 3 ) , 147.28 (C5), 146.13 (C7), 

133.088 (q, zi(C,F) = 33.9, C15, C,7), 130.87 (C6), 129.45 (Cg), 128.76 (C9, C10), 126.62 (C2), 125.18, 124.86 (C3, C4), 

122.555 (C]4), 121.33 (C]6), 32.52, 32.87, 30.93, 29.96, 22.61 (ArC7H,4CH3), 13.65 (ArC7H14CH3) (C=C of alkene not 

resolved). . 
19FF NMR (282.41 MHz, acetone-d6): 5 -63.15. 

IR(inTHF):: 1803(C=O), 1735 (C=0). 

Elementall  analysis: calcd for C40H30F|2N2O3Pd: C52.16; H, 3.28; N, 3.04. Found: C, 52.28; H, 3.32; N, 3.09. 

HRMSS (FAB+): [M - (C4H203)]
+* : found 822.1111; calcd (C36H28F,2N2Pd) 822.1109. 

Pd[(p-C12H25C6H4)-5-n-C8H,77 bian](ma) (4b) 

Thee reaction was carried out in an atmosphere of dry nitrogen. The ligand (p-Ci2H25C&H4)-5-/i-C8H]7bian (0.47 g, 0.60 

mmol)) was dissolved in a mixture of dry THF and dry dichloromethane (1:1, 20 mL) and then Pd(nbd)(ma) (0.18 g, 0.60 

mmol)) was added. This yielded Pd[(/?-C12H25C6H4)-5-H-CgH17bian](ma) (0.40 g, 0.41 mmol, 68 %) as a brown sticky 

solid. . 
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'HH NMR (499.84 MHz, CD2C12J: 5 8.10 (d, Js.9=  8.5, 1H, Ar-H8), d 7.51 (pst, 1H, A r - H \ d 7.65 (d, Jj.4 = 7.5, 1H, Ar-

H4),, 7.37-7.42 (m, 7H, Ar H3 4- ,0- 16' 17), 7.33 (s, 4H, Ar-H14- l 8), 4.05 (br, 2H, C=C-H), 3.56 (t, J = 7.8, 2H, 

ArCH2C7H15),, 2.8 (m, 6H, NArCH2CnH23 + ArCH2CH2C6H]3), 1.69-1.79 (m, 4H, NArCH2CH2C10H2l), 1.31-1.45 

(br,, 46H, ArC2H4C5H/0CH3 + NArC2H4C9HrtCH3), 0.87-0.92 (m, 9H, ArC7H14C//j + NArC„H 22Cff 5). 
I3CC NMR (125.70 MHz, CD2C12): 5 171.3 (C=0), 167.3 and 166.6 (C,, Cl2), 146.65 and 146.64 (C13 and CLV ), 145.7 

(C7),, 145.3 (C5), 143.5 and 1.43.4 (C,6 and C]6-), 130.6 (C6), 129.6 and 129.5 (C15, C17 and C,5-, C i r ) , 128.1, 128.0, 

127.99 (C4, C8, C9), 127.1 (C2. C,,), 124.7, 124.3 (C3, C,„), 121.6 and 121.5 (C14, C18 and C14., C,8-), 35.9 

(NArCH2C,1H23),, 32.9, 32.2, 32.0, 31.6, 30.9, 29.95, 29.94, 29.92, 29.89, 29.78, 29.76, 29.66, 29.65, 29.59, 29.4, 22.9, 

22.88 (NArCH2Ci0H20CH3 + ArC7H,4CH3), 14.1, 14.0 (NArCnH22CH3 + ArC7H14CH3) (C=C of alkene not resolved). 

Pd[(p-C8H17OC6H4)-5-n-C8H177 bian](ma) (4c) 

Thee ligand (p-CgH17OC6H4)-5-«-C8H17bian (0.35 g, 0.51 mmol) was dissolved in dry THF (5 mL) and then Pd(nbd)(ma) 

(0.155 g, 0.51 mmol) was added. This yielded Pd[<p-C8H17OC6H4)-5-n-C8H]7bian](ma) (0.30 g, 0.33 mmol, 65 %) as a 

brownn solid. 

'HH NMR (499.84 MHz, CD2C12): 5 8.22 (d, J8.9 = 8.0, 1H, Ar-H8), d 7.6-7.5 (m, 3H, Ar-H4- 9- 10- 15- l 7) , 7.36 (d, J3.4 = 

7.5,, 1H, Ar-//3), 7.10 (d, J}4.,5=  8.0, 2H, Ar-H14- ,8), 3.79 (br, 2H, C=C-H), 4.12 (t, J = 6.5,4H, NArOCH2C7H15), 3.11 

(t,77 = 7.5,2H,ArCH2C7H15), 1.87-1.92 (m,4H, NArOCH2CH2C6H]3), 1.72-1.78 (m, 2H, ArCH2Ctf2C6H13), 1.29-1.63 

(m,, 20H, NArOC2H4C5f/ /0CH3), 1.29-1.63 (br, 10H, ArC2H4C5// /0CH3), 0.89-0.97 (m, 6H, NArOC7H14CHj), 0.89-

0.97(m,3H,ArC7H l4Cffj) . . 
I3CNMRR (125.70 MHz, CD2C12): 5 171.9 (C=0), 166.6and 166.0(C,,C12), 159.4and 159.3 (C16and C16-), 145.6 (C7), 

145.11 (C5), 141.7 and 141.6 (C13 and C,3) , 130.7 (C6), 128.0, 127.9, 125.0, 124.4, 124.0 (C3, C4, C8, C9, C,0), 127.3 (C2 

C„) .. 115.14 and 115.11 (C15, C17 and C,5-, C i r ) . 123.7 and 123.6 (C14, C18 and C14-, C1S-), 68.7 (NArOCH2C7H15), 

32.9,, 32.10, 32.06, 31.0, 29.8, 29.64, 29.61, 29.55, 29.5, 29.4, 26.3, 22.93. 22.87 (NArOCH2QH12CH3 + ArC7H14CH3), 

14.13,, 14.08 (NArOC7H14CH3 + ArC7H,4CH3) (C=C of alkene not resolved). 

IR(inn THF): 1800 (C=0), 1732 (C=0). 

HRMSS (FAB+): [M - (C4H203)]
+* : found 806.4020; calcd (C4HH64N202Pd) 806.4020. 

Pd[(m,p-(C8H170)2C6H3)-5-/i-C8H177 bian](ma) (4d) 

Thee reaction was carried out in an atmosphere of dry nitrogen. The ligand (m,/?-(C8H|70)2C6H3)-5-n-CgH|7bian (0.11 g, 

0.122 mmol) was dissolved in dry THF (5 mL) and then Pd(nbd)(ma) (0.03 g, 0.12 mmol) was added. This yielded Pd[(m, 

p-C8H|7OC6H3)2-5-«-C8H|7bian](ma)) (0.10 g, 0.096 mmol, 80%) as a purple sticky solid. 

'HH NMR (300.13 MHz, CD2C12): 5 8.15 (d, JH_9=  7.8, 1H, Ar-H8), 7.65 (m, 3H, Ar-tf 9* 3-4), 7.41 (d, J9_l0=  7.2, 1H, Ar-

HH1010),), 7.15 (d, J,4.,5 = 3.0, 2H, Ar-H14), 7.07 (d, J,4.,5 - 3.0, 2H, Ar-H15), 7.01 (s, 2H, Ar-H17), 4.13 (m, 8H, 

ArOCH2C7H15),, 3.79 (br, 2H, C=C-H), 3.11 (t, 7 = 7.5. 2H, ArCJT2C7H15), 1.9 (m, 8H, ArOCH2CH2C6H13), 1.72-1.78 

(m.. 2H, ArCH2CH2C6H,3), 1.6-1.3 (m, 50H, ArOC2H4C5H/öCH3 + ArC2H4CsH /0CH3), 1.0-0.9 (m, I5H, 

ArOC7H14CHjj  + ArC7H14CH3). 
13CC NMR (125.70 MHz, CD2CI2): 5 161.4 and 161.0 (Cl and C,2), 150.6 (C,5 or C16), 146.6 (C7), 145.8 and 145.7 (C13 

andCl v ) ,, 142.2 (C5), 138.4 (C15 or C16), 129.9 (C6), 129.6 (C8), 128.2 (C2, C,,), 128.1 (C9), 127.7 (C10), 125.0 (C4), 
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123.99 (C3), 115.4 (C17 orC18), 109.6 (C14), 105.0 (Ci7 orC,g), 69.3 (NArOCH2C7H15), 32.9, 32.13, 32.10, 31.04, 29.81, 

29.68,, 29.61, 29.53, 29.50, 29.40, 26.31, 22.93, 22.87 (NArOCH2QH]2CH3 + ArC7H14CH3), 14.23, 14.18 

(NArOC7H14CH3++ ArC7H,4CH3) (C=C of alkene not resolved). 

Pd[(/n,m'-(CF3)2C6H3)-5-n-C2H4C6Fi33 bian](ma) (5a) 

Thee ligand m,m'-{CF3)2C6H3)-5-(n-C2rl4C(,Fn)bmn (0.68 g, 0.72 mmol) was dissolved in dry THF (5 mL) and then 

Pd(nbd)(ma)) (0.21 g, 0.71 mmol) was added. The reaction mixture was stirred for 30 minutes at room temperature. This 

yieldedd Pd[(m,m'-(CF3)2CfeH3)-5-(«-C2H4C6Fi3)bian](ma) (0.53 g, 0.46 mmol, 65 %) as a red solid. 

'HH NMR (499.84 MHz, CD2C12 + trifluoro ethanol): 8 8.21 (d, J8_9 = 8.5, 1H, Ar-H 8), 7.99 (br, 2H, Ar-H16), 7.67 (br, 

4H,, Ar-H14'18), 7.61 (pst, 1H, Ar-H9), 7.44 (d, J3_4 = 7.5, 1H, Ar-H4), 6.95 (d, J9_}0=1.0, 1H, Ar-H10), 6.87 (d, J3.4 = 

7.0,, 1H, Ar-H3), 3.6 (br, 2H, C=C-H), 3.5 (m, 2H, ArCH2CH2C6F| 3), 2.5 (m, 3J(H,F) = 19.5, 2H, ArCH2CH2C6F,3). 
I3CC NMR (125.70 MHz, CD2C12 + trifluoro ethanol): 8 172.0(C=O), 163.17and 162.75 (C, andC,2), 151.80 and 151.72 

(C13andC13.),, 143.57 (C7), 141.07 (C5), 133.50 (q,27(C,F)= 34.5, C]5, C]7), 130.30 (C6), 128.63 (Cg), 128.31 (C9), 127.9 

(C,0),, 127.06 (C2,Cn) , 124.50, 124.45 (C3, C4), 123.43 (q, 'j(C,F)= 271, ArCF3), 123.27 (C14, C18), 122.22 (C16), 31.73 

(t,, 7(C,F)= 21.3, ArCH2CH2C6F13), 23.18 (ArCH2CH2C6F,3), ( ArC2H4QF13 and C=C of alkene not resolved). 
19FF NMR (282.41 MHz, CD2C12 + trifluoro ethanol): 8 -63.15 (Ar-CF3), -82.01 (t, 3J(F,F)= 9.5, C¥2CF3), -115.4,-122.6, 

-123.6,, -124.1, -126.9, -123.63 (m, CF2). 

IR(inn THF): 1805 (C=0), 1736 (C=0). 

Elementall  analysis: calcd for C40H17F25N2O3Pd: C. 41.60; H, 1.48; N, 2.43. Found C, 41.52; H, 1.44; N, 2.39. 

Pd[{/>-C12H25C6H4)-5-«-C2H4C6F133 bian](ma) (5b) 

Thee ligand p-C|2H25C6H4-5-(n-C2H4C6F]3)-bian (0.86 g, 0.84 mmol) was dissolved in dry THF (5 mL) and then 

Pd(nbd)(ma)) (0.25 g, 0.84 mmol) was added. Yield0.60 g (0.49 mmol, 71%) of Pd[(p-C12H25C6H4)-bian](ma) as a brown 

powder. . 

'HH NMR (499.84 MHz, acetone-d6): 8 8,43 (d, J8.9=  8.5, 1H, Ar-ff 8), d 7.71 (pst, 1H, Ar-H9), d 7.65 (d, J3.4 = 7.5, 1H, 

Ar-H4),, d 7.52 (d, Jl4_l5 = 7.0, 4H, Ar-H14' 18), d 7.50 (d, J9.w = 7.0, 1H, Ar-f/ 10), d 7.44 (d, J14.!5 = 7.0, 4H, Ar-H15' 
17),, 4.0 (br, 2H, C=C-H), 3.56 (m, 2H, ArCH2CH2C6F13), 2.8 (t, J = 8.0, 4H, NArCtf2CMH23), 2.8 (m, 2H, 

ArCH2CH2C6F,3),, 1.7 (br, 4H, ArCH2CH2C10H2]), 1.5-1.3 (br, 36H, A r C ^ C ^ C H - , ), 0.9 (m, 6H, ArCuH22CHj). 
I3CC NMR (125.70 MHz, acetone-d6): 8 167.10 and 166.66 (C, andC12), 146.77 and 146.68 (CI 3 and C,3-), 145.08 (C7), 

143.255 and 1.43.19 (C16 and C1 6) , 141.47 (C5), 130.43 (C6), 129.7 (C15.C17), 128.80 (C8), 128.70 (C,). 127.73 (C10), 

127.544 (C2, CM ). 124.41 and 124.36 (C3 C4), 121.89 (C,4, C)g), 35.58 (NArCH2CnH23), 32.2, 31.6, 22.7 

(NArCH2C|0H20CH3,)) (signals obscured by deuterated solvent peaks), 31.16 (t, 2J(C,F) = 21.1, ArCH2CH2C6F]3), 22.93 

(s,, ArCH2CH2C6F|3), ( ArC2H4C6F13 or maleic anhydride resonances were resolved). 
19FF NMR (282.41 MHz, acetone-d6): 8 -81.28 (br, CF2CF3h -114.8, -122.1, -123.1, -123.6, -126.3 (m, CF2). 

IR(inTHF):: 1801 (C=0), 1733 (C=0). 
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Pd[(MC8H170)C6H4)-5-fl-C2H4C6F133 bian](ma) (5c) 

Thee ligand p-(CxH170)C6H4)-5-(n-C2H4C6F13 (0.16 g, 0.18 mmol) was dissolved in dry THF (5 mL) and then 

Pd(nbd)(ma)) (0.07 g, 0.24 mmol) was added. This yielded Pd[(/?-(C8H170)C6H4)-5-(n-C2H4C6F]3)bian](ma) (0.12 g, 

0.111 mmol, 61 %) as a brown sticky solid. 

'HH NMR (499.84 MHz, acetone-d6): 5 8.43 (d, J8.9=  8.5, 1H, Ar-tf 8), 7.76 (pst, 1H, Ar-tf 9), 7.70 and 7.69 (s, 1H, Ar-

HH44 and Ar-tf 3), 7.62 (d, Jg.I0=1.5, 1H, Ar-#10), 7.59 (d, JJ4.J5 = 9.0. 4H, Ar-tf 15), 7.14 <d, J,4_15 = 9.0, 4H, Ar-tf 14). 

4.177 (t, J = 6.5, 2H, ArOCtf2C7H15), 4.16 (t, J = 6.5, 2H, ArOCH2C7H15), 3.8 (br, 2H, C=C-ff), 3.56 (m, 2H, 

ArCff 2CH2C5F,3),, 2.77 (m, 2H, V(H,F)= 19.5, ArCH2CH2C6F13), 1.89 (p, J = 7.0, 4H, ArOCH2C/T>C6H13), 1.6 (m, 

4H,, ArOCH2CH2Cff2
c5Hll>< 1.4-1.3 (m, 16H, ArOC3H6C4tf sCH3), 0.95 (m, 6H, ArOC7H14Ctfj). 

13CC NMR (125.70 MHz, acetone-d6): 5 166.4and 165.9 (C, andC,2). 159.5 and 159.4 (C,6 and C1 6) , 144.8 (C7), 141.7 

andd 141.6 (C|3 and C|3-), 141.2 (C5), 130.4 (C6), 129.41 (C]5), 128.82 (C8), 128.68 (C9), 127.71 (C2andCl l ), 127.51 

(C10),, 124.23, 124.08 (C3, C4), 124.00 (C14), 115.14 (C15), 68.46 (NArOCH2C7H|5), 31.20 (t, J(C.F) = 21.6, 

ArCH2CH2C6F13),, 31.97, 28.73, 22.95, 22.70 (NArOCH2C6H)2CH3), 13.73 (NArOC7H14CH3) (signals obscured by 

deuteratedd solvent peaks), ( ArC2H4C6F] 3 or maleic anhydride resonances were not resolved). 
19FF NMR (282.41 MHz, CD2C12): 5-79.39 (br, CF2CF.,), -1142.9, -120.2, -121.2,-121.7, -124.5 (m, CF2). 

Pd[(m,p-(C8Hi70)2C6H3)-5-n-C2H4C6F133 bian](ma) (5d) 

Thee ligand m,/MC8H170)2C6H3)-5.8-(n-C2H4C6F13)bian (0.39 g, 0.33 mmol) was dissolved in dry THF (5 mL) and then 

Pd(nbd)(ma)) (0.10 g, 0.33 mmol) was added. This yielded Pd[(m,/?-(C8H170)2C6H3)-5,8-(«-C2H4C6F13)bian](ma) (0.34 

g,, 0.25 mmol, 75 %) as a black sticky solid. 

'HH NMR (300.13 MHz, CD2C12): 5 8.15 (d, J8,9 = 7.8. 1H. Ar-tf 8). 7.6 (m, 3H, Ar-H9- 3-4), 7.41 (d, J9,l0 = 7.2, 1H, Ar-

H10hh 7.15 (d, J,4_I5 = 3.0. 2H, Ar-H14), 7.09 (d, Jl4,l5 = 3.0, 2H, Ar-tf 15), 7.03 (s. 2H. Ar-H17), 4.13 (m, 8H, 

ArOCH2C7H15),, 3.4 (m, 2H, ArCH2CH2C6F,3), 2.5 (m, 3J(H,F) = 19.5, 2H, ArCH2C//2C6F13), 1.9 (m, 8H, 

ArOCH2C//2C6H13),, 1.6-1.3 (m, 40H, ArOC2H4C5H/0CH3), 1.0-0.9 (m, 12H, ArOC7H,4Ctfj) , (signals of maleic anhy-

dridee were obscured by ligand peaks). 
13CC NMR (125.70 MHz, CD2C12): 8 161.43 and 161.01 (C, andC,2), 150.61 (C15 orC16), 146.55 (C7), 145.79 and 145.69 

(Cl 3andC,3-),, 142.18 (C5), 138.43 (C15 or C16), 129.97 (C6), 129.60 (Cg), 128.22 (C2, CM ), 128.09 (C9), 127.72 (C10), 

124.999 (C4), 123.98 (C3), 115.38 (C17 or C18), 109.60 (C14), 105.01 (C17 or C,„), 69.28 (NArOCH2C7H15), 31.20 

(ArCH2CH2C6F13),, 32.15, 32.10, 29.85, 29.76, 29.63. 29.55, 26.43, 26.31. 22.95 (NarOCH2C6H12CH3), 14.08 

(NArOC7H)4CH3)) (not all signals of C8H )7 were resolved due to overlapping, 13C signals of maleic anhydride were not 

resolved). . 
19FNMRR (282.41 MHz, CD2C12): 5 -79.37 (br, CF2CFj), -1142.9, -120.2, -121.2,-121.7, -124.4 (m, CF2). 

Pd[(m,m'-(CF3)2C6H3)-5,8-(n-C2H4C6Fi3)22 bian](ma) (6a) 

Thee ligand (m,w,-(CF3)2C6H3)-5,8-(n-C2H4C6F13)2bian (0.31 g, 0,24 mmol) was dissolved in dry THF (5 mL) and then 

Pd(nbd)(ma)) (0.07 g, 0.24 mmol) was added. This yielded Pd|(m,m'-(CF3)2C6H3)-5,8-(/i-C2H4Cf)F13)2bian]{ma) (0.23 g, 

0.155 mmol. 63 ck) as a brick red powder. 
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'HH NMR (300.13 MHz, CD2C12): 5 8.04 (s, 2H, Ar-ff 16), 7.97 (s, 4H, Ar-ff 14), 7.49 (d, J M = 7.8, 2H, Ar-H4-9), 7.19 (d. 

JJ33..44 = 7.5, 2H, Ar-tf3- l0>, 3.51-3.75 (m, 4H, ArCfl 2CH2C6F|3), 2.22-2.58 (m, 4H, ArCH2Cff2C6F|3). 
I3CC NMR (125.70 MHz. CD2C12): 8 169.0 (C,, C12), 150.4 (C,3), 147.6 (C7), 143.3 (C5, C8), 133.2 (q. 2J(C,F) = 33.9, 

C1 5,C,7) .. 132.0(C4,C9), 130.3 (C6), 126.2 (C2, C„). 125.0 (C3, C9). 123.5 (q, 'j(C.F) = 272.8, NAr(CF3)2), 122.4 (C14. 

