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Chapterr  1 

Introduction n 

1.11 General Introductio n into Organometallic Chemistry 

Nowadayss organometallic chemistry is a very broad and widely explored area of 

chemistry.11 It has widespread use concerning research into biologically active sytems, 

sincee many such systems like enzymes contain organometallic units as their active sites. 

AA good example is Heme, the active centre of haemoglobine (Figure 1.1), the molecule 

responsiblee for the transport of oxygen in our bodies which contains an iron complex at 

itss core. 

C02HH C0 2H 

Figuree 1.1: Heme, the active centre of Haemoglobine. 

Organometallicc compounds and molecular inorganic compounds have found extensive 

applicationss as reagents for specific organic syntheses, and are thus an integral part of 

thee tools a chemist can use for the synthesis of a desired compound. Perhaps most 

interestt for organometallic complexes nowadays is in the field of catalysis, since many 

catalystss used on an industrial scale contain a metal as the active ingredient. Many of 

thesee systems are so-called hetereogeneous systems where usually no actual 

organometallicc compounds are used but rather a metal surface. Organometallic 
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compoundss play a big role in catalysis, either solvated as homogeneous catalyst or 

immobilizedd as heterogeneous catalyst. Examples of industrial processes utilizing 

organometallicc catalysts are, hydroformylation of alkenes, oligo- and polymerizations, 

metathesiss and hydrogenations. Catalysis with organometallic compounds is also widely 

usedd at present in fine-chemical synthesis, in which a reaction such as the Heck reaction3 

iss probably the best example. 

Figuree 1.2: Ferrocene. 

Thee deeper understanding of the reactivity and catalytic activity of organometallic 

compoundss as well as understanding of the different types of chemical bonding in these 

compoundss has really only started with the synthesis of the first sandwich compound, 

ferrocene44 in 1951 (Figure 1.2), and its structural characterization5 in 1952. 

(1952).. The real roots of Organometallic Chemistry can be dated back to 1830 when the 

firstt transition metal complex was synthesized and described by Zeise6, the complex 

K[Pt(C2H4)Cl3] )) which is now known as Zeise's salt (Figure 1.3). In the 19th and early 

20thh century many more different types of organometallic complexes have been 

discovered,, of which the Grignard compounds are probably the best known and most 

widelyy used.Since the 1950's the research into and the understanding of the chemistry 

CI I 
1 1 

Ff t —— CI K 

CI I 

Figurel.3:: Zeise's salt. 

off  organometallic complexes has grown at a fast rate and at present is considered to be 

aa very mature branch of the chemical sciences, still not as thoroughly understood as the 
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"older""  branch of organic chemistry, but with a good system of widely understood basic 

principless upon which science can base further research. 

1.22 General Introductio n into Palladium Chemistry 

Amongg all the metals that can form organometallic compounds, palladium is probably 

thee most prolific when the number of different reactions and different compounds is 

takenn as a measure7. Whereas the alkali metals and alkaline earth metals are mostly used 

ass reagents in organic chemistry, the early and late transition metals are more widely 

usedd as part of a catalytic compound. Especially the platinum group, to which palladium 

belongs,, is very productive in the field of catalysis. 

Palladiumm complexes are used as catalysts in many different reactions, including 

oxidations,, hydrogenations, cross-coupling reactions and the Heck reaction. Because of 

thee versatility of palladium much research has been done into its chemistry. The role of 

thee palladium catalyst in the various catalytic reactions can be manifold; firstly, to bring 

thee different reactants together and thus creating the opportunity for them to react 

together;; secondly, to lower the activation barrier of the reaction and in this way enabling 

thee reaction or making the reaction easier and less energy consuming and thirdly, to 

inducee chemo- regio-, and stereoselectivity in the conversion of organic molecules. The 

mechanismm of palladium catalyzed reactions is often as follows. The catalytic cycle 

startss with a Pd(0)-complex which can react with an oxidant to a Pd(II)-complex, a 

so-calledd oxidative addition. Then several things can happen, for instance a 

trans-metallationn in a cross-coupling reaction, and the cycle is completed after a 

reductivee elimination, yielding the product and the original Pd(0)-complex (Scheme 

1.1).. The elementary steps that occur at the metal center concern the creation of a vacant 

site,, the coordination of a substrate, migrations, de-insertions, a- and P-elimination 

reactionss and oxidative addition and reductive elimination reactions. 