C18),, 121.4 (C16). 32.33 (t, 2J<C,F) = 21.3, ArCH2CH2C6F13), 27.0 (s, ArCH2CH2C6F13), (ArC2H4C6Fl 3 or maleic anhy-

dridee resonances were resolved). 

I 9FF NMR (282.41 MHz, acetone-d6): 5 -63.41 (Ar-CF,), -81.36 (br, CF2CF3), -114.5, -122.1, -123.1. -123.5, -126.4 (m, 

CFCF22). ). 

IR(inTHF):: 1804 (C=0), 1737 (C=0). 

HRMSS (FAB+): [M - (C4H203)] + ': found 1401.9932: calcd (C44H lgF38N2Pd) 1401.9914. 

Pd[</>-(C12H25)-5,8-(/i-C2H4C6F13)22 bian](ma) (6b) 

Thee ligand p-(C12H25)-5,8-(n-C2H4C6F13)bian (0.17 g, 0.12 mmol) was dissolved in dry THF (10 mL) and then 

Pd(nbd)(ma)) (0.036 g, 0.12 mmol) was added. The reaction mixture was stirred for 10 minutes at room temperature. The 

redd reaction mixture was filtered through Celite filter aid under N2 atmosphere to remove traces of metallic palladium and 

thee Celite filter aid was repeatedly washed with dry THF ( 2 x5 mL) until the washings were colorless. The combined 

filtratesfiltrates were evaporated to dryness in vacuo and the last traces of solvent were removed by stripping with dry pentane. 

Thee brown solid was washed with 5 mL methanol and the solvent residues were removed by stripping with pentane and 

driedd in vacuo yielding Pd[(p-(C12H25)-5,8-(H-C2Hi)C6F13)2bianJ(ma) (0.11 g, 0.072 mmol, 60 %) as a brown sticky solid. 

'HNMRR (300.13 MHz, CD2C12): 5 7.4 (br, 12H, Ar-H3-4- '4- 1 5) , 3.8 (br, 2H, C=C-fl), 3.56 (m, 2H, ArCtf2CH2C6F!3), 

2.88 (m. 4H, ArCff 2CnH23), 2.5 (m, 4H, ArCff 2CH2C6F,3), 1.7 (b. 4H, ArCH2Ctf2C10H21), 1.5-1.3 (b, 36H, 

ArC2H4C9H,8CH3),, 0.9 (m, 6H, ArCnH22C7/3). 
I 9FNMRR (282.41 MHz, acetone-d6): 8 -79.44 (br, CF2CF3), -112.7,-120.3, -121.2, -121.7,-124.5 (m, CF2). 

IR(inn THF): 1798 (C=0), 1735 (C=0). 

Elementall  analysis: calcd for C68H72F26N203Pd: C, 52.16; H, 4.64. Found C, 52.32; H, 4.83. 

Pd[(/KC8H170)) C6H4)-5,8-(«-C2H4C6Fi3)2bian](ma) (6c) 

'HH NMR (499.84 MHz, CD2C12): S 7.57 (d, J 3.4 = 8.0, 2H, Ar-ff 4), 7.49 (d, J,4.15 = 9.0. 4H. Ar-//14), 7.43 (d, J3_4 = 8.0, 

2H,, Ar-H3), 7.09 (d. Jl4A5 = 9.0, 4H, Ar-H15), 4.12 (t, J = 6.0, 2H, ArOC//2C7H,5), 3.6 (br, 2H, C=C-//), 3.5 (m, 4H, 

ArCtf2CH2C6F13),, 2.77 (m, 4H, ArCH2Cff2C6F,3), 1.89 (p, J = 7.5, 4H, ArOCH2C//2C6Hi3), 1.6 (m, 4H, 

ArOCH2CH2C//2C5Hn),, 1.4-1.3 (m, 16H, ArOC3H6C4//sCH3), 0.95 (m, 6H, AiOC7H,4CIÏ,) 

13CC NMR (125.70 MHz, CD2C12): 8 165.32 (ChCl 2) , 159.53 (C,6), 146.42 (C7), 141.50 (C5, C8), 140.73 (C13), 131.47 

(C4,, C9), 129.17 (C6), 127.31 (C2, Cn) , 124.30 (C3. C10), 123.55 (C14, C18). 115.24 (C15, C17), 75.42 (C=C-H), 68.79 

(NArOCH2C7H|5),, 33.38 (t, /(C,F) = 22.4, ArCH2CH2C6F13), 32.08, 29.61, 29.53, 29.50, 27.28, 26.30 

(NArOCH2C6H12CH3),, 14.08 (NArOC7H14CH3) ( ArC2H4C6F13 C=0 of maleic anhydride resonances were not 

resolved). . 
19FF NMR (282.41 MHz, acetone-d6): d -79.40 (br.CF2CF?), -112.6,-120.1,-121.2, -121.6, -124.5 (m, CF2). 
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Pd[(m,p-(C8H,70)2C6H3)r5,8-(n-C2H4C6F13)22 bian](ma) <6d) 

'HH NMR (499.84 MHz, CD2C12): 5 7.57 (d, J3.4=  8.0, 2H, Ar-//4), 7.43 (d, J3.4=  8.0, 2H, Ar-tf 3), 7.13 (d, ̂ 4-/8= 2.5, 

2H,, Ar-tf l4), 7.08 (dd, J,4.l8 = 2.5, Jl7_18 = 8.5, 2H. Ax-Hl8), 7.05 (d, J/ 7.M - 8.5, 2H, Ar-ff 17), 4.1 (br, 2H, C=C-H), 

4.155 (m, 8H, ArOC//iC7H15), 3.5 (m, 4H, ArC//2CH2C6F13), 2.77 (m, 4H, ArCH2Cff2CfiFl3), 1.93 (p, J = 6.5, 4H, 

ArOCH2C#2C6H13),, 1.90 (p, 7 = 6.5, 4H, ArOCH2Cff2C6H13), 1.6-1.3 (m, 40H, ArOC2H4C5tf,0CH3), 1.0-0.9 (m, 12H, 

ArOC7H14Cffj) . . 
19FF NMR (282.41 MHz, CD2C12): 8 -79.37 (br, CF2Cf\,), -1142.9, -120.2, -121.2, -121.7, -124.4 (m, CF2). 

Generall  synthesis of Pd(4,4'-(R)2 2,2'-bpy)(ma) (7a-c) 

Thee substituted bpy ligand was dissolved in dry THF (10 mL) and then Pd(nbd)(ma) (ratio ligand/ Pd 1:1) was added. The 

reactionn mixture was stirred for 20 minutes at room temperature. The yellow reaction mixture was filtered through Celite 

filterr aid under N2 atmosphere to remove traces of metallic palladium and the Celite filter aid was repeatedly washed with 

dryy THF ( 2 x5 mL) until the washings were colorless. The combined filtrates were evaporated to dryness in vacuo and 

thee last traces of solvent was removed by stripping with dry pentane and dried in vacuo. 

Pd(4,4'-(CH3)22,2'-bpy)(ma)) (7a) 

Usedd amounts: 4,4'-(Me)2 2,2'-bpy (0.088 g, 0.47 mmol); Pd(nbd)(ma) (0.15, 0.51 mmol); Yield Pd(4,4'-(C5Hn)2 2,2'-

bpyXma)) (0.18 g, 0.47 mmol, 93 %) 

HH NMR (499.84 MHz, acetone-d6 + CD2C12): 5 8.45 (d, J = 4.5, 2H, pyCfl6), 8.23 (s, 2H, pyCtf3), 7.11 (d, J = 4.5, 2H, 

pyC//5),, 3.8 (br, 2H, C=C-//), 2.4 (s, 6H, ArCtf3). 
13CC NMR (125.70 MHz, CD2C12): 5 156.10 (pyC6), 148.98 (pyC6), 148.07 (pyC4), 124.67 (pyC3), 121.77 (pyC5), 20.87 

(CH3). . 

Pd(4,4'-(C5H n)22 2,2'-bpy)(ma) (7b) 

Usedd amounts: 4,4*-(C9H19)2 2,2'-bpy (0.15 g, 0.51 mmol); Pd(nbd)(ma) (0.15,0.51 mmol); Yield Pd(4,4'-(C5Hn)2 2,2'-

bpyHma)) (0.23 g, 0.38 mmol, 75 %) 

'HH NMR (300.13 MHz, CDC13): 5 8.54 (d, J = 5.0, 2H, pyCH6), 8.19 (s, 2H, pyCtf3), 7.05 (d, J = 5.0, 2H, pyC//5), 4.0 

(br,, 2H, C=C-H), 2.75 (t, J = 7.5, 4H, ArC//2C4H9), 1.60 (p, J = 7.5, 4H, ArCH2C//2C3H7), 1.4-1.2 (br, 8H, 

ArC2H4C2//4CH3),, 0.86 (br, 6H, ArC4H8C//3). 
13CC NMR (125.70 MHz, CD2C12): 8 154.20 (pyC6), 153.5 (pyC4), 149.90 (pyC6), 127.12 (pyC3), 122.93 (pyC5). 43.39 

(C=C),, 35.66 (ArCH2C4H9), 33.43, 27.57, 20.15 (ArCH2C3H6CH3), 11.38 (ArC4H8CH3). 

Pd(4,4'-(C9Hi 9)22 2,2'-bpy)(ma) (7c) 

Usedd amounts: 4,4'-(C9H19)2 2,2'-bpy (0.19 g, 0.46 mmol); Pd(nbd)(ma) (0.15,0.51 mmol); Yield Pd(4,4'-(C9H]9)2 2,2'-

bpy)(ma)) (0.17 g, 0.27 mmol, 61 %) 
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]] HH NMR (499.84 MHz. CD2C12): 5 8.64 (d. J = 5.0. 2H, pyO/6), 7.88 (s, 2H, pyCtf3), 7.28 (d. J = 5.0. 2H, pyCH5), 4.0 

(br,, 2H, C=C-H), 2.75 ft. J = 7.5. 4H, ArC//2C8H17). 1.69 (p. J = 7.5. 4H. ArCH2C//2C7H15), 1.4-1.2 (br, 24H. 

ArCiH^f / ff  |2CH3), 0.86 (br, 6H, ArC8H ]6C//3). 

13CC NMR (125.70 MHz. CD2C12): 8 171 (C=0), 156.10 (pyC6), 154.54 (pyC4). 153.05 (pyC6). 127.12 (pyC3), 122.93 

(pyC5),, 46.84 (C=C), 36.18, 32.43, 30.77, 30.16. 30.03, 29.97, 29.93. 29.84, 29.80, 29.71, 28.02, 23.23 (ArCsH iSCH3), 

14.433 (ArC„H 18CH3). 

Pd(tris[4-(3,3,4,45,5,6,67,7,8,8,8-tridecafluoro-octyl)phenyl]phosphine)2(nia)(8) ) 

'HH NMR (500 MHz, acetone-d6): 8 7.79 (dd, 47(H.P) = 14.5. V(H.H) = 9.0. 6H. Ai-H), 7.70 (dd. 47(H.P) = 1 1.5. V(H.H) 

== 9.0, 6H, Ar-H), 7.44 (dd, 3/(H,P) = 18.5. V(H.H) = 9.0. 12H. Ar-tf) , 4.59 (m, 2H), 3.00 3,56 (t. V(H,H) = 8.0. 12H, 

ArC//2CH2C6F13),, 2.6 (m, 12H, V(H,H) = 8.0. V(H.F)= 19.5, ArCH2Ctf2C6Fi3). 
13CC NMR (125.70 MHz. acetone-d6): 5 171.72 (C=0), 142.70 UC.P) = 11.86. CqAroni). 133.3 (CHAmm), 133.3 

<CHArom)-- 131.51 ( 'ACP) = 70.5, CqArom), 50.5 (C=C-H), 31.98 (t, V(C,F) = 14.6, = 21.1, ArCH2CH2C6F13), 26.05 

(ArCH2CH2C6F,3). . 
31PP NMR (121.5 MHz, acetone-d6): 8 41.7. 
19FF NMR (282.41 MHz, acetone-d6): 5 -82.15 (br, CF2CF3), -115.4, -122.9,-123.9, -124.5,-127.3 (m, CF2). 

Elementall  analysis: calcd for C90H58F78O3P2Pd: C. 38.09; H. 2.06. Found C, 38.15; H, 2.11. 

4.4.44 Synthesis of Pd(NN)(ma) complexes containing a-donor  only ligands 
Generall  procedure: in 10 mL THF solution containing 5 mL of the appropriate N- ligand, 0.15 g (0.5mrnol) [(r|2, r\2 -

norbornadiene)) (ri~-maleicanhydiide) palladium(O)] was added. In the case of ammonia. 3-4 mL was condensed at -70 

°C,, to which 10 mL of cold THF was slowly added, followed by the Pd(0) complex as above. After complete dissolution 

off  the latter, the solution was filtered over Celite filter aid and washed with 2x5 mL THF. Then 15 mL diethyl ether was 

addedd to the solution, after which the products were obtained as yellow microcrystalline solids in a typical yield of 65%. 

Pd(py)2(ma)) (9) 

Yieldd 0.13 g (70%). 

'HH NMR (500 MHz, acetone-d6): 8 8.58 (m. 4H, pyC2), 7.97 (m. 2H, pyC4), 7.54 (m, 4H, pyC3,), 3.9 (br. 2H, C=C-H). 

13CC NMR (125 MHz, acetone-d6); 8 151.68 (pyC2). 137.70 (pyC4), 125.40 (pyC3). 39.80 (CH), (C=0 not observed). 

IR(inTHF):: 1780, 1726 (C=0). 

Pd(NHEt 2)2(ma)) (10) 

Yieldd 0.11 g(61%). 

'HH NMR (500 MHz, CD2C12): 8 3.5 (br. 2 H, C=C-H), 2.7 (br, 8H, CH2), 1.3 (br. 12H, CH3). 
13CC NMR (125 MHz, acetone-dó): 8 171.9 (C=O),48.0 (C=C), 38.3 (CH2), 15.1 (CH3). 

IRR (in THF): 1793, 1726 (C=0). 
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Pd(NH2Ar) 2(ma)) (11) 

Yieldd 0.12 g (60%). 

'HH NMR (500 MHz, acetone-d6): 5 7.06 (t, J=8.0 Hz, 4H, Ar-H), 6.68 (d, J=7.5 Hz, 4H, Ar-H), 6.59 (t, J=7.5 Hz, 2H, Ar-

H),, 4.59 (br, 2H, C=C-H), C=C-H), 2.81 (s, 4H, NH2). 

Exactt Mass Determination: Found 391.0233, calculated for C16H17N203Pd: 391.0281 

Pd(NH3)2(ma)) (12) 

Yieldd 0.18 g (67%). 

'HH NMR (500 MHz, acetone-d6): Ö 3.47 (s, 2H, C=C ff), 3.57 (s, 6H, NH3). 
13CC NMR (125 MHz, acetone-d6): 5 177.70 (C=0), 62.77 (C=C). 

Pd(SMe2)2(ma)) (13) 

Yieldd 0.13 g (66%). 

'HH NMR (500 MHz, acetone-d6): 8 4.1 (br, 2H, C=C~H), 2.4 (s, 12H). 
I3CC NMR (125 MHz, acetone-d6): 5 :No satisfactory spectrum could be obtained. 

Pd(l,6-heptadiene)(ma)) (14) 

Yieldd 0.09 g (60%). 

'HH NMR (500 MHz, THF-d8): 5 4.98 (s, 2H), 4.76 (m, 4H), 3.98 (br, 2H), 3.86 (br, 2H, C=C-H), 2.02 (br, 2H), 1.75 (s, 

2H),, 0.92 (br, 2H). 
,3CC NMR (125 MHz, THF-d8): 5 168.31 (C=0), 99.96, 73.91, 60.73, 31.29, 30.89. 

Pd(tmeda)(ma)) (15) 

Yieldd 0.11 g(70%). 

'HH NMR (500 MHz, CD2C12): 5 3.55 (s, 2H, C=C-H), 2.73 (s, 6H, NMe), 2.72 (s, 6H, NMe), 2.5 (m, 4H, CH2-CH2). 
I3CC NMR (125 MHz, CD2C12): 5 172.22 (C=0), 59.94 (C=C), 50.64 (CH3), 50.14(CH3), 39.54 (CH2). 

4.4.55 Crystal structure determination of Pd(py)2(ma) (9) 
Dataa collection and cell refinement were carried on a Nonius KappaCCD diffractometer with rotating anode (1=0.71073 

A)) at a temperature of 150(2) K up to a resolution of (sinq/l)max = 0.65 A-1; 3073 reflections were unique (Rint = 0.051). 

Ann absorption correction based on multiple measured reflections was applied (0.77-0.91 transmission). The structure was 

solvedd with direct methods (SIR-97 55) and refined with SHELXL-97 56 against F2 of all reflections. Non-hydrogen atoms 

weree refined freely with anisotropic displacement parameters. H atoms of the maleic anhydride ligand were refined freely 

withh isotropic displacement parameters; H atoms of the pyridine ligands were refined as rigid groups. 189 refined param-

eters,, no restraints. R-values [I > 2s(I)]: Rl= 0.0262. wR2 = 0.0579. R-values [all refl.]: Rl= 0.0429. wR2 = 0.0634. GoF 
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== 1.025. Residua] electron density between -0.48 and 0.63 e/A3. Molecular illustration, structure checking and calculations 

weree performed with the PLATON package. 57 

Tablee 4-5. Crystal and unit cell data for Pd(py)2(ma» (9). 

Formula a 

FW W 

Crystall  size (mm) 

Crystall  system 

Crystall  color 

Spacee group 

aa (A) 

b(A) ) 

c(A) ) 

V ( A 3 ) ) 

Z Z 

Dcalcc <g/ c m 3> 

\x\x (mm-1) 

F(OOO) ) 

c l 4 H l 2 N 2 0 ?p d d 

362.68 8 

0.48x0.12x0.09 9 

Orthorhombic c 

Yelloww needle 

Pbca(no.. 61) 

8.1477(1) ) 

16.0499(3) ) 

20.5190(4) ) 

2683.27(8) ) 

8 8 

1.795 5 

1.391 1 

1440 0 
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Kineti cc study and Spectroscopic 
Investigationn of the semi-
hydrogenationn of 4-octyne 
catalyzedd by Pd[(m^w' -
(CF3)2C6H3)) bian](ma) in THF 

5.11 Introductio n 

Homogeneouss hydrogenation by transition metal complexes has played a key role in the fundamental 

understandingg of catalytic reactions and has proven to be of great utility in practical applications. In 

spitee of the wealth of information available concerning the homogeneous hydrogenation of alkenes, 

remarkablyy few details have been previously reported for alkynes, even though a large number of cat-

alystss have been tested and found active in this reaction. Highly selective hydrogenation to the cor-
^^  Q 1 n 19 

respondingg alkene has been observed for homogeneous ruthenium, " iridium, " and rhodium 
catalystss and recently also a Fe(II) containing catalyst has been reported. These reports deal 

withh the selective hydrogenation of alkynes to the corresponding alkenes, however, the stereoselec-

tivityy of the catalysts is often not determined as terminal alkynes are used as model substrates. 

Recently,, our group22 has reported the stereoselective hydrogenation of internal alkynes by zerova-

lentt palladium catalyst bearing a bidentate nitrogen ligand, that is able to homogeneously hydrogenate 

aa wide variety of alkynes to the corresponding (Z)-alkenes. The observed selectivity towards the (Z)-

isomerr for the different alkynes is very high under very mild conditions (25 °C, 1 bar H2). The pre-

catalystss employed are the Pd(Ar-bian)(alkene) compounds, which have previously been used in the 

homogeneouss hydrogenation of electron poor alkenes and in carbon-element bond formation reac-

tion.24-255 In this qualitative study also different zerovalent palladium complexes where employed in 

thee stereoselective hydrogenation of 1 -phenyl-1 -propyne. Catalysts precursors with other ligands then 

Ar-bian,, such as Pd(dba)2, Pd(bpy)(dmfu) (bpy = bipyridine, dmfu = dimethylfumarate) and 

Pd(dab)(dmfu)) (dab = />-methoxy phenyl diazabutadiene) lead to unstable complexes and/or decom-

5 5 
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positionn under hydrogenation conditions. In these cases a low selectivity towards the (Z)-isomer and 

aa high degree of overreduction to «-propylbenzene is observed. The use of Pd(dppe)(dmfu) (dppe = 

diphenylphosphinoo ethane) resulted in a very slow hydrogenation reaction since stable Pd(alkene) and 

Pd(alkyne)) complexes are formed, hence no catalyst decomposition was observed. From this study, it 

wass concluded that Pd(Ar-bian)(dmfu) was the most effective catalyst for the stereoselective hydro-

genationn of alkynes to (Z)-alkenes. 

Studyy of the overall kinetics is an important tool in the elucidation of mechanisms of homogeneous 

metal-catalyzedd reactions. Knowledge of the rate law is very useful in assigning the rate determining 

stepp in the cascade of elementary reaction steps and hence a reaction mechanism can be proposed.26'27 

However,, several mechanisms may be consistent with a given rate law, so that other spectroscopic 

experimentss are necessary before one can interpret the experimentally obtained rate law. In this chap-

ter,, a kinetic study of the stereoselective hydrogenation of 4-octyne by the zerovalent palladium cat-

alystt Pd[(m,m'-(CF3)2C6H3) bian](ma) (1) (see Figure 5-1) is presented. From this study, a 

mechanismm will be postulated based on spectroscopic studies (*H, 2H NMR and PHIP NMR), rate 

studies,, product analysis, isotopic labelling and reactions with model compounds. 

Figuree 5-1. The stereoselective hydrogenation of 4-octyne by Pd[(ffl.m'-(CF3)2C6H3)bian](ma) (1). 

5.22 Results & Discussion 

Inn a preliminary study, it was found that the Pd( Ar-bian)-catalyzed hydrogenation of alkynes shows 

aa distinct induction period, after which the alkyne consumption is linear with time. In order to obtain 

thee kinetic data from this reaction, the first 10% conversion is discarded and the consumption of 

alkynee is determined as a function of time. Furthermore, it appeared that the rate of hydrogenation 

employingg complex 1 was much higher than for similar Pd(Ar-bian)(ma) complexes containing more 

electronn donating ligands (e.g., p-Me Ar-bian, /j-MeO Ar-bian). Under all conditions used in this 

kineticc study, the selectivity (Z-octe-4-ene/ E-octe-4-ene/ octane) of the hydrogenation reaction is 

highh and unchanged (typically 95/5/0), which indicates that a single mechanism is operative. 

110 0 



Kineticc study of the semi-hydrogenation of 4-octyne catalyzed by Pd[(m,m'-(CF3)2C6H3) bian](ma) in THF 

5.2.11 Dependence of the reaction rate on dihydrogen pressure 

Thee dihydrogen pressure was varied in the 0-40 bar range at 4-octyne concentrations of 0.31 M. The 

reactionn rate shows a linear dependency with respect to the hydrogen pressure up to 15 bars (see 

Figuree 5-2 A). Plots of ln(rate) versus ln/j(H2) (for hydrogen pressures between 1-15 bars) yields a 

straightt line of slope 1.01 showing that the hydrogenation of 4-octyne is first order in dihydrogen pres-

suree (see Figure 5-2 B). The values of kobs are collected in table 5-1. 

Tablee 5-1. Kinetic data for the hydrogenation of 4-octyne to 4-Z-octene by Pd[(m,m'-(CF3)2C6H3) bian](ma).a 

Entry y 

1. . 

2. . 

3. . 

4. . 

5. . 

6. . 

7. . 

8. . 

P(H2), , 
(bar) ) 

0 0 

1.0 0 

7.0 0 

11.3 3 

15.3 3 

21.5 5 

26.0 0 

40.0 0 

10"44 [Pd], 
(moll"1) ) 

1.0 0 

1.0 0 

1.0 0 

1.0 0 

1.0 0 

1.0 0 

1.0 0 

1.0 0 

[4-octyne], , 
(moir11 ) 

0.31 1 

0.31 1 

0.31 1 

0.31 1 

0.31 1 

0.31 1 

0.31 1 

0.31 1 

10"3US S 

(s-1) ) 

0 0 

0.6 6 

4.7 7 

8.3 3 

11.0 0 

13.4 4 

14.4 4 

14.3 3 

(mol"22 l2 bar"1 

s ') ) 

0 0 

18 8 

22 2 

24 4 

23 3 

20 0 

18 8 

12 2 

Selectivity y 
27£/alkaneb b 

— — 
94/6/0 0 

95/5/0 0 

93/7/0 0 

95/5/0 0 

95/5/0 0 

94/6/0 0 

93/7/0 0 

a.. Conditions: Reactions were carried out in a stainless steel autoclave. Stirring speed was set at 1250 r.p.m and 
reactionn temperature was 21 °C. 

b.. Selectivity determined between 10-90% alkyne conversion. 

H22 pressure (bars) L n [ p H J 

Figuree 5-2. A) Plot of rate of the reaction versus the hydrogen pressure. B) Plot of ln(kobs) versus ln(pH2). Conditions as 
givenn in table 5-1. 

Att hydrogen pressures higher than 25 bar the hydrogenation activity (kohs) remains constant (compare 

entryy 6, 7 and 8 of table 5-1). The zero order dependence on dihydrogen pressure suggests that the 
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reactionn rate is limited by the mass transfer of hydrogen gas into the THF solution. In such a case, the 

hydrogenn pressure is no longer a measure of the hydrogen gas concentration in solution and this 

resultss in a zero order dependency. Increasing the hydrogen pressure results in a steadily decrease of 

kkcatcat (see table 5-1). The stereoselectivity of the reaction is not affected by the hydrogen pressure and 

(ZJ-isomerr remains the major product (typical product distribution: Z-alkene/ E-alkene/ alkane = 95/ 

5/0). . 

5.2.22 Dependence of the reaction rate on substrate concentration 
Thee substrate concentration was varied between the 0.16 and 0.76 M at 7 bars of hydrogen and a cat-

alystt concentration of 0.2 mM, The rate of the reaction versus the substrate concentration is plotted in 

Figuree 5-4 (A). The plot clearly shows that the rate of reaction has a maximum value at a substrate 

concentrationn of 0.32 M. At lower concentrations (entry 1-5 in table 5-2), the ln(rate) versus ln([sub-

strate])) plot gives a straight line of slope of 0.65. The positive broken reaction order suggests that the 

substratee is involved in a pre-equilibrium step preceding the rate-determining step. 

Tablee 5-2. Kinetic data for the hydrogenation of 4-octyne to 4-Z-octene by Pd[(m,m'-(CF3)2C6H3) bian](ma).a 

Entry y 

1. . 

2. . 

3. . 

4. . 

5. . 

6. . 

7. . 

8. . 

9.0 0 

P(H2), , 
(bar) ) 

7.0 0 

7.0 0 

7.0 0 

7.0 0 

7.0 0 

7.0 0 

7.0 0 

7.0 0 

7.0 0 

IO'4[Pd], , 
(moll-11 ) 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

[4-octyne], , 
(moll"11 ) 

0 0 

0.16 6 

0.21 1 

0.25 5 

0.31 1 

0.37 7 

0.44 4 

0.67 7 

0.76 6 

( s1) ) 

0 0 

9.2 2 

11.3 3 

12.1 1 

14.3 3 

13.8 8 

13.0 0 

10.3 3 

9.1 1 

Var r 
(mol22 l2 bar"1 

s-1) ) 

0 0 

41 1 

38 8 

35 5 

33 3 

27 7 

21 1 

11 1 

8.6 6 

Selectivity y 
Z/£7alkaneb b 

, „ „ 

94/6/0 0 

95/5/0 95/5/0 

95/5//0 0 

95/5/0 0 

94/6/0 0 

95/5/0 0 

95/5/0 0 

95/5/0 95/5/0 

a.. Conditions: Reactions were carried out in a stainless steel autoclave. Stirring speed was set at 1250 r.p.m and 
reactionn temperature was 21 °C. 

b.. Selectivity determined between 10-90% alkyne conversion by GC. 

Att concentrations higher than 0.32 M, the order in substrate changes from +0.65 to -0.50 (see 

Figuree 5-4 (B)) and 4-octyne becomes an inhibitor for the hydrogenation reaction. The negative order 

off  -0.50 suggests that two substrate molecules are involved in the inhibition (the rate dependence of 

l/[4-octyne]]  ). This change is believed to be caused by the rate-limiting dissolution of hydrogen gas 
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inn combination with the high alkyne concentration. In such a case, the palladium(alkyne) complex can 

existt long enough to react with a second substrate molecule to form a palladacycle, which is inactive 

underr these reaction conditions (see Figure 5-3). It has been described by Mosely et al. and Ito et 

al.al.2929 that stronger rj-donating ligands (e.g. N-donors ligands) favor the formation of the palladacyclo-

pentadienee instead of the Pd(0)(r|2-alkyne) complex. 

H2 2 

Figuree 5-3. The formation of a palladacycle. 

Attemptss to isolate this palladacycle failed due to the instability of this compound, which is in accor-

dancee with the reports of other authors who were not able to prepare or isolate the palladacycle arising 

fromm 4-octyne.24'30 The absence of hexa(n-propyl)benzene in the reaction mixture formed by the tri-

merisationn of 4-octyne suggests that the palladacycle is inactive and acts as a definitive sink of inac-

tivee catalyst species (catalyst deactivation product). 

1 8 - ,, - 4 . 1 - , 

[4-octyne]] (moll"1) L n [4-octyne] 

Figuree 5-4. A) Plot of rate of the reaction versus the 4-octyne concentration. B) Plot of ln(rate) versus ln[4-octyne]. 
Conditionss as given in table 5-1. 
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5.2.33 Dependence of the reaction rate on catalyst concentration 

Thee catalyst concentration was varied between 0 and 4.0 raM at 7 bars of hydrogen and 4-octyne con-

centrationn of 0.31 M. The reaction rate shows a linear dependence with respect to the palladium con-

centrationn (see Figure 5-5). Plotting of ln(rate) versus ln[Pd], as is presented in Figure 5-5, yields a 

straightt line of slope 1.08 showing that the hydrogenation of 4-octyne is first order in palladium. The 

valuesvalues of kobs are collected in table 5-3. At concentrations higher than 2.0 x 10"4 mol T1 the activity 

decreased;; unfortunately, it was not possible to determine the order of palladium at high catalyst con-

centrationss due to the bad reproducibility. This suggests that the precatalyst is not completely acti-

vatedd during the induction period. In addition, with such high reaction rates the required rate of 

hydrogenn consumption cannot be met, which results in the formation of inactive palladacycle species 

hencee yielding bad reproducibility of the rate data. 

xx 10"* [Pd] (moll ' ' ) Ln[Pd] 

Figuree 5-5. A) Plot of rate of the reaction versus the catalyst concentration. B) Plot of In(rate) versus ln[Pd]. Conditions 
ass given in table 5-1. 

Tablee 5-3. Kinetic data for the hydrogenation of 4-octyne to 4-Z-octene by Pd[(m,m'-(CF3)2C6H3) bian](ma).a 

Entry y 

1. . 

2. . 

3. . 

4. . 

5. . 

p(H2), , 
(bar) ) 

7.0 0 

7.0 0 

7.0 0 

7.0 0 

7.0 0 

104[Pd], , 
(moir11 ) 

0 0 

1.0 0 

1.5 5 

1.75 5 

2.0 0 

[4-octyne], , 
(moir11 ) 

0.31 1 

0.31 1 

0.31 1 

0.31 1 

0.31 1 

0 0 

6.0 0 

8.8 8 

10.6 6 

12.1 1 

(mof22 l2 bar"1 

s-1) ) 

0 0 

28 8 

27 7 

28 8 

28 8 

Selectivity y 
2'£/alkaneb b 

— — 
95/5/0 0 

95/5/0 0 

94.6/0 0 

95/5/0 0 

a.. Conditions: Reactions were carried out in a stainless steel autoclave. Stirring speed was set at 1250 r.p.m and 
reactionn temperature was 21 °C. 

b.. Selectivity determined between 10-90% alkyne conversion by GC. 
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5.2.44 Derivation of the experimental rate law 
Withh the results presented here, it is possible to derive the overall rate law for the stereoselective 

hydrogenationn of 4-octyne catalyzed by 1 in THF under non-limiting hydrogen conditions. The exper-

imentallyy derived rate law under hydrogen rich conditions is: 

-d[4-octyne]]  = * [ 4 _ o c t y n ef « [ p d ] I ] eq. 1 
dt dt 

Equationn 1 indicates a first order in palladium catalyst and hydrogen pressure and an order of 0.65 for 

4-octyne.. However, under hydrogen limiting reaction conditions (e.g. high substrate or catalyst con-

centrations)) the kinetics and hence the rate law change and equation 1 is no longer applicable. 

Thee observed selectivity of the hydrogenation reaction is typically 95/5/0 (Z-octene, £-octene, octane) 

andd appears to be independent of the reaction conditions used (see table 5-1, table 5-2 and table 5-3). 

Thee insensitivity of the stereoselectivity suggests that one mechanism is operative under all tested 

conditionss (both hydrogen rich and hydrogen limiting reaction conditions) in the hydrogenation of 4-

octynee by (1). 

5.2.55 The temperature dependence of the reaction rate and determining the 
activationn parameters 
Thee effect of the temperature on the hydrogenation rate was studied in the 20-36 °C range at a 4-

octynee concentration of 0.31 M, a catalyst concentration of 2.0 mM and a dihydrogen pressure of 7.0 

bars.. The Eyring plot constructed from the obtained kinetic data is shown in Figure 5-6, which yielded 

thee activation parameters for this reaction (AH* = 30 KJmol"1, AS* = -180 JK"1). The values of the 

activationn parameters are similar to values reported for ruthenium and nickel hydrogenation cata-

lysts.31,466 The large negative value for the entropy of activation (AS-1") is indicative of a highly ordered 

115 5 



Chapterr 5 

transitionn state, commensurate with the interaction of a dihydrogen molecule with the palladium cen-

ter. . 

-9.3-, , 

-9.44 - * V 

-9.5-- \ ^ 

tt  \ . 

-9.88 - \ ^ 
 \^ 

-9.9-- \ , 

-10.0-11 1 1 1 1 1 1 , ^ 
0003255 0.00330 0.00335 0.00340 

1/(T) ) 

Figuree 5-6. Eyring plot of the stereoselective hydrogenation of 4-octyne by 1. . 

Tablee 5-4. Kinetic data for the hydrogenation of 4-octyne to 4-Z-octene by Pd[(m,m'-(CF3)2C6H3) bian](ma) at different 
temperatures." " 

Entry y 

1. . 

2. . 

3. . 

4. . 

Temperaturee (°C) 

21.0 0 

25.4 4 

29.0 0 

36.5 5 

(s-1) ) 

14.0 0 

15.3 3 

20.5 5 

25.9 9 

Selectivity y 
^£/alkaneb b 

95/5/0 0 

95/5/0 0 

95/5/0 0 

94/6/0 0 

a.. Conditions: Reactions were carried out in a stainless steel autoclave. Stirring 
speedd was set at 1250 r.p.m. 

b.. Selectivity determined between 10-90% alkyne conversion by GC 

5.2.66 Reactions involving the platinum model catalyst Pt[(m^n'-(CF3)2C6H3) 
bian](ma)) (2) 

Metall  complexes of the 5d series typically form stronger bonds with ligands (for example to carbon) 

thann their 3d and Ad counterparts.1'32 These third-row transition metal complexes are generally less 

activee in catalytic reactions and hence can serve as stable models of reactive intermediates proposed 

forr a catalytic transformation. 

Duee to the fast kinetics of 1 in the semi-hydrogenation reaction of 4-octyne, intermediates could nei-

therr be identified, nor detected with NMR (PHIP NMR). Therefore, recourse was taken to the plati-

numm analogue Pt[(m,m'-(CF3)2C6H3) bian](ma) (2), which was synthesized by reacting Pt(nbe)3 with 
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thee (w,m'-(CF3)2C6H3) bian ligand and maleic anhydride in THF.33 Compound 2 could be isolated in 

45%% yield and was characterized by NMR techniques, mass spectroscopy and elemental analysis. 

(H2)) (1 atm.)/4-octyne 

THF F 

(2)) (3) 

Figuree 5-7. Formation of the platinacylcopentadiene (3) by oxidative coupling of two alkyne moieties. 

Hydrogenationn reactions of 4-octyne using Pt[(m,m'-(CF3)2C6H3) bian](ma) (2) as catalyst (4-octyne/ 

Ptt complex = 100) in acetone-d6 at 21 °C were followed with lH NMR. In the 'H NMR only broad 

aromaticc signals were detected and no distinct platinum complexes could be identified. When the 

reactionn was performed under limiting hydrogen conditions (2 mmol of dihydrogen, 0.013 mmol cat-

alystt and a ratio substrate/catalyst of 300 at 60 °C in THF) the color of the solution changed from dark 

purplee to dark red, indicating a new platinum species was formed. This air- and moisture stable plat-

inumm complex could be isolated and characterized with NMR techniques, IR and mass spectroscopy. 

Fromm the spectroscopic data, it was concluded that the obtained red solid was [(m,m'-(CF3)2C6H3) 

bian]platina-2,3,4,5-tetra(propyl)cyclopentadienee (3), which had been formed by an oxidative cou-

plingg (see Figure 5-7). Such platinacyclopentadienes have been reported in literature as an intermedi-

atee in the cyclotrimerization, isomerization and polymerization of alkynes and have so far only been 
?KK ^4-^f t 

isolatedd for alkynes with more electron withdrawing groups (e.g., ester or phenyl moieties).

Thee ease of formation of the [(/n,m'-(CF3)2C6H3) bian]platina-2,3,4,5-tetra(propyl)cyclopentadiene 

(3)) under hydrogen limiting conditions suggests that during the hydrogenation experiments using 1, 

ass described before, a similar palladacycle may be formed, albeit probably in low concentrations. 

5.2.77 PHIP NMR 
Forr an introduction to ParaHydrogen Induced Polarization (PHIP) see appendix I. The PHIP experi-

mentss presented in this chapter have been carried out using the asymmetrical substrates 1 -hexyne and 

phenyll  acetylene since it is required that the symmetry breaks down during the catalytic hydrogena-

tion.. The reactions were carried out in THF-d8 using Pd[(m,m'-(CF3)2C6H3) bian](ma) (1) as catalyst 

att 29 °C. Under these conditions polarized signals were produced in the (Z)-alkene for 1 -hexyne as 
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welll  as phenyl acetylene. This demonstrates that the palladium catalyzed hydrogenation reaction pro-

ceedss by a ds-pairwise addition of the two hydrogen atoms to the substrate. Such a pairwise transfer 

off  hydrogen atoms of H2 may therefore involve a palladium dihydride species (such as B in Figure 5-

9)) in the product formation. No polarized signals were detected in the (£)-alkene, which was produced 

inn traces during the hydrogenation. This implies that the Z>alkene does not arise from direct hydroge-

nationn of the alkyne (vide infra). 

Attemptss to detect palladium dihydride species failed due to the short lifetime of the reactive interme-

diatess and hence only polarized signals of the hydrogenated products were observed. When the sub-

stratee was omitted in order to avoid depletion of palladium dihydride species, no polarized signals 

weree detected and the catalysts rapidly decomposed to palladium metal. 

Inn addition, attempts were made to detect signals produced by the hydrogenation of the proposed pal-

ladacyclee (D, Figure 5-9) which can be formed under hydrogen limiting conditions. To assure that the 

palladacyclee was formed during the hydrogenation reactions, an asymmetric substrate, 3-phenyl-pro-

pynoicc acid ethyl ester, was chosen which easily forms palladacycles. Furthermore, the time between 

parahydrogenn bursts was extended (up to 30 minutes) to allow the reaction between the palladium cat-

alystt and the substrate to occur. Although m-hydrogenation of the alkyne to (Z)-alkene was still 

observed,, no PHIP signals or thermal signals were detected arising from the palladacycle. 
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acetone-d6 6 

U E M E S S M H H M I M H H H 

66 5 1 3 2 1 ppm 

Figuree 5-8. PHIP signals in the hydrogenation of 1-hexyne to 1-hexene with complex (1). (dl = 10 seconds). (Substrate: 
1-hexynee (100 ml), solvent: acetone-d6 (1200 ml), amount catalyst 2 mg, temperature 29 °C). 

Thee enhancement of the !H NMR sensitivity by the PHIP NMR detection method can theoretically 

reachh values of 104-105, but typically ranges around a factor of a 103-104 are found. The observed 

polarizedd signals for hydrogenation products by complex 1 in non-protic solvents were only one order 

off  magnitude higher than the thermal signals produced by a normal NMR. The small enhancement of 

thee polarization can be either caused by the fact that the pairwise addition is a minor route to product 

formation,, or be due to the large nuclear quadrupole moment (0.660 x 10" cm ) of palladium, which 

causess the spin-correlation between the two hydrogen nuclei to be lost during the hydrogenation. The 

proposedd mechanism as presented in Figure 5-9 is in agreement with the findings of the parahydrogen 

hydrogenationn experiments. 
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5.2.88 Mechanism for the stereoselective hydrogenation of 4-octyne by Pd[(m,/n'-
(CF3)2C6H3)) bian](ma) 

Thee kinetic analysis presented above allows for a proposal of the catalytic cycle for palladium cata-

lyzedd semi-hydrogenation of 4-octyne. The proposed catalytic cycle for the semi-hydrogenation of 4-

octynee by Pd[(ra,wï'-(CF3)2C6H3) bian](ma) (1) as depicted in Figure 5-9 largely resembles the cata-

lyticc cycle as proposed by van Laren et al. To enter the cycle, the coordinated maleic anhydride of 

thee precursor catalyst is substituted (vide infra) to form the zerovalent Pd(NN)(alkyne) species (A), 

whichh is an active intermediate entering the catalytic cycle. It is assumed that the concentration of pre-

cursorr catalyst (1) is negligible after the induction period in which species (A) is formed. This is con-

firmedd by the zero intercept of the rate versus [Pd] plot and the first order dependency of the 

hydrogenationn rate on the palladium concentration (see Figure 5-5). At palladium concentrations 

beloww 0.2 mM, the amount of palladium in the catalytic cycle is thus equal to the total amount of pal-

ladiumm in the reaction mixture. 