Asidee from the metal center a vital role is played by the applied ligand. This ligand is 

usuallyy required to stabilise the initial complex and the various intermediate complexes 

inn the various stages of the reaction and to induce the required chemo- regio-, and 

stereoselectivity. . 
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\\ ff—MgBr 

MgBrl l 

Schemee 1.1: Cross-coupling reaction. 

Too achieve steroselective reactions chiral ligands are required if the desired product is to 

bee a chiral molecule. One of the very useful reactions catalysed by palladium are 

hydrogenationn reactions. Palladium complexes have been widely applied in this type of 

reaction,, especially the hydrogenation of alkenes and to a much lesser extent alkynes, as 

iss discussed in the next paragraph. 

1.33 Catalytic hydrogenation of alkynes 

1.3.11 General Aspects 

Catalyticc hydrogenation of alkynes to (Z)-alkenes (Scheme 1.2) is a highly desirable 

tool,, provided that the selectivity is high, and the reaction conditions involved are mild. 

However,, there are several problems associated with such a process. 

R-- -R' ' 
H: : 

catalyst t RR R' 

alkynee <Z)-alkene 

Schemee 1.2: Catalytic hydrogenation of alkynes to (Z)-alkenes. 
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i)) the formation of the thermodynamically preferred (E)-alkene, which may arise from 

(catalytic)) isomerization of the initially formed (Z)-alkene. 

ii )) the formation of the alkane as a result of hydrogenation of the alkene. 

iii )) the isomerization of the alkene double bond to another position, leading to a mixture 

off  positional isomers. 

iv)) the lack of chemoselectivity, i.e. concurrently with hydrogenation of the 

carbon-carbonn triple bond, hydrogenation of other functional groups such as aldehydes, 

ketones,, esters, nitro groups, nitriles etc. 

v)) the formation of oligomerized or polymerized products, which especially happens at 

elevatedd temperatures. 

vi)) the reproducibility of the catalyst structure and composition. Especially with 

heterogeneouss systems the reproducibility of hydrogenations tends to be a problem, 

becausee it is very difficult to exactly reproduce the catalyst. This is generally not a 

problemm for homogeneous catalysts. 

Thee catalytic hydrogenation of unsaturated carbon compounds has been extensively 

studied.. Most literature deals with the hydrogenation of carbon-carbon double bonds, 

whereass the hydrogenation of the triple bond has received much less attention. 

Especiallyy the selective semihydrogenation of alkynes is a synthetically very useful tool. 

Internall  alkynes are often the starting points for the synthesis of (Z)-alkenes via catalytic 

hydrogenation. . 

Theree are numerous examples known of this transformation in the total synthesis of a 

varietyy of compounds {e.g. natural products, pharmaceuticals, fragrances etc.), one 

examplee being the total synthesis of (+)-15-(S)-Prostaglandin A2 (PGA2) (Figure 1.4). 

HH HO' H 

PGA2 2 

Figuree 1.4: (+)-15-(S)-Prostaglandin A2. 
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Inn this synthesis the (Z)-alkene moiety was obtained by the selective hydrogenation of 

ann alkyne function, utilizing the Lindlar-catalyst. ' Other chemical methods of making 

carbon-carbonn double bonds as for instance the Wittig type couplings give the 

thermodynamicallyy preferred (£)-alkene. The subject wil l therefore be limited to the 

catalyticc hydrogenation of alkynes to (Z)-alkenes. There are a number of examples 

knownn of catalytic systems promoting such a transformation, although not as much as 

mightt be expected considering the importance of such a synthetic tool. 