Figuree 5-9. Proposed mechanism for the stereoselective hydrogenation of 4-octyne by (1). 

Underr hydrogen rich conditions, the formation of (A) is ensued by an oxidative addition reaction with 

dihydrogenn to obtain a proposed Pd(NN)(alkyne)(H)2 species (B). A similar dihydride species, Pd[(p-

120 0 



Kineticc study of the semi-hydrogenation of 4-octyne catalyzed by Pd[(m,wi'-(CF3)2C6H3) bian](ma) in THF 

Mee C6H4) bian] (alkene )(H)2, has been postulated by van Asselt et ah as an intermediate in the hydro-

genationn of electron poor alkenes. As mentioned in the previous paragraph, attempts to detect the 

palladium-hydridee species (B) using PHIP-NMR employing catalyst (1) in the hydrogenation reaction 

off  1-hexyne and phenyl acetylene failed. 

Thee hydrogen atoms are transferred to the substrate to form the Pd(NN)(alkene) complex (C) in such 

aa way that the spin information in PHIP experiments is maintained and transferred to the product mol-

eculee (<Z)-alkene). This implies that the two hydrogen atoms are transferred in a concerted pair-wise 

mannerr or are transferred very rapidly (compared to the coupling constant) to the substrate in an asyn-

chronouss way to retain the spin information provided by the spin labelling. The detection of polarized 

signalss only in the (Z)-product (see chapter 5.2.7), which is formed by the ds-addition of molecular 

hydrogenn to the alkynic substrate, suggest that a palladium dihydride species (B) is most probably 

involvedd in the product formation. The broken reaction order in substrate (0.65) can be explained by 

thee pre-equilibrium between species (C) and (A), involving the alkyne substrate and the alkene prod-

uctt (vide infra). In the case that dihydrogen becomes a limiting reactant, or is no longer present during 

thee reaction, the palladium(alkyne) complex (A) reacts with a second alkyne molecule to form the pal-

ladacyclee (D) which is an inactive palladium species. 

5.33 Activation of the Precatalyst 

Thee hydrogenation experiments of 4-octyne to Z-octe-4-ene were carried out using a preformed cat-

alystt namely, Pd[(m,m'-(CF3)2C6H3) bian](ma) (1). In such a case where the coordinated alkene in 

thee precatalyst is not identical to the substrate, the route into the catalytic cycle needs to be considered, 

sincee this can influence the activity of the catalyst.40 In the kinetic study of the semi-hydrogenation 

byy zerovalent palladium catalysts as presented in previous paragraphs, the model substrate 4-octyne 

wass chosen and will also be used here. 

Too enter the catalytic cycle, two possibilities which determine the faith of the coordinated maleic 

anhydridee need to be envisaged: 1) the maleic anhydride is hydrogenated to succinic anhydride or 2) 

thee maleic anhydride is substituted by the large excess of alkyne present and free maleic anhydride is 

presentt is solution. In order to investigate the latter possibility 11 mg of Vdiim  ̂ -(CF 2)2^6^3^ 

bian](ma)) complex was dissolved in 1 ml acetone-d6, 20 [i\  4-octyne was added {Pd/alkyne ratio = 

1:13)) and the reaction was followed with 'H-NMR for 90 minutes at 21 °C and 55 °C. Within this 
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periodd of time, neither free maleic anhydride nor any shift of the maleic anhydride protons resonances 

wass observed upon the addition of 4-octyne. This implies that there is no significant exchange reaction 

betweenn the maleic anhydride and the 4-octyne, confirming that maleic anhydride is more strongly 

coordinatedd to palladium(O) then 4-octyne, as would be expected for more electron-poor alkenes with 

largee 7r-accepting properties. 

Iff  the maleic anhydride is hydrogenated off during the hydrogenation experiment, the reaction mixture 

shouldd contain succinic anhydride. This was indeed confirmed by the observation that 3,4-dideutero 

succinicc anhydride (2.48 ppm) was detected in the 2H NMR spectra when deuterium was used in the 

hydrogenationn reaction. By using D2, we also confirmed the cw-addition of the hydrides to the alkyne 

andd molecular hydrogen to be the source of the added hydrogen atoms. During the hydrogenation of 

4-octynee with Pd[(/n,m'-(CF3)2C6H3) bian](ma) as precatalyst (using 1 bar of H2), the build-up of 

succinicc anhydride could be followed in time by GC analysis and the results are presented in Figure 5-

100 (A). The amount of succinic anhydride increases during the first 4 minutes after which its concen-

trationn remains constant. The formation of succinic anhydride is relatively slow, since the hydrogena-

tionn of maleic anhydride catalyzed by Pd(Ar-bian)(alkene) complexes is known to be a sluggish 

reaction.. The reaction profile for this hydrogenation reaction (given Figure 5-10 (B)) shows a dis-

tinctivee induction period (first 4 minutes) before the consumption of the alkyne becomes linear in 

time.. The coincidence of the induction period and the build-up of succinic anhydride shows that the 

coordinatedd maleic anhydride is gradually hydrogenated during this period, with progressive hydro-

genationn of 4-octyne by the palladium catalyst. 
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Figuree 5-10. A) The formation of succinic anhydride during the hydrogenation of 4-octyne. B) The reaction profile of 
thee hydrogenation of 4-octyne by complex 1. 

122 2 



Kineticc study of the semi-hydrogenation of 4-octyne catalyzed by Pd[(m,m'-(CF3)2C6H3) bian](ma) in THF 

5.44 Stereoselectivity of the Hydrogenation and (Z) - (E) 
Isomerization n 

Variationn of either the hydrogen pressure, the substrate or catalyst concentrations does not affect the 

stereoselectivityy of the hydrogenation reaction (see tables 5-1, 5-2 and 5-3) and a typical product dis-

tributionn of 95/5/0 (Z-octene/E-octene/octane) is obtained. The high stereoselectivity, which is inde-

pendentt of the reaction conditions or conversion, merits further investigation. The formation of the 

(£)-alkene,, which is formed as a minor product during the hydrogenation reaction, was studied using 

deuteriumm gas with both 1-octyne and phenyl acetylene as model substrate. 

Figuree 5-11. 76 MHz ~H NMR spectra from (a) deuteration of phenyl acetylene, (b) deuteration of 1-octyne. Signal D 
inn spectrum proves the incorporation of the deuterium in the geminal position. 

Whenn complex 1 is employed as catalyst in the hydrogenation of 1-octyne and phenyl acetylene using 

deuterium,, there are, besides the expected deuterium signals from the ri.v-hydrogenation, also deute-

riumm signals arising from the D" in the vicinal trans position relative to D (see Figure 5-11). The deu-

terationn in the D position is caused by an isomerization reaction (vide infra). In addition, the 

deuterationn in the position D of 1-octene was also observed when a mixture of 1-octene and 4-octyne 

(ratioo 1:1) was hydrogenated with deuterium (see Figure 5-12). The presence of the two NMR signals 

arisingg from the two geminal deuteriums of 1-octene at 5.0 ppm, with similar intensity, shows that 

theree is an incorporation of deuterium both the cis- and fra/j.v-vicinal positions relative to D without 
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apparentt preference (compare Figure 5-1 lb and Figure 5-12). From these experiments it can be con-

cludedd 1-octene can easily compete with 4-octyne for the palladium catalyst. 

1 11 ' '  ' i ' ' ' ' i ' ' ' ' i ' ' ' ' I ' ' ' ' i ' ' ' ' i ' ' ' ' i 
5.55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 

'VvA^v / / u u 

Figuree 5-12. 76 MHz *H NMR spectra from (a) deuteration of a mixture of 4-octyne and l-octene, (b) deuteration of 4-
octyne.. Natural abundance of deuterium in the solvent THF are marked with asterisks. 

Ann isomerization mechanism which operates under hydrogen atmosphere has been independently 

proposedd by Bargon et al. and Spencer et al. ' This mechanism proceeds via an equilibrium 

betweenn the palladium(dihydrido)(substrate) complex and the monohydrido alkyl complex (see 

Figuree 5-13). 

N""  \ 
, ,Pd --

N** XN \\ / 
Pd d 

u'u' XN H' XN 
D}pdd -HP, W 

HH D R 

Figuree 5-13. Proposed isomerization mechanism. 
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Thee formation of the minor product £-octe-4-ene was studied more thoroughly by hydrogenation of 

aa mixture of 4-octyne (m/z =110) and 4,5-(H)2 Z-octe-4-ene (m/z =112) (ratio 5:1) with deuterium. 

Inn this experiment a significant amount of mono-deutero-Zs-octene, (4,5-(H,D) £-octe-4-ene (m/z = 
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113))) was detected by GCMS (see Figure 5-14). However, appropriate control experiments were 

neededd for validation of the interpretation of these labelling experiments since the mass 113 is 'con-

taminated'' by two contributions, namely 1) the isotope peak [m+1 ]+ from 4,5-(H)2 E-octe-4-ene (with 

m/zz 113, 9%) and 2) fragmentation [m-l] + of the 4,5-(D)2 E-octe-4-ene (m/z = 114). After correction 

off  the latter contribution (8.8% based on m/z 114) the amount of deuterium incorporation can be 

expressedd as a ratio of m/z 113/112 and is given in Figure 5-14. The conclusion is that indeed, a sig-

nificantt amount of mono-deuterated Zs-octene is found which is formed by (Z)-(E) isomerization reac-

tion.. The addition of a deuteron donor (Et3ND)+(CF3S03)" to the to the reaction mixture (4-octyne 

usingg H2) shows no incorporation of deuterium and no 4-hydro-5-deutero £-octe-4-ene (m/z =113) 

iss detected in the reaction mixture in this case. It can be concluded that the isomerization of the pri-

maryy reaction product (Z-isomer) to the minor £-isomer is catalyzed by palladium assisted by hydro-

genn gas as is depicted in Figure 5-13. 

m/zz 113/112 

00 20 40 60 80 100 

Figuree 5-14. Plot of m/z = 113/112 versus alkyne conversion. Filled squares is the hydrogenation of 4-octyne with H2. 
Openn dots : hydrogenation of a mixture of 4-octyne and Z-octe-4-ene; filled dots: the hydrogenation of 4-octyne with H2 
inn the presence of (Et3ND)+(CF3S03)". 

Thee absence of «-octane in the reaction mixture suggests that the hydrogen-assisted isomerization 

reactionn does not result in overreduction although a palladium(hydrido)(alkyl) species is assumed 

duringg the isomerization. Apparently, the (3-elimination, which is, in the case of palladium, known to 

bee a very low barrier process, is much faster than the reductive elimination of the alkane from the 

incipientt n Pd(H)(alkyl) species. 

5.55 Conclusions 

Inn summary, the present investigation has shown that the experimentally derived rate law for the 

highlyy stereoselective Pd( Ar-bian)-catalyzed hydrogenation of 4-octyne is in agreement with the rate 
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expressionn derived from the proposed mechanism. The first order dependence in palladium concen-

trationn shows that only mononuclear species are involved in the product formation. The inverse 

dependencee of the hydrogenation activity on the substrate concentration provides evidence that an 

inactivee palladacycle is formed under hydrogen limiting conditions. The high selectivity observed in 

thee hydrogenation experiments using Pd[(/n,m'-(CF3)2CgH3) bian] complexes is due to the relatively 

strongg coordination of the alkyne to the palladium center, which only allows for the presence of small 

amountss of alkene complexes. Only the latter are responsible for the observed minor amounts of (£> 

alkene.. Since no >7-octane was detected in the reaction mixture, only a tiny amount of the intermediate 

Pd(hydrido)(alkyl)) species will reductively eliminate to the alkane. Thus the combination of the stron-

gerr coordination of the alkyne and the subsequent reaction with hydrogen results in the kinetic prod-

uct,, the (Z)-alkene. 

Thee use of para-hydrogen has revealed that its two hydrogen atoms are transferred in a crs-pairwise 

mannerr to the organic substrate. Furthermore, neither palladium hydride signals nor signals arising 

fromm reaction products directly derived from the palladacycle could be detected. 

Thee activation of the catalyst precursor 1 by hydrogenation of the coordinated maleic anhydride to 

succinicc anhydride prevents the formation of palladacycles before the hydrogenation of the substrate 

starts.. Substrates with more electron withdrawing substituents readily produce palladacycles, which 

hamperss the study of the reaction kinetics. Finally, the overall results have enabled us to provide a 

viablee reaction mechanism for the stereoselective hydrogenation of 4-octyne in THF by complex 1. 

5.66 Experimental 

5.6.11 General 
Gass chromatographic analyses were run on a Varian 3300 apparatus with a DB-5 column. Hydrogen (grade 5.0) was pur-

chasedd from Air Liquide. High-pressure hydrogenation reactions were performed in a (SS 316) 50 mL stainless steel auto-

clavee equipped with a directly fixed transmission infrared cell of IRTRAN windows (ZnS, transparent up to 700 cm-1, 0 

100 mm, optical path length = 0.4 mm). The infra red option could not be used due to the low IR sensitivity of 4-octyne. 

Thee autoclave was further equipped with a magnetic mechanical stirrer near the bottom of the autoclave that provides a 

goodd mixing of the solution and the gas at a high speeds (max = 3400 r.p.m.) and also provides a fast flow through the 

infraredd cell within several milliseconds. An electrical heater (Tmax - 200 °C), a temperature controller and a pressure 

transducerr device (Pmax = 185 bar) were also attached to the autoclave. 
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Al ll  syntheses of complexes and other air- and/or water-sensitive compounds were carried out in dried glasswork, in dry 

solvents,, using standard Schlenk techniques under an atmosphere of purified nitrogen. Dietyl ether, THF, pentane and 

hexanee were distilled from sodium metal, acetone was distilled from CaS04 and 1,4-dioxane, dichloromethane were dis-

tilledd from CaH2. Other chemicals were used as received. The starting material Pt(nbe)3 was prepared according to liter-

aturee procedures. 

Thee ' H and l3C NMR spectra were recorded on a Varian Mercury 300 spectrometer ('H, 300.13 MHz; 13C, 75.48 MHz; 
19FF 282.41 MHz, 2H 76 MHZ) or on a Varian Unity Inova 500 spectrometer (' H, 499.86 MHz;l 3C, 125.70 MHz). Positive 

chemicall  shifts (ppm) are denoted in the *H and C NMR spectra to higher frequency from an external tetramethylsilane 

referencee and in the 19F NMR spectra to higher frequency from an external CI3CF reference. 2H NMR spectra were 

recordedd unlocked and the chemical shifts are denoted from an internal acetone-d6 reference. 

High-resolutionn mass spectrometry (HRMS) measurements were carried out at Swammerdam Institute of Life Sciences 

(SILS),, University of Amsterdam, the Netherlands. The Electron Impact (EI) and the Fast Atom Bombardment (FAB) 

masss spectrometry measurements were carried out using a JEOL JMS SX/SX 102A four-sector mass spectrometer, cou-

pledd to a JEOL MS-MP9021D/UPD system program. In the EI-MS measurements the samples were introduced via a direct 

insertionn probe into the ion source. In the FAB-MS measurements the samples were loaded in a matrix solution (3-

nitrobenzyll  alcohol) on to a stainless steel probe and bombarded with Xenon atoms with an energy of 3 KeV. During the 

highh resolution EI-MS and the FAB-MS measurements a resolving power of 10,000 (10% valley definition) was used. 

Low-resolutionn mass spectrometry (MS) measurements were performed in the El-mode (70 eV) on a GC/MS HP 5890/ 

59711 apparatus equipped with a ZB-5 column (5% cross-linked phenyl polysiloxane) with an internal diameter of 0.25 

mmm and film thickness of 0.25 um. 

5.6.22 Kinetics of the hydrogenation of 4-octyne to (Z)-4-octene 
AA rate law describes the dependency of the rate of product formation (or substrate disappearance) at steady state on the 

concentrationn of catalyst, co-catalysts ligands and substrate.32 A simple rate law for the homogeneous catalytic hydroge-

nationn reaction is 

-d[substrate]]  , , , ,mr -,nr ,q „ 
—— = fccat[substrate] [cat] [pH ] 4 eq. 2 

givingg the reaction rate as a function of the concentrations (mol l"1) of various chemical species. For the O C toC=C bond 

reduction,, working at constant temperature and large excess of substrate (typical catalyst/substrate ratio in study is 

1:1500),, this rate law is further simplified to 

-d[substrate]]  , r ,nr .q , 
^^ = W c a t l [PHJ ecl- 3 
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Thee kinetic studies of the catalytic semi-hydrogenation of 4-octyne in THF with (1) as catalyst precursor are presented 

usingg the initial rate method. 

5.6.33 Derivation of the rate law 
Iff  we assume that the rate-determining step of the catalytic cycle is the reaction of complex A with hydrogen, then the 

overalll  hydrogenation rate will be given by equation 

rr = &[A]pH 2 eq. 4 

Consideringg the equilibrium K, and the mass balance for the amount of palladium involved in the catalytic cycle, [Pd]cat 

== [A]+[B]+fC] , [A] can be solved (see appendix II). The rate law can then be simplified to; 

rr = kcat[octyne][Pd]catpH2 eq. 5 

withh kcat = k2k3K|/(k-l{[octene]+K|[octyne]}  and shows the general form of the experimentally found rate law (eq. 1) 

(notee that the experimentally observed order of 0.65 for the substrate is hidden in the kcat). 

5.6.44 Hydrogenation reactions 
Thee kinetic studies of the catalytic semi-hydrogenation of 4-octyne in THF with (1) as catalyst precursor are presented 

usingg the initial rate method. The reaction rates are measured at the linear decrease of alkyne concentration in time. The 

effectss of dihydrogen pressure on the rate of hydrogenation of 4-octyne were studied, as well as the influence of the pal-

ladiumm and substrate concentrations. Besides the activity of the catalyst, also the stereoselectivity has been evaluated. 

Inn a typical hydrogenation experiment the high-pressure autoclave was charged with the desired amount of 4-octyne. The 

catalystt was dissolved in 2 ml THF, which was added to the autoclave. Then 13 mL of THF was added to the autoclave 

(totall  amount of solvent is 15 mL) after which the autoclave was closed. The electronic stirred was started (stirring rate 

wass 1250 rpm) and the experiment was started by applying the desired amount of dihydrogen pressure. During the hydro-

genn reaction small aliquots were taken and the pressure was allowed to the desired value. The samples were analyzed by 

GCC to determine the conversion and the selectivity of the reaction. After every hydrogenation run the autoclave was 

checkedd for catalytic activity due to the presence of undesired metallic palladium (15 ml THF, 0.1 ml 4-octyne and 25 bars 

off  dihydrogen). 

Thee dependence of the rate on the hydrogen pressure was studied by charging the autoclave with 0.5 mL 4-octyne. The 

catalystt (5.7 ^imol) (weighted in a 20 mL vial) was dissolved in some THF (+/- 0.5 mL) and was added to the autoclave. 

Thee vial, which contained the catalyst was washed 3 times with 0.5 mL THF. Then THF was added to a total volume of 

155 mL and and the autoclave was closed. The stirrer was started (1250 r.p.m.) and the desired pressure (between 0 and 40 
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bar,, see table 5-1 for details) was applied. Samples were taken from the reaction mixture (every 0.5 or 2 minutes) and these 

weree analyzed by GC. 

Inn a similar way, the substrate dependency was studied. An amount of 4-octyne (0 mL - 5 mL, see table 5-2 for amounts) 

wass added to the autoclave. The catalyst (5.7 ^mol) (weighted in a 20 mL vial) was dissolved in some THF (+/- 0.5 mL) 

andd was added to the autoclave. The vial, which contained the catalyst was washed 3 times with 0.5 mL THF. Then THF 

wass added to a total volume of 15 mL and and the autoclave was closed. The stirrer was started (1250 r.p.m.) and the pres-

suree of 7 bar was applied. Samples were taken from the reaction mixture (every 0.5 or 2 minutes) and these were analyzed 

byGC. . 

Thee catalyst dependency was studied by first charging the autoclave with 4-octyne (0.5 mL). Then the catalyst (0 - 20 

u.mol)) (weighted in a 20 mL vial, see table 5-3 for amounts) was dissolved in some THF (+/- 0.5 mL) and was added to 

thee autoclave. The vial, which contained the catalyst was washed 3 times with 0.5 mL THF. Then THF was added to a 

totall  volume of 15 mL and and the autoclave was closed. The stirrer was started (1250 r.p.m.) and the pressure of 7 bar 

wass applied. Samples were taken from the reaction mixture (every 0.5 or 2 minutes) and these were analyzed by GC. 

Performingg the variable temperature experiments, the autoclave was first charged with 4-octyne and 13 mL of THF. The 

autoclavee was closed and was allowed (with stirring) to reach the reaction temperature (20-36 °C). The catalyst (5.7 |imol) 

wass dissolved in 2 mL THF and was injected with H2 (7 bar) into the autoclave. Samples were taken every 30 seconds 

andd analyzed by GC. 

Afterr every experiment, the autoclave was cleaned by rinsing the autoclave with acetone. The autoclave was then taken 

apartt and all the components which were in contact with the reaction mixture were carefully cleaned with aqua regia. All 

componentss were washed successively with H20 and acetone (2x). All metallic components were then cleaned with silver 

polishh (HEMA huismerk) to remove metal chloride and metal nitrate salts. The autoclave components were washed with 

acetonee and dried. To ensure that all palladium metal was removed, a blanc experiment was performed (15 mL THF, 0.5 

mLL 4-octyne, 30 bar H2 but no catalyst). After a reaction time of I hour (20 times the normal reaction time), the reaction 

mixturee was analyzed by GC. When the conversion was less then 2 %, the autoclave was considered clean. 

5.6.55 Hydrogenation reactions using Deuterium 
Forr hydrogenation reactions using deuterium gas, a 5 mm NMR tube was filled with a 1 ml THF solution containing 1 mg 

off  complex 1 and 30 ^L of substrate. The NMR tube was gently purged with 1.1 bar of deuterium gas for 30 seconds after 

whichh a NMR spectrum was taken. 

5.6.66 In Situ Hydrogenation Using Parahydrogen. 
Thesee experiments were carried out at the University of Bonn, in the group of proffesor Bargon and professor Woelk with 

assitencee of T. Jonischkeit. 
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Para-enrichedd hydrogen containing about 50% para-H2 is prepared by passing H2 through activated charcoal at 77 K at a 

pressuree of 3 bar as described in the literature.45 The hydrogenation with parahydrogen is carried out in situ. For this pur-

pose,, a glass capillary connected to the parahydrogen source can be lowered into the NMR probe actuated by an electro-

magnet,, i.e., by a solenoid, which is electrically controlled by the computer of the NMR spectrometer. In this fashion, 

parahydrogenn can be bubbled through the reaction mixture for a defined period of time followed by the detection pulse of 

thee NMR experiment. In most cases, a hydrogenation time of 5-10 s has turned out to be sufficient. About 2 s after the 

hydrogenn addition has stopped, the NMR detection was started. This procedure can be repeated to afford a subsequent 

accumulationn of several scans, which yields a good signal-to-noise ratio of the PHIP resonances and allows us to suppress 

signalss of components, which are not involved in the hydrogenation. 

Fivee millimeter NMR tubes were charged with 100 ul substrate, 2 mg of catalyst 1 and 1200 ul deuterated solvent and 

placedd into a 200 MHz spectrometer. Fifty percent-enriched p-H2 was prepared via catalytic equilibration over charcoal 

att 77 K and injected repeatedly in synchronization with the pulsed NMR experiment via an electromechanically lowered 

glasss capillary mechanism. Higher levels of p-H2 enrichment, namely >97% have also been achieved using a closed cycle 

coolerr cryostat. 

5.6.77 Synthesis 

Thee adopted numbering is shown in Figure 5-15, 

Figuree 5-15. Numbering scheme for Ar-bian ligands 

Pt[(,n^n'-(CF 3)2C6H 3)) bian](ma) (2) 

Pt(nbe)33 (70.6 mg, 0.15 mmol), (m,m'-(CF3)2C6H3) bian (92.8 mg, 0.15 mmol) and maleic anhydride (15.0 mg, 0.15 

mmol)) was dissolved in dry THF. The reaction mixture was allowed to react for 5 days at 21 °C during which the color 

changedd from yellow/ brown to purple. The solvent was evaporated and the residue was dissolved in 2 mL dichlo-

romethanee and after addition of 20 mL pentane a purple solid deposited from solution. The solvent was removed by 

decanting.. The products were washed with pentane (3 x 20 mL) and dried in vacuo. The yield was 55.6 mg (45%). 

'HH NMR (300.13 MHz, acetone-d6): S = 8.51 (d, 2H, 7(H, H) = 8.7 Hz, Ar-tf 5), 8.50 (br. s, 4H, Ar-fl 9- l 3), 8.24 (br. s, 

2H,, Ar-tf") , 7.71 (d, 2H, 7(H, H) = 7.5 Hz, Ar-ff 4), 7.70 (pst, 2H, Ar-ff 3), 3.70 (br. s, 2H, J(Pt, H) = 42 Hz, C=C-H). 

Noo ' C was recorded due to the low solubility and stability of the complex. 
19FF NMR (282.41 MHz, acetone-d6): 5 =-63.47. 

Elementall  analysis: calcd.: C 42.82, H 1.57, N 3.12; found C42.67, H 1.63, N 3.04. 

[(OT^i'-(CF 3)2C6H 3)bian]platina-2,3,4,5-tetra(propyl)cyclopentadiene(3) ) 
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AA sealed tube equipped with a magnetic stirring bar was charged with 0.5 mL octyne (4.0 mmol) and 2 mL THF. To the 

solutionn Pt[(m,m'-(CF3)2C6H3) bian](ma) (2) (12.2 mg, 0.013 mmol) was added and the solution was purged with dihy-

drogenn gas for 3 minutes. The tube was quickly sealed and heated to 60 °C for 60 minutes during which the purple solution 

graduallyy turned dark red. After the reaction mixture was cooled to room temperature the solvent was removed by purging 

withh a gentle stream of nitrogen. After the volume was reduced to 0.5 mL, 50 mL pentane was added and the red complex 

precipitatedd from the solution. The solvent was removed with a canula and the residue was dried in vacuo. Yield is 11.5 

mgg (85%). 

'HH NMR (300.13 MHz, CD2C12): 5 8.47 (d, 2H, /(H, H) = 8.1 Hz, Ar-H5), 8.19 (s, 2H, Ar-f/ 11), 8.08 (s, 4H, Ar-ff 9'13), 

7.599 (pst, 2H, Ar-//4), 7.07 (d, 2H, 7(H, H) = 7.5 Hz, Ar-Z/3), 3.4 (m, 4H, C//2), 2.8 (m, 4H, CH2), 1.3 (m, 8H, C//2), 0.9 

(t,, 12H,CH3). 
13CC NMR (75.48 MHz, acetone-d6): 8 148.0 (C7), 146.3 <C6), 132.7 (q, 2J(C,F) = 33.3) (C10, C12), 132.5 (C5), 130.4 (C4), 

126.33 (C2), 124.8 (C3), 125.5 (C9, C13), 123.4 (q, 1J(C,F)= 271, CF3), 123.2 (Cn) , (C=C of alkene and C=N not observed). 

19FF NMR (282.41 MHz, acetone-d6): 5 -63.70. 

Exactt Mass Determination: Found 1020.2752, calculated for C ^ H ^ N ^ g P t: 1020.2730. 

N,N,N-triethyl-deuteroammoniumm triflat e (4) 

Too a Schlenk tube containing 1.0 mL D20, 0.6 mL (6.8 mmol) trifluoromethyl sulfonic anhydrude was slowly added. 

Afterr the reaction mixture was stirred for one hour at 21 °C 2.0 mL triethyl amine was carefully added so the reaction heat 

couldd be controlled. The mixture was stirred for another hour at 21 °C after which the solvent was evaporated. The product 

couldd be recrystallized from dichloromethane/ hexanes mixture at -80 °C yielding 0.45 g. N,N,N-triethyl-deuteroammo-

niumm triflate as a highly hygroscopic white solid. 

'HH NMR (300.13 MHz, CD2C12): 5 3.15 (q, J(H,H) = 7.0. 6H, CH2), 1.28 (t, J(H,H) = 7.0, 9H, CH3). 
13CC NMR (75.48 MHz, CD2C12): 5 120.69 (q, J(C,F) = 318, CF3), 47.27 (NCH2CH3), 8.67 (NCH2CH3). 
19FF NMR (282.41 MHz, CD2C12): 6 -79.80. 
2HH NMR (76 MHz, CD2C12): 6 7.48 (br, s). 
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vJJ Stereoselective Hydrogenation of 
Alkyness in Supercritical C02 

6.11 Introductio n 

Supercriticall  fluids (SCFs), especially supercritical C02 (scC02), are finding increasing use as reac-

tionn medium in homogeneous catalysis. ' The relatively mild critical point of CO2 ( Tc = 31.1 °C, Pc 

== 73.8 bar) and the benign nature are particularly attractive for homogeneous catalysis. The unique 

andd potentially advantageous characteristic of supercritical fluids is that by relatively small changes 

inn pressure and/or temperature the density, polarity, viscosity, diffusivity, and overall solvent strength 

cann be varied.3 Furthermore, supercritical fluids have no gas-liquid boundary, are totally miscible 

withh permanent gases (e.g., H2), which together with its high diffusivity, creates a potentially advan-

tageouss medium for fast chemical transformations involving gaseous reactants. 

Thee catalytic hydrogenation of unsaturated hydrocarbons has been extensively studied.4 In recent 

years,, chemo- and stereoselective hydrogenations of unsaturated carbon-carbon double and triple 

bondss have become important tools in organic synthesis, both in laboratory as well as in industry. ' 

Thee hydrogenation of carbon-carbon double bonds has been mostly described. Although the selective 

partiall  hydrogenation of internal alkynes to (Z)-alkenes is a very desirable goal, hydrogenation of 

triplee bonds has received much less attention. 

Recently,, stereoselective hydrogenation of alkynes by zerovalent palladium catalyst bearing a biden-

tatee nitrogen ligand, that is able to homogeneously hydrogenate a wide variety of alkynes to the cor-

respondingg (Z)-alkenes has been reported by our group. The observed selectivity towards the (Z)-

isomerr for the different alkynes is very high under very mild conditions (25 °C, 1 bar H2). The pre-

catalystss employed are Pd(Ar-bian)(alkene) compounds, which have been previously been used in the 

homogeneouss hydrogenation of electron poor alkenes8 and in carbon-element bond formation reac-

tions.9100 This type of Pd(0) complex is able to hydrogenate a wide variety of alkynes to the corre-

spondingg (Z)-alkenes, with good to excellent selectivities (Scheme 1). Moreover, the complexes are 
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completelyy stable under hydrogen until the substrate has been semi-hydrogenated to the alkene. It was 

observedd that the activity in the hydrogenation of alkynes strongly depends on the nature of the sub-

stituentss attached to the imine nitrogens of the Ar-bian ligand. 

Schemee 1 

Hz.. [Pd] H H 

THFF R R 
[Pd]] = 

E E 

EE = Electron withdrawing group 

AA detailed kinetic study (chapter 5) showed that Pd[(m,m'-(CF3)2C6H3) bian](ma) is highly active as 

catalystt for the hydrogenation of 4-octyne to (Z)-octe-4-ene with very high stereoselectivity. It was 

concludedd from this study that, at high substrate and/or high catalyst concentrations, the reaction rate 

wass limited by the dihydrogen uptake in the THF solution since the solubility of H2 is low in THF.2'1' 

Ass a consequence of the low availability of dihydrogen gas in solution, inactive palladacycles were 

formedd and hence, the catalytic activity decreased (Scheme 2). 

Hydrogenn limiting conditions 

RR = R N ' X N 

 w 

RR R 

Onee of the advantages associated with supercritical C02 (scC02) as reaction medium is the complete 

miscibilityy with other gases (such as H2). Performing the Pd(Ar-bian)-catalyzed stereoselective 

hydrogenationn in scC02, the gas-liquid boundary is no longer present and the reaction rate is no longer 

dominatedd by mass-transfer processes. Since the reaction has a positive order in dihydrogen (order is 

1.00 in THF under non-limiting reaction conditions) the use of scC02 as reaction medium would result 

inn higher reaction rates. 
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Supercriticall  carbon dioxide has attracted much interest as environmentally benign solvent, but its 

practicall  use has been limited by the need for high C02 pressures in order to dissolve even small 

amountss of polar, amphilic, organometallic, or high molecular weight compounds. However, to 

increasee the solubility, so-called 'C02-philes' (such as polysiloxanes and fluorocarbons) are attached 

too the target molecule. These C02-philes efficiently transport insoluble or poorly soluble materials 

intoo C02. To this extent, we have synthesized a number of Pd-complexes containing Ar-bian ligands 

withh C02-philic tails (see chapter 4), which will serve as homogeneous catalysts in scC02. 

Inn this chapter, we report our results on the stereoselective hydrogenation of alkynes to (Z)-alkenes 

usingg several zerovalent palladium complexes with modified C02-philic ligands in supercritical 

carbonn dioxide. Palladium complexes containing the rigid Ar-bian ligand containing alkyl and/ or 

polyfluoroalkyll  tails with different 0"-donor and Tt-acceptor properties are tested. The activity and the 

solubilityy of these catalysts will be reported and compared among each other. In addition, palladium 

complexess containing bpy or phosphine ligands with C02-philic tails are investigated. The reaction 

ratee of the semi-hydrogenation of alkynes using the Pd[(m,m'-(CF3)2C6H3) bian](ma) complex in 

scC022 will be compared to results obtained in THF. The mechanism of the hydrogenation reaction of 

alkyness to (Z)-alkenes in scC02 will be studied using parahydrogen induced polarization NMR (PHIP 

NMR).. Furthermore, several alkynes are hydrogenated in scC02 and the selectivities will be com-

paredd to the selectivities obtained in THF. 

"r-tSH^-ii Ë» 1 risi

co, , 

# # Ï Ï hi&h hi&h 

Figuree 6-1. Manifold for pressurization of the high-pressure autoclave. (A) ISCO 100 pump, (B) vacuum pump, (C) the 
batchh reactor, (D) magnetic stirrer (E), cold trap to collect the volatile reaction products. 

Whenn performing reactions in supercritical fluids, a high-pressure set-up and autoclave are needed. 

Thesee have been described in chapter 2. The experimental set-up used in this study is schematically 

depictedd in Figure 6-1. The system has been constructed in such a way that the flow of the pressurized 
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gasess is directed towards the autoclave (C) by one-way valves. The high-pressure autoclave is 

equippedd with two borosilicate windows so that the reaction can visually observed while it is pro-

gressing.. The discussion of the autoclave is presented elsewhere (see chapter 2). 

6.1.11 Hydrogenation of 4-octyne in supercritical C02 

Thee Pd(Ar-bian)(ma) (1-4) (see Scheme 3), Pd(4,4-R2-bpy)(ma) (5a-c) and Pd(P(ArRf)3)2(ma) (6) 

(P(ArRf)33 = P{p-(CH2)2C6F13Ar} 3) (see Scheme 4) complexes will be tested as catalysts in the hydro-

genationn reaction in supercritical carbon dioxide. The Pd(Ar-bian)fma) complexes (1-4) contain sub-

stituentss on the N-phenyl moiety with different electronic properties, which range from the highly 

electron-withdrawingg bis(CF3)-aryl (la, 2a, 3a and 4a) to the very electron-donating meta and/or 

para-substitutedd octyloxy-aryl bian compounds (lc, Id, 2c, 2d, 3c, 3d 4c, 4d). Attaching electron-

donatingg or -withdrawing substituents to the Ar-bian ligand will affect their a donor/n acceptor prop-

ertiess and this can influence the catalytic properties of these Pd-complexes.12 . 

R2 2 

H H 
H H 
H H 
H H 
H H 
H H 

C 8 H l 7 7 
C 8 H 1 7 7 
C

8 H 1 7 7 
C 8 H 17 7 

C 2 H 4 C 6 F i3 3 
C 2 H 4C6F i3 3 

C2H4C6F13 3 
C 2 H 4 C e F l 3 3 

C 2 H4C 6 F 1 3 3 
C 2 H 4 C 6 F i 3 3 

C2H4C6F13 3 
C 2 H 4 C 6 F i 3 3 

R.3 3 

H H 
H H 
H H 
H H 
H H 
H H 

H H 
H H 
H H 
H H 

H H 
H H 
H H 
H H 

C 2H4C 6 F 1 3 3 

C 2 H 4 C 6 F l 3 3 
C2H4C6F1 3 3 

C 2H4C 6Fi3 3 

Ass a model substrate, 4-octyne was chosen because it is highly miscible with scC02. In addition, 4-

octynee shows a very high but not complete (>95%) selectivity to (Z)-octe-4-ene in the Pd(Ar-

bian)(ma)) catalyzed reaction in THF and initial experiments showed that a similar selectivity is 

obtainedd in scC02. During the hydrogenation reaction, some of the (£>isomer, but no octane, was 

formedd when 4-octyne was still present in the reaction mixture. 

R 22 F<3 

c r '' ^o ' "O 

Pd(Ar-bian)(ma) ) 

la- f f 
2a-d d 
3a-d d 
4a-d d 

Compound d 

l a a 
1b b 
1c c 
1d d 
1e e 
I f f 

2a a 
2b b 
2c c 
2d d 

3a a 
3b b 
3c c 
3d d 

Schemee 3 

R1 1 

m,m, m'-(CF3)2 

p-C1 2H25 5 
P - 0 C 8 H 1 7 7 

m,m, p - (OC 8 H 1 7 ) 2 

p -OC 2 H 4 C 6 H 1 3 3 

m,m, m'-(C9H19)2 

m,, m'-(CF3)2 

p-C1 2H25 5 
p -OC 8 H 1 7 7 

m,m, p - (OC 8 H 1 7 ) 2 

m,, m'-(CF3)2 

p-Ci 2H 25 5 
p -OC 8 H 1 7 7 

m,p- (OC 8 H 1 7 ) 2 2 

4aa m. m'-(CF3)2 
4bb P-C12H25 
4cc p-OC8H17 
4dd m, p-(OC8H17)2 
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6.22 Results & Discussion 

Thee catalysts were tested under identical conditions. The hydrogenation reactions were performed in 

aa high-pressure autoclave (as described in chapter 2) using 4-octyne (4.0 mmol) and H2 (6 bar) and 

C022 (70 bar at 45 °C). The autoclave was heated to reaction temperature and then the catalyst was 

injectedd with C02 (total pressure 210 bar). The results of the hydrogenation runs are listed in 

tablee 6-1. All catalysts, which have been tested appeared to be stable under the reaction conditions 

althoughh the complexes la, 2a, 3a and 4a tended to decompose more quickly to palladium black after 

thee 4-octyne was consumed. The zerovalent palladium complexes containing these Ar-bian ligands 

showw a markedly diverse behavior in catalysis, especially concerning the activity of the catalyst in the 

hydrogenationn reaction. In addition, the solubility of the catalysts under reaction conditions depends 

stronglyy on the substituents attached to the ligand. The solubility and the activity will be discussed 

separatelyy below. . 
Schemee 4 

C6F13 3 

Pd d 

} } 

o^c X X 
*11 = CH3 

C5H11 1 
CgH1g g 

(5a) ) 
(5b) ) 
(5c) ) 

Pd(4,4'-R2-bipy)(ma) ) 

Ï Ï 

(6) ) 

Pd(P(ArRi)3)2(ma) ) 

6.2.11 Solubility of the zerovalent palladium catalysts in scC02 

Whenn supercritical carbon dioxide is employed as reaction medium, it is important to monitor the sol-

ubilityy of the reaction components to ensure that the reaction is performed in one homogeneous phase. 

Thiss is best done under reaction conditions in the presence of all reaction components instead of 

binaryy solubility data of each component. In the case of a multi component system, the phase behavior 

becomess considerably more complicated and multiple phases can be formed during the reaction.
166 Therefor, the solubility of the different reaction components was visually determined during the 

hydrogenationn reaction. 
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Tablee 6-1. Activity, solubility and selectivity of the semi-hydrogenation of 4-octyne by the Pd(Ar-bian)(ma) complexes 
(1-4)) in scC02. 

Compound d 

Pd[(iw.m'-(CF3)2C6H3)) bian|(ma) (la) 

Pd[(p-C12H25C6H4)bian](ma)) (lb) 

Pd[(^-(C8Hi 70)C6H4)) bian](ma) (lc) 

Pd[(m,//-(CxH|70)2C6H3)) bian](ma) (Id) 

Pd[(m,m'-(CF3)2C6H3)-5-n-CgH|77 bian](ma) (2a) 

Pd[(^-C|2H25C6H4)-5-/i-C8H177 bian](ma) (2b) 

Pd[07-CKH17OC6H4)-5-/i-C8H|77 bian](ma) (2c) 

Pd[(m,/»-(C8H]70)2C6H3)-5-n-C8H,77 bianl(ma) (2d) 

Pd[(ra.m'-(CF3)2C6H3)-5-n-C2H4C6F133 bian](ma) (3a) 

Pd[(/j-C,2H2SC()H4)-5-/i-C2H4C6F]33 bianl(ma) (3b) 

Pd[(^-(C8H,70)C6H4)-5-«-C2H4C6F133 bian](ma) (3c) 

Pdr(m,/J-(CHH170)2C6HH)-5-/7-C2H4C6F13bian](ma) ) 
(3d) ) 

Pd[(m,/n,-(CF3)2C6H3)-5,8-(Aj-C2H4C6Fn)2bian](ma) ) 
(4a) ) 

Pd[(/7-(C|2H25)-5,8-(tt-C2H4C6Fl3)22 bian](ma) (4b) 

Pd[(/>(C8H170)C6H4)-5,8-(«-C2H4C6F13)2bian](ma) ) 
(4c) ) 

Pd[(m,;HC8H,70)2C6H3)-5,8-(«-C2H4C6F|3)2 2 

bian](ma)) (4d) 

Soluble3 3 

y y 

n n 

n n 

n n 

y y 

y y 

n n 

n n 

y y 

y y 

n n 

n n 

y y 

y y 

y y 

y y 

Time e 
(min.) ) 

15 5 

X X 

X X 

X X 

15 5 

60 0 

X X 

X X 

15 5 

60 0 

X X 

X X 

15 5 

60 0 

60 0 

60 0 

Conversion n 
<%)b b 

78 8 

X X 

X X 

X X 

65 5 

19 9 

X X 

X X 

64 4 

16 6 

X X 

X X 

63 3 

17 7 

7 7 

13 3 

Selectivity y 
Z/£yalkaneL' ' 

95/5/0 0 

X X 

X X 

X X 

95/5/0 0 

96/4/0 0 

X X 

X X 

95/5/0 0 

94/4/1 1 

X X 

X X 

94/6/0 0 

95/5/0 0 

95/5/0 0 

94/6/0 0 

a.. Indicated whether all of the catalyst dissolved (y) or not (n). Solubility was determined under reaction condi-
tionss (0.5 mL 4-octyne, 2 mL THF, 5.7 umol catalyst, 6 bars H2 and 210 bars C02, 45 °C). 

b.. Conversion determined by GC analysis. 

c.. Selectivity ((Z)-alkene/(£")-alkene/alkane) determined between 10-90% alkyne conversion. 