Thee most widely applied methods are heterogeneous catalytic hydrogenation, most often 

employingg Pd or Ni as the transition metal, as for instance the Lindlar-system and the 

P2-Ni-system.11,122 There has also been a lot of attention directed towards immobilized 

transitionn metal complexes, where the transition metal is coordinated to a ligand attached 

too for example polymers or clays. 

Forr homogeneous catalysis also several systems are known, employing various 

transitionn metals, some of these wil l be illustrated later on in 1.3.2. 

Twoo main mechanisms have been put forward for the hydrogenation of alkynes or 

alkenes,, which have been depicted below. The first proceeds through a metal 

monohydridee (Scheme 1.3), where a heterolytic cleavage of molecular hydrogen takes 

place,, the second involves a route via a metal dihydride intermediate, where homolytic 

cleavagee of H2 takes place. 

R R 

++ H+ 

M—H H 

MH H ++ R-

M. . 

-R' ' 
- H + + M--

R' ' 

M22 or 2M 

Schemee 1.3: Catalytic hydrogenation via a metal monohydride. 
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Theree are two starting points for the catalytic cycle. The first one (a) involves the 

complexationn of the alkyne to a metalhydride yielding species (1), the second one (b) 

involvess the heterolytic cleavage of dihydrogen by a metal alkyne complex in the 

presencee of a proton source leading to the metal hydride alkyne complex (1). After this 

initiall  step a migration-insertion reaction (c) takes place leading to metallated species 

(2).. This reaction is highly stereospecific as the four centre transition state (la; Figure 

1.5)) requires a coplanar arrangement of metal, hydride and alkene 7i-bond and leads to 

exclusivee cis addition of the metal hydride. 

R R 

R' ' 

Figuree 1.5 

Fromm species (2) there are different ways of obtaining the alkene. These have been 

depictedd in steps (d), (e) and (f). In step (d), a direct hydrogenolysis using H2, may 

involvee the dihydridoalkene intermediate (3), which then reductively eliminates the 

alkenee in step (g), with regeneration of the monohydride catalyst. 

Thee hydride transfer (step g) involving a three-centre transition state such as (3a; Figure 

6)6) is considered to be relatively fast. 

H H 

M;""  -;H H 

RR R' 

Figuree 1.6 

Inn step (e) a protonolysis takes place to obtain the alkene, this mechanism has been 

shownn to occur for several systems in fully or partly aqueous media. The metal reenters 

thee catalytic cycle, either through step (b), via formation of a metal alkyne complex, or 

throughh step (a), via formation of the metal monohydride. 

AA third method of alkene formation is presented in step (f), by reaction with a further 

molee of metal hydride. The metal reenters the catalytic cycle by oxidative addition of H2 
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too the dimer or two metallic species. All these steps usually occur with retention of 

configuration,, leading to the (Z)-alkene. 

Thee mechanistic pathways for dihydride catalysts are shown in the scheme below 

(Schemee 1.4). 

R R 
MH, , 

MH22 + R- -R' ' -R' ' M-- ++ H5 

R' ' 

M M 

HM M M M 

-R' ' 
RR R'  R R' 

Schemee 1.4: Catalytic hydrogenation via a metal dihydride. 

Inn step (a) the the hydride route is depicted, wherein an alkyne coordinates to a 

dihydride.. In step (b) the unsaturate route via oxidative addition of H2 to a metal-alkyne 

complexx is defined. Both lead to the same key metal-dihydride alkyne intermediate (4), 

whichh decomposes to the product by two successive hydrogen atom transfers, steps (c) 

andd (d). 

Thee metal is released as M with appropriate ligands and reenters the catalytic cycle via 

coordinationn of H2 (e) or alkyne (f). As with monohydride systems, an overall cis 

additionn of H2 results from the coplanar migratory insertion, step (c), and a reductive 

eliminationn of the product occurring with retention of configuration at the metal-bonded 

carbon,, step (d). 