Thee solubilities of the zerovalent palladium complexes were determined under standard reaction con-

ditionss in a 50 mL autoclave (6.0 bar H2, 2 mL THF (co-solvent), total pressure H2 and C02 210 bar 

att 45 °C). Under these conditions it was attempted to completely dissolve 5.7 (imol of the respective 

Pd-catalystt in the reaction mixture. The results are given in table 6-1. From the obtained solubility 

data,, it can be concluded that the palladium complexes show an increased solubility with the intro-

ductionn of C02-philic groups on the acenaphthene backbone. Catalysts containing Ar-bian ligands 

withh two polyfluoroalkyl chains attached to the acenaphthene backbone (4a-4d) were completely sol-

ublee whereas for complexes without C02-philic tails attached to the backbone (la-Id) , only the 

Pd[(w,w'-(CF3)2C6H3)) bian](ma) (la) was completely dissolved. 
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Thee substituents attached to the N-phenyl ring have a great influence on the solubility of the catalyst 

inn SCCO2. Especially the complexes containing (/n,wi'-(CF3)2C6H3)-R-bian ligand (R = H, octyl or 

C2H4C6F]3,, la, 2a, 3a, 4a) were highly soluble and the presence of only four CF3 moieties was suf-

ficientt to solubilize the Pd-catalyst. The markedly different solubility of the (w?,m'-(CF3)2C6H3)-bian 

ligandd compared to other Ar-bian ligands in common organic solvents has been reported by Cenini et 

al.al. In contrast, the apolar complex 2d, which contains five alkyl tails and is highly soluble in pen-

tanee and hexane, does not dissolve under the reaction conditions. Apparently the solubility of the 

Pd(Ar-bian)(ma)) complexes in scC02 does not parallel their solubility in light apolar hydrocarbons. 

Thiss observation can be explained by the fact that increasing the number of alkyl chains, increases the 

apolarr character of the compound but also increases the solute-solute interactions (by increased van 

derr Waals interactions) and hence reduce the compounds' vapor pressure. Since the difference 

betweenn solubilities of solids in SCCO2 depends mainly on the solids' vapor pressure and the intermo-

lecularr interactions between the solvent and the solute, the introduction of more alkyl chains would 

onlyy lead to a small solubility enhancement. So it can be concluded that introduction of CF3 groups 

onn the N-phenyl ring greatly increases the solubility whereas the introduction of the alkyl or polyflu-

oroalkyll  chains does result in a further enhancement of the solubility but to a markedly smaller extent. 

Similarr trends in solubility have been reported for the solubility of substituted phosphines in liquid 

andd SCCO2 by Wagner and Dahmen et al. 

6.2.22 Activit y and selectivity of the zerovalent palladium complexes in the 
stereoselectivee hydrogenation of 4-octyne to Z-octe-4-ene 
Ass can be seen from table 6-1, the C02-philic tails attached to the acenaphthene backbone do not 

greatlyy effect the activity of the reaction. However, when comparing the catalyst activity of complex 

l aa to 2a, 3a and 4a, it can be seen that la displays a higher activity than the catalysts containing C02-

philicc tails attached to acenaphthene backbone. There appears to be no influence of thee electron with-

drawingg effect of the perfluoroalkyl chains on the catalyst's activity and selectivity. Also in the case 

off  2b, 3b and 4b, the activity and selectivity in the hydrogenation of 4-octyne is not changed by intro-

ducingg polyfluoroalkyl chains on the acenaphthene backbone. This is in accordance with other obser-

vationss and shows that indeed the two methylene spacers are a good insulator for the electron 

withdrawingg effect of the polyfluoroalkyl chain. 

Thee effect of the N-phenyl substituent has a large influence on the activity of the catalyst. Complexes 

containingg electron withdrawing substituents (e.g., CF3) such as la, 2a, 3a and 4a show a very high 
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activityy and a good selectivity in the semi-hydrogenation of 4-octyne (see table 6-1). More electron 

donatingg substituents still display a good selectivity although the activity is more than one order of 

magnitudee lower compared to the most active catalysts. 

Pd(4,4,-R2-bpy)(ma)) complexes (5a-c) were tested under identical reaction conditions, but none of 

thesee complexes was completely dissolved. The highly fluorous complex Pd(P{/>-

(CH2J2C6F]3Ar}3)2(ma)) (6) was completely dissolved, however, the use of this catalyst resulted in a 

veryy slow hydrogenation reaction since stable <P)2Pd(alkene) and (P)2Pd(alkyne) complexes are 

formed,, which are known to be very slow catalysts for the hydrogenation reaction studied here. From 

thesee experiments it can be concluded that the Pd( Ar-bian)(alkene) complexes are also very succesful 

inn the semihydrogenation of 4-octyne in scC02. Namely, PdKw^XCF^^CöH )̂ bian](ma) (la) is 

superiorr as catalyst in this stereoselective hydrogenation both in terms of catalyst activity and selec-

tivityy in supercritical C02. 

6.2.33 Partial dihydrogen pressure dependency 
Too study the effect of the partial hydrogen pressure on the reaction, the semi-hydrogenation of 4-

octynee to Z-octene was investigated using Pd[(m,m,-(CF3)2C6H3) bian](ma) (la) as catalyst. The 

hydrogenn pressure was varied between 6 and 20 bar. A kinetic study using complex la performed in 

THFF (chapter 5) showed that the catalyst has a distinctive induction period before the catalyst is fully 

active.. To obtain more accurate rate data from the stereoselective hydrogenation reaction in scC02 

usingg la, a large excess of alkyne was used (substrate /catalyst ratio is 14000). In this case, the induc-

tionn period (i.e. time for activating the catalyst) will be short compared to the reaction time. The 

hydrogenationn reactions were performed under standardized conditions (see experimental). 

Fromm preliminary experiments, it appeared that [H2]/[alkyne] ratios are important for the catalyst sta-

bility .. When the [H2]/[alkyne] ratio is higher than 2, the catalyst is not stable and decomposes to pal-

ladiumm black before complete conversion of the alkyne. Therefore, reaction rates were determined 
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onlyy for [H2]/[alkyne] concentration ratios between 1 and 2. Under these conditions, [H2] is still in 

excesss and hence not rate limiting. The results are summarized in table 6-2 and plotted in Figure 6-2. 

Tablee 6-2. Rate data for the hydrogenation of 4-octyne to 4-Z-octene by Pd[(m,m'-(CF3)2C6H3) bian](ma) in scC02.
a 

Entry y 

1. . 

2. . 

3. . 

Hydrogenn pressure 
(bar) ) 

7.5 5 

10.0 0 

13.0 0 

Ratioo [H2]/[alkyne] 
(mol/mol) ) 

1.1 1 

1.4 4 

1.9 9 

TOFb b 

(molmor'h"1) ) 

744 x 103 

888 x 103 

117xx 103 

Selectivity y 
27E/alkanec c 

95/5/0 95/5/0 

95/5/0 0 

95/5/0 95/5/0 

a.. Conditions: Reactions were carried out in a stainless steel autoclave. 2.0 mL 4-octyne, 2 mL THF, 1.2 umol 
catalystt (Pd/substrate ratio was 14000). Total pressure was set to 210 bar, reaction time 5 minutes at a reaction 
temperaturee of 45 °C. 

b.. TOF is defined as mol product per mol catalyst per unit time (in molmor'h'1). 

c.. Selectivity determined between 10-90% alkyne conversion. 

Thee stereoselective hydrogenation catalyzed by Pd[(m,w!'-(CF3)2C6H3) bian](ma) (la) is very fast 

withh TOF up to 117 x 10 molmor'h"1. As mentioned before, the induction period, which is supposed 

too be short compared to reaction time, is also included in the TOF and hence the reported TOF are 

minimumm values. Still, the reaction is performed with very high stereoselectivity for the (Z)-product. 

AA plot of the a ln(rate) versus ln(pH2) gives a straight line of slope 1.0 showing that the reaction in 

scC022 is first order in H2 as was also observed THF solution (see chapter 5). 

120000-- / 

1000000 - / 

oo  « / 

800000 - / 

600000 - > / 

4O000-- / 

200000 - / 

0.00 0.5 1.0 15 2 0 

Ratioo H2 / Substrate (mol /mol) 

Figuree 6-2. Plot of TOF versus the ratio hydrogen pressure/ substrate. Conditions as given in table 6-2. 

Comparingg the reaction rates obtained in scC02 to the reaction rate obtained under identical condi-

tionss in THF at 45 °C (catalyst substrate ratio is 14000, 13 bar H2, TOF = 27000 molmor'h"1), the 

ratee in scC02 is more than 4 times higher. The most important reason for the high rate obtained in 

scC022 compared to THF is the complete miscibility of H2 with scC02 compared to the low solubility 

off  H2 in most organic solvents.'' This allows all reaction components (substrate, catalyst) to be in the 

samee phase and mass-transfer processes do not dominate the reaction rate. Furthermore, the high dif-
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fusivityy in the supercritical phase may further enhance the reaction rate since diffusion of reactants 

(andd products) towards (away from) the Pd-catalyst is faster and eliminates the problems of slow mass 

transferr in the vicinity of the catalyst. 

6.33 Hydrogenation of Various Alky nes using Pd[(/w,m'-
(CF3)2C6H3)) bian](ma) (la) 

Inn this study, various alkynes were subjected to the hydrogenation reaction in scC02 using la as cat-

alystt and the main results are presented in table 6-3. The substrates 4-octyne, 1-phenyl-1-propyne and 

diethyll  butynedioate (entry 1, 2 and 3, table 6-3) were completely miscible with scC02. No phase sep-

arationn or catalyst deposition was observed during the reaction and the mixture remained homogene-

ouss throughout the experiment. Analysis of the reaction mixture shows preference for the production 

off  the (Z)-alkene. The chemo- and stereoselectivity od each alkyne turned out to be identical to that 

inn THF at 25 °C and 1 bar H2 
20 0 

Thee low activity in the case of diethyl butynedioate (entry 3) is noteworthy, since it indicates the for-

mationn of a palladacycle with a second molecule butynedioate during the reaction. The rapid forma-

tionn of the palladacycle 7 was confirmed in a high-pressure NMR experiment where diethyl 

butynedioatee was injected into a C02 solution containing la. The recorded H spectra were compared 

too an isolated sample of 7. 

F3C C 

F,C C 

V V 
o --

scC02 2 

rAA o o 

F3C C 

< < 
F3C C 

> > 

\ \ 
sO sO 

-NN N-

Pd d 

yr yr 

PF3 3 

O O 
, 00 CF, 

">-x x 

(7) ) 

Figuree 6-3. Formation of [m,m'-(CF3)2Ar-bian]pallada-2,3,4,5-tetrakis(carboethoxy)-2.4-cyclopentadiene (7) from la 
andd diethyl butynedioate 

Inn the case of diphenylacetylene, the substrate is only slightly soluble under the reaction conditions 

andd solid particles were observed during the reaction. Although the catalyst still displays a high selec-

tivityy for the Z-isomer, it was not stable and decomposed to metallic palladium. Evidently, the hydro-
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genationn of alkynes takes place with high stereoselectivity in scC02; however, the solubility of the 

substratee seems to be essential for the catalyst stability. 

Tablee 6-3. Hydrogenation of different alkynes by la in scC02. 

1 1 

2 2 

3 3 

4 b b 

Substrate e 

- ^ _ _ 

" ^ ^ ^ 

<Q^^CH 3 3 

<\\ _ sP 
// — \ 

s-0s-0 °~\ 

/=\/=\  — /=\ 

\J\J — \J 

Time e 
(min.) ) 

15 5 

15 5 

60 0 

--

Conversion3 3 

(%) ) 

78 8 

67 7 

20 0 

c c 

(Z)-Alkene e 

95 5 

88 8 

99 9 

87 7 

(£)-Alkene e 

5 5 

6 6 

1 1 

--

Alkane e 

--

4 4 

--

13 3 

a.. Reaction conditions 4.0 mmol alkyne, 2 mL THF, 5.7 umol catalyst, 6 bars H2 and 210 bars C02, 45 °C. 

b.. The substrate diphenyl acetylene did not dissolve completely under reaction conditions. 

c.. Catalyst decomposed to metallic palladium. 

6.44 PHIP NMR Measurements in scC02 

Inn the kinetic study of the stereoselective hydrogenation of 4-octyne by Pd[(m,m'-(CF3)2C6H3) 

bian](ma)) (la) as presented in chapter 5, PHIP NMR revealed that dihydrogen reacts with la. The 

formationn of the primary reaction product, the (Z)-alkene, proceeds by a ri.y-pairwise addition of the 

twoo hydrides to the substrate. To study the reaction mechanism in scC02, hydrogenation reactions 

weree carried out in scC02 with para-H2 using different catalysts. The results were compared to the 

PHIPP measurements obtained in different common organic solvents. Since reactions in scC02 involve 

highh pressures (typically 150 bar), these PHIP measurements were performed in a toroid cavity auto-

clavee (TCA). The TCA is a cylindrical autoclave that also functions as a toroid cavity NMR detec-

tor.21-22 2 

Forr the stereoselective hydrogenation, 1-hexyne and phenyl acetylene were chosen as substrates since 

inn PHIP measurements it is required that the symmetry breaks down during the catalytic hydrogena-
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tion,, so 4-octyne cannot be used. The reactions were carried out in the deuterated common solvents 

THF-d8,, toluene-d8, methanol-d4 and acetone-d6 as well as in scC02. In this study the highly active 

catalystss containing the (m,m'-(CF3)2C6H3)-R-bian ligand (R = H, octyl or C2H4C6F13, la, 2a, 3a) 

andd the less active catalysts 3b, 3c and 3d were investigated. 

Initiall  screening for the production of polarized signals in the hydrogenation products was performed 

inn common organic solvents (THF-d8, toluene-d8, methanol-d4 and acetone-d6 at 29 °C). Under these 

conditions,, only the most active hydrogenation catalysts (la, 2a and 3a) produced polarized signals 

inn the (Z)-alkene for both 1-hexyne as well as phenyl acetylene. The catalysts 3b-3d hydrogenated the 

alkynicc substrates giving the Z-isomer as major product but no polarization signals were observed at 

299 °C. When the reaction was performed at 45 °C, all tested catalysts showed PHIP signals in the 

formedd Z-product. The intensity of the polarized signals was strongly dependent on the polarity of the 

reactionn medium; giving the highest intensities for the aprotic and apolar solvents (e.g., THF-d8 and 

toluene-d8).. In polar, protic solvents like methanol-d4 the polarized signals were small and compara-

blee to the thermal signals produced by the hydrogenation product. In CD3CN and DMSO-d6, no PHIP 

signalss were observed. 

Duringg the hydrogenation of 1-hexyne using paraH2 in scC02, all tested Pd(Ar-bian)(ma) complexes 

(la,, 2a, 3a-d) produced polarized signals in the (Z)-product. This proves that the palladium catalyzed 

hydrogenationn reaction in scC02 proceeds by a c/s-pairwise addition of the two hydrogen nuclei to 

thee substrate. As in the case of THF, no PHIP signals were observed in the (f^-alkene, which is formed 

inn small amounts. The intensity of the produced PHIP signals was comparable to the signal intensity 

observedd in THF-d8 and toluene-d8. This indicates that scC02 is comparable to other apolar solvents 

andd the mechanism of the semi-hydrogenation of alkynes is very similar, if not identical. 

Thee enhancement of the sensitivity of thee PHIPNMR detection method can reach values of a 104-105, 

butt typically ranges around a factor of a 103-104. The observed polarized signals the hydrogenation 

byy complex 1 in non-protic solvents were only one order of magnitude higher than the thermal signals 

producedd by a normal NMR. The small enhancement of the polarization can be either caused by the 

factt that the pairwise addition is a minor route to product formation, or be due to the large nuclear 

quadrupolee moment (0.660 x 10 cm ) of palladium, which causes the spin-correlation between to 

twoo hydrogen nuclei to be lost during the hydrogenation. 
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6.55 Conclusions 

Inn summary, we have demonstrated the feasibility of conducting highly chemo- and stereoselective 

partiall  hydrogenation reaction in supercritical C02. Several zerovalent palladium complexes have 

beenn tested and were found to be active in this reaction. All Pd(Ar-bian) catalysts (1-4) studied here 

weree stable under the reaction conditions, provided that the ratio [H2]/[alkene] is below 2. Especially 

Pd[(w,m'-(CF3)2C6H3)) bian](ma) (la), which is highly soluble in scC02, turned out to be superior as 

aa catalyst in this stereoselective hydrogenation of 4-octyne both in terms of catalyst activity and ste-

reoselectivity.. Besides 4-octyne, also other alkynic substrates were tested and are found to be effec-

tivelyy hydrogenated to the (Z)-alkene. The solubility of the substrate in scC02 appears to be essential 

forr catalyst stability. 

Thee reaction performed in scC02 shows a first order dependency on dihydrogen. However, the cata-

lystt stability under reaction conditions is dependent on the [H2]/[alkene] ratio. Ratios higher than 2 

leadd to decomposition of the catalyst. The rates obtained in scC02 are at least 4 times higher than 

obtainedd in THF under identical conditions. In view of the results from PHIP experiments, a similar 

mechanismm as in common organic solvents seems to apply to the semi-hydrogenation in scC02 as 

well. . 

6.66 Experimental 

Gass chromatographic analyses were run on a Varian 3300 apparatus with a DB-5 column. Hydrogen (grade 5.0) was pur-

chasedd from Air Liquide. The high-pressure reaction were carried out in a home-built autoclave as described in chapter 2 

off  this thesis. 

Thee ]H and 13C NMR spectra were recorded on a Varian Mercury 300 spectrometer ('H, 300.13 MHz; 13C, 75.48 MHz; 
19FF 282.41 MHz) or on a Varian Unity Inova 500 spectrometer ('H, 499.86 MHz; 13C, 125.70 MHz). Positive chemical 

shiftss (ppm) are denoted in the 'H and 13C NMR spectra to higher frequency from an external tetramethylsilane reference 

andd in the l 9F NMR spectra to higher frequency from an external CC13F reference. 

High-resolutionn mass spectrometry (HRMS) measurements were carried out at Swammerdam Institute of Life Sciences 

(SILS),, University of Amsterdam, the Netherlands. The Electron Impact (EI) and the Fast Atom Bombardment (FAB) 

masss spectrometry measurements were carried out using a JEOL JMS SX/SX 102A four-sector mass spectrometer, cou-

pledd to a JEOL MS-MP9021D/UPD system program. In the EI-MS measurements the samples were introduced via a direct 

insertionn probe into the ion source. In the FAB-MS measurements the samples were loaded in a matrix solution (3-

nitrobenzyll  alcohol) on to a stainless steel probe and bombarded with Xenon atoms with an energy of 3 KeV. During the 
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highh resolution EI-MS and the FAB-MS measurements a resolving power of 10,000 (10% valley definition) was used. 

Low-resolutionn mass spectrometry (MS) measurements were performed in the El-mode (70 eV) on a GC/MS HP 5890/ 

59711 apparatus equipped with a ZB-5 column (5% cross-linked phenyl polysiloxane) with an internal diameter of 0.25 

mmm and film thickness of 0.25 urn. 

6.6.11 Hydrogenation reactions in scC02 

Too study the solubility and activity of various palladium complexes in scC02, they were tested under standard reaction 

conditions.. The autoclave was charged with 0.44 g. 4-octyne (0.4 mmol) after which the autoclave was closed. The auto-

clavee was then purged with dihydrogen gas (15 bar) twice after which it was pressurized with 6 bars of H2. The autoclave 

wass then filled with 70 bars C02 and heated to reaction temperature. After stabilization of the temperature, the catalyst 

(5.77 ixmol) was dissolved in 0.5 mL THF and injected with a syringe into the autoclave injector. The vial, which contained 

thee palladium catalyst was rinsed 3 times with 0.5 mL THF and injected into the catalyst injector. The catalyst injector 

wass pressurized with 220 bars of C02 and the THF solution (2 mL) containing the catalyst was injected into the autoclave. 

Duringg the reaction time (15 minutes to 1 hour), the reaction cell was visually inspected for the presence of solid particles. 

Thee autoclave was then cooled to -30 °C in an ethanol/dry ice bath. The autoclave was carefully vented through a cold 

trapp to collect the volatiles. The cold trap was washed with 2x5 mL diethyl ether and added to the content of the autoclave. 

AA sample was taken and analyzed by GC. 

ForFor the study involving variable dihydrogen pressure, a modified procedure was followed. The autoclave was charged 

withh 1.6 g. 4-octyne (14 mmol) after which the autoclave was closed. The autoclave was then purged with dihydrogen gas 

(155 bar) twice after which it was pressurized with the desired dihydrogen pressure (between 6 and 13 bar). The autoclave 

wass then filled with 70 bars C02 and heated to the desired reaction temperature. After stabilization of the temperature, the 

catalystt (PdK/«,m'-(CF3)2C6H3) bian](ma) (la), 1.0 umol) was dissolved in 0.5 mL THF and transferred with a syringe 

intoo the autoclave injector. The vial, which contained the palladium catalysts was rinsed 3 times with 0.5 mL THF, which 

wass also transferred into the catalyst injector. The catalyst injector was pressurized with 220 bars of C02 and the THF 

solutionn (2 mL) containing the catalyst was injected into the autoclave. The catalyst injector was then disconnected from 

thee high-pressure set-up. After 5 minutes reaction time, the catalyst injector was opened again and was quickly (+/- 10 

seconds)) but carefully vented to 1 bar (Attention: 220bars are involved!). This procedure was repeated and the third time 

thee injector was vented very carefully. Then 2 mL of THF was used to rinse the catalyst injector and the content was col-

lectedd with a syringe and was analyzed with GC. 

Afterr every experiment, the autoclave was cleaned by rinsing the autoclave with acetone. The autoclave was then taken 

apartt and all the components which were in contact with the reaction mixture were carefully cleaned with aqua regia. All 

componentss were washed successively with H20 and acetonee (2x). All metallic components were then cleaned with silver 

polishh (HEMA huismerk) to remove metal chloride and metal nitrate salts. The autoclave components were washed with 

acetonee and dried. To ensure that all palladium metal was removed, a blanc experiment was performed (0.5 mL 4-octyne, 

300 bar H2, 200 bar C02, but no catalyst). After a reaction time of 1 hour (20 times normal reaction time), the reaction 

mixturee was analyzed by GC. When the conversion was less then 2 %, the autoclave was deemed to be clean. 
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6.6.22 PHIP NMR in scC02 

Thesee experiments were carried out at the University of Bonn, in the group of professor J. Bargon and professor K. Woelk 

withh assistance of T. Jonischkeit. 

Para-enrichedd hydrogen containing about 50% para-H2 is prepared by passing H2 through activated charcoal at 77 K as 

describedd in the literature.23 The hydrogenation with parahydrogen is carried out in situ. The PHIP measurements were 

performedd in diamagnetic copper-alloy, high-presure toroid cavity NMR probe (V = 2.8 mL) which has been described 

elsewhere.21-222 The cavity were electroplated on the inside with thin layers of gold to avoid chemical reactions of the pal-

ladium-basedd catalysts with the copper-alloy. The autoclave is equipped with non-return valves through which gaseous or 

liquidd components (e.g., para-hydrogen) can be injected even if high pressure is already applied to the reactor (supercrtical 

carbonn dioxide in this case). In addition, coaxial resistive heating arrangements have been used which, although electri-

callyy operated, do not disturb the main magnetic field B0 and allows efficient temperature control during the experiments. 

Thee TCA has been optimized in which the gas is effieciently mixed with the liquid or supercrtical fluid. 

Inn a typical hydrogenation reaction experiment, 200 (il substrate (both phenyl acetylene and 1-hexyne were tested) was 

addedd to the TCA. In addition, 2 mg catalyst was dissolved 100 pi THF-d8 (in order to help the catalyst dissolve in the 

supercriticall  medium) which was added to the TCA. Then the TCA was closed and was inserted into the NMR spectrom-

eter.. Then CO-> was introduced into the autoclave after which it was heated to reaction temperature (45 °C, C02 pressure 

wass 150 bar). After stabilization of the temperature, the TCA was locked and shimmed. Then parahydrogen (10 bar) was 

addedd to the autoclave, and accordingly, the pressures do not correspond to exact partial pressures. After introduction of 

thee parahydrogen, the NMR detection was started (1 scan). 

6.6.33 Synthesis 
Thee atomic numbering for the Ar-bian ligands, as presented in Figure 6-4.. 

Figuree 6-4. Molecular structure and adopted atomic numbering of the Ar-bian ligands. 

[m,m'-(Cr3) 2Ar-bian]pallada-2,3,4,5-tetrakis(carboethoxy)-2,4-cyclopentadienee (7) 

AA solution of m,m'-(CF3)2Ar-bian (0.60 g, 1.0 mmol), Pd(dba)2 (0.57 g, 1.0 mmol) and a excess of diethyl butadioate (0.68 

g,, 4.0 mmol) in dry THF was stirred for 30 minutes at 21 °C. During this time the color of the solution changed from dark 

purplee to brown. The reaction mixture was filtered through Celite filter aid under N2 atmosphere to remove traces of metal-

licc palladium and the Celite filter aid was repeatedly washed with dry THF (3x5 mL) until the washings were colorless. 
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Thee combined filtrates were evaporated to dryness in vacuo and was washed with 3 x 20 mL diethyl ether yielding 0.84 

g.. 7 as brown /orange solid (80%). 

'HH NMR (499.84 MHz, acetone-d6): 5 8.36 (d, J4_5=&.0,  2H, Ar-tf 5), 8.27 (br, 2H. Ar-tf") , 8.09 (br, 4H, Ar-//10-12), 

7.688 (pst, 2H, Ar-//4), 6.67 (d, 7 ^ = 7.5, 4H, Ar-//10). 4.00 (q, V= 7.0. Ctf2CH3), 3.28 (q, lJ= 7.0, C#2CH3), 1.17 (t, 
37== 7.0, CH2Ctf3), 1.01 (t, 37= 7.0, CH2Ctf3). 

13CC NMR (125.70 MHz, CDC13): 8 177.39 (C(O)0CH2CH3), 173.65 (Pd-C=C), 169.73 (C,), 165.42, 163.37 (Pd-C=C), 

148.288 (C7), 146.21 (C6), 137.12 (Cg), 132.75 (q, 27(C,F) = 33.7, C10), 132.73 (C5), 131.76, 129.23 (C4), 126.06 (C2), 

125.833 (C3), 123.48 (q, './(C,F) = 271, CF3), 123.42 (C9), 121.60 (CM), 59.67 (C(0)OCH2CH3). 59.30 (C(0)OCH2CH3), 

13.7713.77 (C(0)OCH2CH3), 13.26 (C(0)OCH2CH3). 
19FF NMR (282.41 MHz, CDC13): 5 -63.16. 

HRMSS (FAB+): [M ]+* : found 1050.1005: calcd ( C ^ H ^ F ^ N ^ P d) 1050.1002. 
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Nowadays,, society faces a growing need to conduct chemical reactions using less energy, to do them 

withh higher selectivities and less waste, as well as to circumvent the use of organic solvents. Catalysis 

playss an important role in this respect. Chemists can contribute to this quest by looking for new, more 

selectivee catalysts and viable 'atom-economic' reactions. Moreover, these can be carried out in less 

suspectt solvents, which may at the same time contribute to the solution to the generic problem of 

homogeneouss catalysis; the separation of catalyst and products. This thesis focuses on a number of 

thesee interrelated aspects and furnishes new material that helps to further our knowledge in this par-

ticularr field of research. 

Supercriticall  fluids have been put forward as benign solvents, especially supercritical C02 (scC02) is 

increasinglyy used as reaction medium in (homogeneous) catalysis. The relatively low critical point of 

C022 (Tc = 31.1 °C, Pc = 73.8 bar) and its environmentally benign nature are particularly attractive. A 

uniquee and potentially advantageous characteristic of supercritical C02 is that its density, polarity, 

viscosity,, diffusivity, and overall solvent strength can be varied by relatively small changes in pres-

suree and/or temperature. Furthermore, supercritical C02 has no gas-liquid boundary, is completely 

misciblee with permanent gases (e.g., H2), which together with its high diffusivity, creates a potentially 

advantageouss medium for fast chemical transformations involving gaseous reactants. 

Thiss thesis describes the design, the synthesis and application of new lipophilic and fluorophilic 

zerovalentt palladium complexes, which dissolve in supercritical C02 and which can be employed as 

homogeneouss hydrogenation catalysts in supercritical C02. Chapter 1 starts with a general introduc-

tionn into the field of organopalladium chemistry involving nitrogen ligands, which is followed by a 

feww selected examples of palladium-catalyzed reactions. The homogeneous hydrogenation of alkenes 

andd alkynes using palladium complexes is discussed in more detail; notably the influence of various 

nitrogenn ligands on the activity and selectivity in the stereoselective hydrogenation of alkynes to (Z)-

alkeness will be presented. 
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Inn Chapter 2, an introduction is provided concerning the solvent properties and the use of supercritical 

fluids,, in particular supercritical C02, as a reaction medium for homogeneous catalysis. A number of 

transitionn metal-catalyzed reactions conducted in scC02 will be highlighted. Furthermore, the high-

pressuree set-up and the home-built autoclave equipment used in this thesis will be discussed in detail. 

Inn Chapter 3, several viable routes for the synthesis of substituted acenaphthenequinones and anilines 

ass well as the synthesis of the corresponding Ar-bian ligands are described. Introduction of the C02-

philicc groups Rj and R2 (Scheme 1) on the acenaphthene backbone has been achieved by palladium-

catalyzedd cross-coupling of a fluoroalkylzinc halide with mono- and dibromoacenapthene derivatives. 

Subsequentt condensation reactions with substituted anilines (Scheme 1), gave new lipophilic and flu-

orophilicc Ar-bian compounds, a reaction that proceeds well in glacial acetic acid. However, the con-

densationn reaction of the highly fluorophilic acenaphthenequinone containing two polyfluoro alkyl 

chainschains with anilines bearing strong electron donating substituents led to decomposition of the 

reagents;; these compounds should be prepared and isolated under less forcing conditions. 

Usingg the previously obtained lipophylic ligands, a number of apolar zerovalent palladium complexes 

containingg these bidentate nitrogen (Ar-bian, bpy) and phosphorus donor ligands have been prepared. 

Theirr synthesis is detailed in Chapter 4. Most of the new complexes could not be isolated as pure com-

poundss by using the commonly employed [Pd(dibenzylidene-acetone)2] as the precursor. Hence, a 

palladiumm complex with volatile ligands, which are readily substituted should be used as precursor 

andd [Pd(norbornadiene)(maleic anhydride)] was selected for this purpose. Throughout the further 

studies,, this complex Pd(nbd)(ma) has proven to be successful as starting material for a wide range of 

apolarr complexes as well as for the synthesis of zerovalent complexes containing "o-donor only" 

ligands.. The Pd(nbd)(ma) complex generates only the volatile norbornadiene as the by-product and 

thee synthesis and work-up can be carried out rapidly, thus preventing decomposition to palladium 

metal.. In addition, due to the low affinity of the norbornadiene for the palladium center, the back reac-

tionn is not a competing reaction. Pd(nbd)(ma) is stable in a closed vessel at room temperature for 

monthss and can be handled in air. 
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Palladium(Ar-bian)) compounds are known catalysts for the stereoselective .v<?/n/-hydrogenation of 

alkyness to (Z)-alkenes. Chapter 5 concerns experiments aimed at elucidating the mechanism of this 

stereoselectivee cw-hydrogenation reaction. Overall rate equations were obtained for the semi-

hydrogenationn of 4-octyne catalyzed by Pd[(/n,m'-(CF3)2C6H3) bian](ma). Under hydrogen-rich 

conditions,, the reaction rate follows first order dependence in palladium and dihydrogen pressure and 

aa broken order in 4-octyne (the reaction order in the substrate is 0.65). It was shown that the rate law 

changess at high palladium catalyst concentrations and at high substrate concentrations, which is 

ascribedd to the rate-limiting dissolution of dihydrogen gas into the THF solution. In this case, the low 

dihydrogenn availability results in the formation of inactive palladacycles during the reaction (see 

Schemee 2). PHIP NMR revealed the cis pairwise addition of dihydrogen to the substrate. These results 

havee led to the proposal of a viable reaction mechanism for the Pd(Ar-bian)-catalyzed semi-

hydrogenationn of 4-octyne in THF.. 
Schemee 2 

Thee high stereoselectivity observed in the hydrogenation experiments using Pd[(w,m'-(CF3)2C6H3) 

bian](ma)) complex is due to the relatively strong coordination of the alkyne to the palladium center, 

whichh only allows for the presence of small amounts of alkene complexes. Only the latter are respon-

siblee for isomerization into the observed minor amounts of (£)-alkene. Thus the combination of a rel-

ativelyy strong coordination of the alkyne and the subsequent reaction with dihydrogen results in the 

kineticc product, the (Z)-alkene. 

ChapterChapter 6 deals with the stereoselective ,vew/-hydrogenation of alkynes in supercritical C02 (scC02) 

usingg the lipophilic and fluorophilic zerovalent palladium catalysts described in Chapter 4. The solu-

bilityy of the catalysts was studied under reaction conditions. From this study, it was concluded that 

thee presence of trifluoromethyl moieties on the N-aryl of the Ar-bian compounds greatly increases the 

solubilityy of the corresponding catalyst in scC02. The introduction of the alkyl or polyfluoroalkyl 

chainss results in a further enhancement of the solubility but to a markedly smaller extent. 
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Alll  Pd(Ar-bian) catalysts studied here were stable under the reaction conditions in supercritical C02 

(2000 bar, 45 °C), provided that the ratio [H2]/[alkene] remains below 2; higher [H2]/[alkene] ratios 

leadd to catalyst decomposition. Pd[(m,w'-(CF3)2C6H3) bian](ma), which is highly soluble in scC02, 

turnedd out to be superior as a catalyst in the stereoselective hydrogenation of 4-octyne both in terms 

off  catalyst activity and stereoselectivity. The rates obtained in scC02 are at least 4 times higher than 

thee rates obtained in THF under identical conditions. Besides 4-octyne, other alkynes can also be effi-

cientlyy hydrogenated to the (Z)-alkene, provided that the substrate is soluble in scC02. In view of the 

resultss obtained from NMR experiments involving Parahydrogen Induced Polarization observed in 

thee products in scC02, a mechanism similar to that operating in THF seems to apply to the semi-

hydrogenationn in scC02 as well. 

Inn conclusion, new, viable routes to apolar palladium hydrogenation catalysts have been found. Some 

off  these catalysts provide faster rates in the hydrogenation of alkynes to ds-alkenes in supercritical 

C022 than in classic organic solvents. The studies have contributed to our insight into factors that deter-

minee the solubility of molecular inorganic compounds in apolar systems and have enlarged our 

knowledgee concerning the use of environmentally benign solvents for synthetic purposes. 
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Err is een toenemende maatschappelijke behoefte om chemische reacties uit te voeren met gebruik van 

minderr energie, met hogere selectiviteit en minder afval. Hierbij speelt de (homogene) katalyse een 

grotee rol van betekenis. Tevens is er een tendens om het gebruik van klassieke organische oplosmid-

delenn te omzeilen. Chemici kunnen in belangrijke mate bijdragen door op zoek te gaan naar nieuwe, 

selectieveree katalysatoren en naar begaanbare reactiepaden met een hoge 'atoom-economie'. Voorts 

kunnenn zulke katalytische reacties worden uitgevoerd in 'minder verdachte' oplosmiddelen, die 

tegelijkertijdd kunnen bijdragen aan een oplossing voor het voor de homogene katalyse generieke 

probleemm van de scheiding van producten en katalysator. In dit proefschrift wordt ingegaan op een 

aantall  van deze sterk gerelateerde aspecten. Het onderzoek dat eraan ten grondslag ligt heeft nieuw 

materiaall  opgeleverd dat bijdraagt aan onze kennis van dit domein. 

Superkritischee oplosmiddelen, in het bijzonder superkritisch C02 (skC02), vinden een groeiend 

aantall  toepassingen als reactiemedium voor homogene katalyse. Het relatief lage kritische punt van 

C022 (Tk = 31.1 °C, Pk = 73.8 bar) en het milieuvriendelijke karakter zijn bijzonder aantrekkelijk voor 

homogenee katalyse. Een uniek en potentieel gunstige eigenschap van superkritische oplosmiddelen is 

datt de dichtheid, polariteit, viscositeit, diffusiteit en de oplosbaarheid gevarieerd kunnen worden door 

kleinee veranderingen in druk en/of temperatuur. Bovendien hebben superkritische oplosmiddelen 

geenn gas-vloeistof scheiding, zijn ze volledig mengbaar met permanente gassen en hebben een hoge 

diffusiteitt in vergelijking met gewone organische oplosmiddelen. Tezamen creëert dit een potentieel 

gunstigg medium voor snelle chemische omzettingen waarbij gassen betrokken zijn. 

Inn dit proefschrift zullen de ontwikkelingen en toepassingen van nieuwe lipofiele en fluorofiele nul-

waardigee palladium complexen, welke gebruikt zullen worden als homogene katalysatoren in skC02, 

wordenn beschreven. In Hoofdstuk 1 wordt een algemene inleiding gegeven betreffende organopalla-

diumchemiee in combinatie met stikstof liganden, gevolgd door een aantal voorbeelden van palladium-

gekatalyseerdee reacties. De homogene hydrogenering van alkenen en alkynen door middel van palla-

diumm complexen en de invloed van de verschillende stikstof liganden op de activiteit en selectiviteit 
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inn de stereoselectieve .sew»'-hydrogenering van alkynen naar (Z)-alkenen zullen uitvoerig worden bes-

chreven. . 

Inn Hoofdstuk 2 komen de eigenschappen en de toepassingen van superkritische oplosmiddelen (in het 

bijzonderr superkritisch C02) als reactie medium voor homogene katalyse aan de orde. De opstelling 

voorr studies onder hoge druk en de autoclaaf, welke gebruikt zijn bij het onderzoek beschreven in dit 

proefschrift,, zullen in detail worden behandeld. 

Inn Hoofdstuk 3 worden de synthese van gesubstitueerde acenaftheenchinon en anilines, alsmede de 

synthesee van gesubstitueerde Ar-bian liganden beschreven. De C02-fiele groepen R] en R2 (Schema 

1)) kunnen gemakkelijk geïntroduceerd worden in de acenaftheenkern door middel van een palladium-

gekatalyseerdee 'cross-coupling' reactie van fluoroalkylzinkverbindingen met (di)broomacenaftheen 

derivaten.. Het is gebleken dat de meeste condensatie reacties (zie Schema 1), welke de lipofiele en 

fluorofielee Ar-bian verbindingen opleveren, het best verlopen in azijnzuur. Echter, de condensatiere-

actiee van de zeer fluorofiele acenaftheen (bevattende twee polyfluoro alkyl staarten) met anilines met 

sterkk elektron donerende groepen leidt tot ontleding van de reagentia. Deze verbindingen kunnen 

echterr wel gesynthetiseerd en geïsoleerd worden onder mildere reactie condities. 
Schemaa 1 

Rii  (Ro) 

Rii  (B 2 ) 

UU JL J /=vR3 
TTT + H 2 N ^ ^ ' . R3-

oo o 

Inn Hoofdstuk 4 worden een aantal nulwaardige palladium complexen besproken, die gesynthetiseerd 

werdenn uitgaande van Pd(nbd)(ma) en een aantal zeer apolaire bidentate stikstof liganden (Ar-bian, 

bpy)) en fosfor liganden. Uitgaande van Pd(dba)2 konden de meeste van deze complexen niet geï-

soleerdd worden als zuivere verbindingen. Het complex Pd(nbd)(ma) blijkt wel een succesvolle start-

verbindingg te zijn voor de synthese van een groot aantal zuivere, nulwaardige palladium complexen. 

Dezee nieuwe synthese route blijkt in het bijzonder bruikbaar te zijn voor de synthese van zeer apolaire 

complexen,, alsmede voor de synthese van nulwaardige palladium complexen met sterke o-donor 

liganden.. Het Pd(nbd)(ma) complex genereert slechts het vluchtige norbornadieen als bijproduct. De 

synthesee van deze palladium complexen en opwerkprocedure kunnen snel worden uitgevoerd, zodat 

ontledingg tot metallisch palladium voorkomen kan worden. Overigens is de terugreactie geen concur-
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rerendee reactie door de lage affiniteit van het norbornadieen voor het palladium. Pd(nbd)(ma) is 

maandenlangg stabiel in een afgesloten vat bij kamertemperatuur. 