1.3.22 Heterogeneous Catalysts 

Palladium(O)Palladium(O) Catalysts 

Theree are several heterogeneous catalyst systems known that are able to hydrogenate the 

C-CC triple bond with some selectivity to the (Z)-alkene. 



Thee most well known, and most widely applied, is the so called Lindlar-catalyst which 

iss a catalyst consisting of palladium supported on calcium carbonate poisoned by lead 

acetate.9'100 This system shows considerable selectivity for a variety of alkynes. 

Especiallyy when electron withdrawing groups are present the selectivity goes down. A 

majorr problem of the Lindlar system is its lack of reproducibility, with yields of the 

desiredd (Z)-alkene varying greatly for the same substrate. The Lindlar catalyst was used 

byy two groups in the synthesis of methyl jasmonate (6) (Scheme 1.5), where, in the 

hydrogenationn of compound 5 to 6,13 Büchi et. al obtained 6 in 94 % yield, whereas 

Sisidoo et. al. had only a yield of 60 %.14 

.C02CH3 3 C02CH3 3 

ÖÖ O 

55 6 

Schemee 1.5: The synthesis of methyl jasmonate. 

Otherr palladium catalysts containing colloidal zero valent palladium supported on an 

inorganicc matrix, without any addition of a poison, have been compared to the Lindlar 

systemm in the hydrogenation of 4-undecyne15 (Table 1.1). 

Tablee 1.1: Hydrogenation of 4-Undecyne to (Z)-4-Undecene. 

Catalyst t 

Lindlar r 

10%Pd/CaCO3 3 

10%Pd/BaSO4 4 

10%% Pd/C 

10%Pd/C C 

%% Catalyst 

8.9 9 

10.0 0 

11.2 2 

9.8 8 

10.0 0 

%% (£>alkene 

4.0 0 

63 3 

40 0 

32 2 

68 8 

Itt has been reported though that the Pd/BaS04 catalyst, used in the presence of quinoline, 

iss superior to the Lindlar catalyst in reproducibility and ease of preparation. 
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AA more recently reported heterogeneous palladium(O) species, derived from reaction of 

Pd(OAc)2,, with NaH and /-AmOH, called PdC, is far more selective and reproducible 

thann the Lindlar system. For instance; for 1-phenyl-1-propyne, 2-hexyne and 

diphenylacetylene,, selectivities for the (Z)-alkene were 98, 98 and 97 % respectively. 

Palladium(II)Palladium(II) Catalysts 

Severall  examples of catalysts consisting of Pd(II) species supported or anchored on 

differentt matrices have been reported. 

AA catalytic system consisting of Pd(II) anchored on a silica xerogel is capable of 

selectivee hydrogenation of alkynes, although the selectivity is not very high. In the 

hydrogenationn of phenyl acetylene, 9 % ethylbenzene is formed, whereas the Lindlar 

systemm gives a comparable 10 % of the alkane. In the hydrogenation of 

diphenylacetylene,, 88 % of the (Z)-alkene is formed together with 5 % of the (£)-alkene. 

Thee most noteworthy aspect of this system is that it is capable of hydrogenating 

2-methyl-3-butyn-2-oll  selectively to the alkene in 98 % yield, whereas most other 

catalystss are far less suitable for hydrogenation of propargylic alcohols. 

Anotherr catalytic system is based on Pd(II) finely dispersed in a siloxane polymer matrix 

usingg water as the solvent. This catalyst was able to hydrogenate several water soluble 

alkyness with reasonable selectivity. 

AA Pd(II) catalyst on a borohydride exchange resin (BER) in the presence of Csl has a 

highh selectivity in the hydrogenation of alkynes. Cesium iodide acts as a poison here, 

effectivelyy inhibiting the overreduction to the alkane. Indeed, no formation of the alkane 

wass observed, even after the total conversion of the alkyne to the corresponding alkene. 