Palladium(Ar-bian)) verbindingen katalyseren de stereoselectieve 5em/-hydrogenering van alkynen 

naarr (Z)-alkenen. In Hoofdstuk 5 wordt de kinetiek van deze reactie in THF beschreven. De 

snelheidsvergelijkingenn van de hydrogenering van 4-octyn gekatalyseerd door Pd[(m,m'-

(CF^Cgï )̂) bian](ma) zijn verkregen. Onder waterstof-rijke reactie condities is de reactie snelheid 

eerstee orde in palladium en waterstofgas maar heeft een gebroken orde in substraat (reactie orde in 

substraatt is 0.65). Aangetoond werd dat de snelheidsvergelijking verandert bij hoge Pd-katalysator 

concentratiee en bij hoge substraat concentratie, hetgeen wordt toegeschreven aan de beperkte 

oplosbaarheidd van waterstofgas in de THF-oplossing. De beperkte beschikbaarheid van waterstof 

resulteertt in de vorming van inactieve palladacyclische complexen gedurende de reactie (zie Schema 

2).. PHIP NMR toont aan dat het waterstof paarsgewijs wordt overgedragen op het substraat. Deze 

resultatenn maken het mogelijk om een plausibel reactie mechanisme voor te stellen voor de Pd(Ar-

bian)-gekatalyseerdee se/w/-hydrogenering van 4-octyn in THF. 
Schemaa 2 

HH ,H 

Dee hoge stereoselectiviteit in de hydrogenerings reactie is het gevolg van de relatieve sterke coördi-

natiee van het alkyn aan het palladium, waardoor alleen kleine hoeveelheden Pd(alkeen) complex aan-

wezigg zijn gedurende de reactie. Uitsluitend Pd(alkene) complexen zijn verantwoordelijk voor de, in 

kleinee hoeveelheden, gevormde (£)-alkeen. De combinatie van de relatief sterke coördinatie van het 

alkynn en de daaropvolgende reactie met waterstof resulteert in het kinetische product, het (Z)-alkeen. 

HoofdstukHoofdstuk 6 handelt over de stereoselectieve .SÉW/'-hydrogenering van alkynen in skC02 gekataly-

seerdd door de lipofiele en fluorofiele nulwaardige palladium complexen uit hoofdstuk 4. De oplos-

baarheidd en de activiteit van deze katalysatoren zijn bestudeerd onder de reactie condities. Uit deze 
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studiee kan geconcludeerd worden dat de aanwezigheid van trifluoromethyl groepen aan de N-aryl van 

dee Ar-bian verbindingen de oplosbaarheid van de Pd-katalysatoren sterk verhoogt. Bovendien result-

eertt de aanwezigheid van alkyl of polyfluoroalkyl staarten in een verdere verhoging van de oplosbaar-

heid,, maar in aanzienlijk mindere mate. 

All ee Pd(Ar-bian) katalysatoren die beschreven worden in dit hoofdstuk zijn stabiel onder de gebruikte 

reactiee condities in superkritisch C02 (200 bar, 45 °C), mits de ratio [H2]/[alkene] lager is dan 2. 

Hogeree ratio's leiden tot decompositie van de katalysator. De zeer goed oplosbare Pd[0w,/n'-

<CF3)2C6H3)) bian](ma) blijkt superieur te zijn (in termen van activiteit en stereoselectiviteit) als 

katalysatorr in de hydrogenerings reactie van 4-octyn. De reactie snelheden verkregen in skC02 zijn 

minstenss een factor 4 hoger dan de snelheden verkregen in THF onder identieke reactie condities. 

Naastt 4-octyn kunnen ook andere alkynen efficiënt gehydrogeneerd worden tot het (Z)-alkeen, op 

voorwaardee dat het alkyn voldoende oplosbaar is in skC02. Gezien de resultaten verkregen uit PHIP 

NMRR experimenten lijk t het aannemelijk dat een vergelijkbaar reactie mechanisme zoals veronder-

steldd in THF van toepassing is op de .vemZ-hydrogenerings reactie in skC02. 

Dee conclusie is dat nieuwe routes voor de synthese van apolaire palladium-hydrogeneringskatalysa-

torenn zijn ontwikkeld. Een aantal van deze katalysatoren geven aanleiding tot hogere reactiesnelheden 

inn de hydrogenering van alkynen tot C7.Ï-alkenen in superkritische C02 vergeleken met klassieke orga-

nischee oplosmiddelen. Deze studie heeft aanzienlijk bijgedragen aan het inzicht in factoren die de 

oplosbaarheidd van moleculaire anorganische verbindingen in apolaire oplosmiddelen bevorderen en 

heeftt tevens onze kennis betreffende het gebruik van mileuvriendelijke oplosmiddelen in de synthese 

vergroot. . 
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A.ll  Introductio n into Parahydrogen Induced Polarization 
(PHIP)) NMR 

Thee Parahydrogen Induced Polarization (PHIP) NMR measurements, originally formulated by Bower 

andd Weitekamp as the PASADENA effect,1'2 are based on the existence of molecular hydrogen that 

cann occur in two isomeric spin forms, namely with its two proton spins aligned either parallel (ortho-

hydrogen)) or antiparallel (parahydrogen). In the state of thermal equilibrium at room temperature 

dihydrogenn contains 25% of parahydrogen (nuclear singlet state) and 75% of orthohydrogen (nuclear 

triplett state). The PHIP phenomenon can be observed during hydrogenation by using either enriched 

ortho-- or parahydrogen. 

Thee mixture can be enriched in parahydrogen by making use of the fact that, in the presence of a para-

magneticc adsorber (active charcoal), a thermal equilibrium is established between ortho- and parahy-

drogen.33 At low temperatures, therefore, parahydrogen is favored energetically. In this way a constant 

floww of a mixture of 51% parahydrogen and 49% orthohydrogen at 77 K (liquid nitrogen) or 95% 

parahydrogenn enrichment at 35 K can be achieved. The pairwise addition of enriched parahydrogen 

too an organic substrate or a metal complex leads to enhanced absortion and emission signals in product 

NMRR spectra under the condition that the spin correlation is maintained between the two transferred 

protons.44 The polarization signals originate from a selective population of the product's nuclear spin 

levelss that contain some singlet character. For a simple AX-spin system as is shown in Figure 1-1, the 

spinn functions af}  and Pa are overpopulated relative to a usual Boltzmann distribution. As a conse-

quence,, polarization signals are enhanced by some orders of magnitude and arise in absorption and 

emission.. The enhancement of the sensitivity of the NMR detection method can reach values typically 
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aroundd a factor of a few thousand. The method is extremely sensitive for the detection of short-lived 

intermediatess and reaction products in small concentrations. 

Causee of Polarization: 
Symmetryy breakdown during hydrogenation 

Parahydrogenn |cc0 - (3a ) populated 

Hydrogenation n 
breakdownn of symmetry 

|ap)) and I Pa ƒ are populated 

Schematicc representation of the energy levels 
andd resulting spectrafor an AX spin system 

"normal"" NMR spectrum 

Figuree 1-1. The cause of polarization during hydrogenation reactions. 

PHIP-spectrum m 

A.22 PHIP NMR measurements in common solvents 

Thee hydrogenation with parahydrogen in common organic solvents is carried out in situ Figure 1-2. 

Forr this purpose, a glass capillary connected to the parahydrogen source can be lowered into the NMR 

probee actuated by an electromagnet, i.e., by a solenoid, which is electrically controlled by the com-

puterr of the NMR spectrometer. In this fashion, parahydrogen can be bubbled through the reaction 

mixturee for a defined period of time followed by the detection pulse of the NMR experiment. In most 

cases,, a hydrogenation time of 5-10 s has turned out to be sufficient. About 2 s after the hydrogen addi-

tionn has stopped, the NMR detection was started. This procedure can be repeated to afford a subse-
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quentt accumulation of several scans, which yields a good signal-to-noise ratio of the PHIP resonances 

andd allows us to suppress signals of components, which are uninvolved in the hydrogenation. 

Teflonn tube connected 
too hydrogen source 

Approx.. 10 cm 

Magnett top (shim coits) 

Figuree 1-2. The apparatus used to carry out the hydrogenation inside of the NMR magnet. The device is installed on top 
off  the magnet. 

Fivee millimeter NMR tubes were charged with 100 [i\  substrate, 2 mg of catalyst 1 and 1200 \i\ deu-

teratedd solvent and placed into a 200 MHz spectrometer. Fifty percent-enriched p-H2 was prepared 

viaa catalytic equilibration over charcoal at 77 K and injected repeatedly in synchronization with the 

pulsedd NMR experiment via an electromechanically lowered glass capillary mechanism. Higher 

levelss of p-U2 enrichment, namely >97% have also been achieved using a closed cycle cooler cryostat. 

A.33 PHIP NMR measurements in scC02 

Measuringg NMR spectra under high pressures conditions have been performed in a number of ways, 

off  which the metal toroid probes and single-crystal sapphire cells have proven to be very usefull when 

scCOoo is employed as solvent. The PHIP NMR study in scC02 as described in chapter 6 was per-

formedd in a Toroid Cavity Autoclave (TCA) which was designed and optimized at the university of 

Bonn. . 

Thee key feature of the toroid cavity autoclave is a cylidrical pressure vessel (i.e., autoclave) also 

servess as a toroid cavity detector (NMR resonator) for NMR spectroscopy and imaging. The auto-

clavee is equipped with non-return valves through which gaseous or liquid components (e.g., para-

hydrogen)) can be injected even if high pressure is already applied to the reactor (e.g., supercrtical 

carbonn dioxide). In addition, coaxial resistive heating arrangements have been used which, although 
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electricallyy operated, do not disturb the main magnetic field BQ and allows efficient temperature con-

troll  during the experiments. The TCA has been optimized in which the gas is efficiently mixed with 

thee liquid or supercrtical fluid.7 

Furtherr details of the TCA design used in the PHIP study have been published. 6'7 
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Appendixx II 

A.55 Mathematical derivation of the initia l rates method 

AA simplified rate law for a catalytic hydrogenation reaction of alkynes exclusively to their (Z)-alkenes 

is: : 

rr  m -dlalkyne] _ -_^h} = i [ a / t v („ ] « [ ( ; f l / a ; , , „ ] l> [ p , ,/ (1) 
dtdt at 

wheree r = reaction rate (Ms" ) 

kk = rate constant ( M l n s.j) 

a,, p and y = the reaction orders with respect to the alkyne, catalyst and pH2 respectively 

(nn = a + P + y= overall reaction order). 

AA general rate law is: 

rr  = j.4m = kiAfwhc}1 (2) 
aa at 

wheree a = the stoichiometric coefficient of substance A. 

Thee initial rate, r,, wil l be given by: 

r,, , ( - ^ ) = k[Ao]
a[B0f[C0f (3) 

vv d at s { _ Q 

Thee measurement of r, is done by following the substrate conversion in time. The r{ is measured using 

aa variety of initial concentrations or pressures; [A0], [B0]  and [C0]  that are varied separately. The con-

centrationss or pressures of other species may be in excess or simply kept constant during the reaction. 
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Byy this procedure, the values of a, (3 and yean be determined as follows, for example if [B0]  and [C0] 

aree kept constant, Equation 3 becomes: 

rr ii  =  koiJAof (4a) 

and d 

logr,, = log*„ bs+oclog[>\0] 

(4b b 

where e 

*„bss = k[B0f[C0\
y = constant (5) 

Variationn of [A0]  and measuring the corresponding ri will give according to Equation 4b the corre-

spondingg reaction order a. Similarly, keeping [A0]  and [C0]  constant and varying [B0],  from equations 

analogouss to 4a and 4b, gives P and when [A0]  and [B0]  are constant and \C0]  is varied, y can be 

obtained. . 

Oncee the different reaction orders a, p and y have been evaluated, direct substitution into Equation 3 

wil ll  give k. When the reaction orders of all the reactants- and the rate constant k are found, one can 

constructt the experimental rate law. It has to be taken into account that an experimental error in the 

experimentall  data can occur thus an average value for k is calculated. 
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A.66 Derivation of the rate law 

Schematicallyy the reaction steps in the hydrogenation reaction (as are shown in Figure 1.8 in chpater 

5)) can be represented as follows: 
Schemee 1 

Pd(NN)(alkene)) + alkyne = — = = - Pd(NN)(alkyne) + alkene 1 
(A)) k - i (B) 

Pd(NN)(alkyne)) + H2 - — - Pd(NN)(H)2(alkyne) 2 
(B)) (C) 

Pd(NN)(H)2(alkyne)) - — + . Pd(NN)(alkene) 3 
(C)) (A) 

Reactionn step (1) is a pre-equilibrium and step (2) is assumed to be the rate determining step of the 

mechanism.. For step 2 the following rate equation applies 

rr = k2[B] ] [H 2] (6) 

Consideringg the equilibrium Kj (K t = kj/k.j ) and the mass balance for the amount of palladium in the 

catalyticc cycle ([Pd]cat = [A] + [B] + [C]) [B] can be solved. The equilibrium 

__ [A][octyne]  m 
11 [B][octene] 

cann be written as 

== [Bl loctenel 
K,[octyne] ] 

Reactionn step (3) yields the after applying steady-state conditions (d[C]/dt = 0) 

k2[B] [H 2] ] 
[C]]  = ^ — (9) 

k 3 3 
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Combiningg the palladium mass balance with eq. 8 and eq. 9 gives 

1Pd]cMM  = I M o c t ^  l^IBJIHi ] <"» 
CdII K^octyne] k3 

k3[octene]]  + k3K,[octyne] + k2[H2](K 1[octyne]) 

k3Kj[octyne] ] :pd] ca,, = [B H  ' 'r;;,:::.::r is '  J i <m 

kjKJoctyneJlPd]̂  ^ 

~~ k3[octene]+Kj[octyne](k3 + k2[H2] ) 

Substitutionn of eq. 12 in eq. 2 yields s 

k2k3K,[octyne][Pd]cat[H2] ] 

k3[octene]]  + KjtoctyneK^ + k,[H2] ) 
(13) ) 

Sincee reaction step (2) is the rate determining step, k2«k3 and the k2[H2] term can be discarded from 

thee equation yielding : 

rr  = kcat[octyneJ[Pd]cat[H2] (14) 

withh kcat = k2k3K]/(k3{[octene]+K![octyne]} 

A.77 The temperature dependence of the reaction rate 

Thee rate of a chemical reaction may be affected by temperature in several ways, but the most common 

behaviorr by far is that observed by Arrhenius. The emperical expression 

kk = Aexp(-E/(RT)) (15) 
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relatess the rate constant k to the absolute temperature T. Strictly speaking, the Arrheniuss equation may 

bee applied only to reactions in the gas phase. 

AA similar relationship is also derived by the absolute reaction rate theory (also known as the transi-

tiontion state theory), which is used almost exclusively in considering, and understanding, the reaction 

kineticss of a reaction in solution. This equation 

**  - ¥-(#) 
wheree AG* is the free energy of activation, kb is the Boltzmann's constant and h is the Plancks's con-

stantt can, be extended to 

AA plot of In(kfT) against 1/T is linear, with a slope (-AH*/ R) and an intercept (In k^ h + AS*/ R). 
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Dankwoord d 

Dee koek is op! Althans het wetenschappelijke gedeelte zit erop en rest mij alleen nog het meest 

gelezenn stukje van dit proefschrift te schrijven: het dankwoord. Mijn promotie tijd is een zeer 

leerzamee en indrukwekkende periode voor mij geweest die je helaas maar één keer kan meemaken. 

Veell  mensen hebben bijgedragen bij de totstandkoming van dit proefschrift in wetenschappelijk zin 

enn in niet-wetenschappelijke zin. Een aantal zou ik graag willen noemen. 

Allereerstt wil ik mijn promotor Kees Elsevier bedanken voor de kans die hij mij heeft gegeven om 

invullingg te geven aan een project in dit fascinerende onderzoeksgebied. Beste Kees, ik vond het een 

prettigee samenwerking en ik heb veel geleerd in de afgelopen jaren. In het begin van de promotie liep 

hett onderzoek wat moeilijk maar in het laatste halfjaar is er toch nog heel veel uitgekomen. 

Hans-Wernerr bedank ik voor de goede samenwerking en voor zijn bijdrage aan het proefschrift. 

Jann Meine Ernsting, hartelijk dank voor jouw hulp bij allerhande NMR-experimenten. Meten op de 

INOVAA 500 was altijd gezellig dankzij Jan Geenevasen. Jan, zoals je ziet aan hoofdstuk 3 en 4 heb 

ikk aardig wat metingen gedaan. Bedankt voor je hulp en voor de vele koffies die ik bij julli e mocht 

komenn drinken. 

Dr.. Martin Lutz en prof. Ton Spek zou ik willen bedanken voor het werk dat zij verricht hebben aan 

dee kristalstructuren en de beschrijving ervan. Han Peters wil ik bedanken voor het uitvoeren van de 

massa'ss massa metingen. 

II  would like to thank prof. Joachim Bargon and dr Klaus Woelk of the University of Bonn for giving 

mee the opportunity to do the PHIP NMR experiments. I also would like to thank Thorsten Jonischkeit 

forr his assistance, his jokes and his hospitality. It was a great joy for me to combine science and plea-

suree in the beautiful surroundings of Bonn. 
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Tonn Vronnik zou ik willen bedanken voor de goede samenwerking tijdens het construeren van de 

autoclaaf.. Het is een mooi stuk werk geworden wat onmisbaar was in mijn promotie onderzoek. Henk 

Luytenn hielp altijd snel en vakkundig bij het oplossen van de technische problemen. Bij Ronald Nieu-

wendamm kwam ik vaak binnen met de zin: '...Ronald, Ronald.. Hij doet het niet meer!'. Je stond altijd 

paraatt met een tangetje of een zekering. Bedankt! Toch zou ik ook de HEMA willen bedanken voor 

dee eindeloze voorraad zilverpoets. Dit bruine goedje bleek van essentieel belang te zijn voor het 

schoonmakenn van de hoge druk autoclaven. 

Verderr hebben aan dit promotie onderzoek ook een aantal studenten gewerkt die ik zou willen bedan-

ken.. Meivin, jij was mijn eerste student. Samen hebben we een mooi aantal dingen gedaan die miss-

chienn niet direct in het proefschrift terug te vinden zijn. Jij was een vrolijke student en ik heb van jou 

kunnenn leren hoe je van huis-tuin-en-keuken materiaal een serieus lab kan maken. Coen, we hebben 

heell  wat uurtjes in het lab doorgebracht en ik had jou de moeilijke taak gegeven om 3,5-polyfluoro 

aniliness te laten maken. Uiteindelijk is het toch gelukt. Bedankt! Tehila, ji j hebt een grote bijdrage aan 

ditt proefschrift geleverd. De moeilijke syntheses, de branden, grote wolken broom en de bijna explo-

sies;; niets heeft jou weerhouden om ook aio te worden. 

Dee collega's van het lab, die me altijd bijstonden met goede raad en advies, zijn ook goede vrienden 

gewordenn wat het werk zeer draagbaar hield. 

Marcell  (koffie nu) Duin, lab partner, koffie maat, grootleverancier van aceton. Samen hebben we heel 

watt uren doorgebracht in ons goed uitgeruste lab-straatje. De herinneringen aan het 'congresje' op 

Korfoee zullen mij nog lang bijblijven. 

Wim,, ji j was de rots in de branding, de koelte zelf. Nooit overhaast of gestresst. Ik heb nooit begrepen 

hoee je dat deed. Jij was veelal de uitkomst voor menig computer probleem. 

Marcell  (Jameson) van Engelen (COR), met jou heb ik altijd veel plezier gehad op het lab. De 

'werk'vakantiee naar Lissabon, waar' s werelds meest vette burgertjes te halen zijn, was een waar feest. 

Boke,, ji j was toch wel de meest bijzondere aio van het stel. Ik heb bewondering voor je bevlogenheid 

enn je veelzijdigheid. 

Sanderr Gaemers: in het begin van mijn promotietijd hebben we veel samengewerkt en dit heeft zelfs 

tott een leuke publicatie geleid. 

172 2 



Dankwoord d 

Jeroenn Sprengers, jouw humor (vooral de chemische grappen) heb ik altijd hard om moeten lachen. 

Anoukk (k.w.!!), ji j was de Leidse connectie! Dit creëerde vanaf dag één al een band wat, tot verbazing 

vann vele, leidde tot rare aanspreektitels en gewoontes. 

Dorette,, je onderhield het magazijn heel goed en je was nooit te beroerd om de eieren van mijn brood 

tee eten (bedankt). 

Jeroenn Diederen, de eigen brouwsels leidde vaak tot onnavolgbaar gedrag. 

Martijnn (L.L.), zelfs als langstzittende aio ben je niet te beroerd om het werk opzij te schuiven om 

eenn biertje te doen. De afspraak dat het bij eentje zou blijven, is nooit gelukt. 

Verderr wil ik de overige collega's, studenten en medewerkers bedanken: Erica, Jeroen de P, David, 

Alexandre,, Chaode, EricZ, RenéS, FrankV, Ron, Basak, Antony, Edward, Steve, Mara, Piotr, CeesB, 

Loes,, collega's van de 9de verdieping en de mensen die ik vergeten ben. 

Mij nn familie, vrienden en kennissen wil ik graag bedanken voor hun interesse in de voortgang van 

mijnn onderzoek en voor de aangename onderbrekingen daarvan. 

Tevenss wil ik mijn ouders bedanken (G.: het staat vol met die vreemde honingraadjesü) voor alle 

steunn die zij mij mijn hele leven hebben gegeven. Jullie hebben mij altijd gestimuleerd om door te 

lerenn en nu ben ik dan doctor! 

Tott slot, lieve Ester, bedankt voor je steun, kritiek, liefde en geduld! Jij bent de liefste. 

Bedankt!!!!! ! 

Sander r 
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