Thee selectivity to the (Z)-alkene is 100 % for a variety of alkynes, such as 2- and 

3-hexyne,, 1-phenyl-1-propyne and dimethyl butynedioate. 

Anotherr approach is to immobilize homogeneous species on a polymer, leading to a 

heterogeneouss system, and several examples are known of this approach.21"23 The 

selectivityy of these systems is often not very high, for instance that of Michalska et al.2\ 

whichh utilizes a polyamide for the support of a Pd(II) species. The selectivity, for 

instance,, in the hydrogenation of 1-phenyl-1-propyn and 2- hexyne to the (Z)-alkene is 

onlyy 77 and 61 %, respectively. Large amounts of alkane and isomerized products are 

present. . 
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Probablyy the best example of this approach is the system described by Choudary et al. 

Thiss catalytic species is a bipyridinepalladium(II)acetate complex supported on 

montmorillonite,, which is a class of smectite clay. The selectivity in the hydrogenation 

off  several alkynes, such as diphenylacetylene, 1-phenyl-1-propyne and dimethyl 

butynedioatee is very high, with isolated yields of the (Z)-alkene of 98 % with these 

substrates.. This catalyst also shows high selectivity in the hydrogenation of conjugated 

alkenyness and alkadienes, with formation of conjugated alkadienes and alkenes 

respectively.. This high stereoselectivity is all the more remarkable when compared to 

thee results of the homogeneous (bipyridine)palladium(II)acetate complex, which is 

almostt inactive, and the polymer-bound complex, ' which exhibits a very poor 

selectivityy for the (Z)-alkene. 

AA similar system with a (diphenylphosphine)palladium(II) complex shows a somewhat 

lowerr selectivity, with yields of 95 to 98 % for the same substrates.27 

OtherOther Transition Metal Catalysts 

Nickell  is another well known metal for hydrogenation reaction. Several catalytic 

systemss containing Ni(II ) species are known which are capable of selective 

hydrogenationn of alkynes, although a lot less attention has been given to this metal than 

too palladium. 

Thee most well known of these systems is the so called P2-nickel catalyst, a form of 

colloidall  nickel obtained by reduction of nickel(II)acetate with sodium borohydride. 

Thiss system is known to hydrogenate alkenes,1' the addition of ethylenediamine greatly 

enhancess the selectivity in the hydrogenation of alkynes. In fact with this system the 

selectivityy is usually higher than with the far more applied Lindlar system. 

Forr instance for alkynes such as 3-hexyne, 3-hexyn-l-ol and 1-phenyl-1-propyne the Z/ 

EE ratio was higher than 100, with 96 to 98 % of olefin formed. One reason for the lack 

off  use might be that the catalyst needs to be freshly prepared for each run to maintain the 

highh selectivity, a somewhat cumbersome method compared to catalysts that can easily 

bee stored and used when desired. Another nickel catalyst of the type 
9R R 

NaH-RONA-Ni(OAc)22 has been applied to hydrogenation of alkynes. The selectivity 

iss usually reasonable, but lower than the P2-nickel system, with especially overreduction 

occuring. . 
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Thee last example of a nickel based system consists of nickel boride (Ni2B) supported on 

borohydridee exhange resin. The authors report a quantitative formation of the 

(Z)-alkenee for a variety of substrates like 3-hexyne, 1-phenyl-1-propyne, 

2-butyne-l,4-dioll  and dimethyl butynedioate. In this system the high selectivity is in part 

achievedd as a result of the total lack of further hydrogenation to the alkane even after 

doublingg the reaction time after the take up of 1 equivalent of hydrogen. For the less 

stericc alkynes the reaction temperature had to be lowered to 0 or -15 °C, or otherwise 

somee overreduction would occur. For more bulky alkynes such as 

1-hydroxy-1-phenyl-1-octyne,, the reaction proceeded smoothly at 20 °C, without further 

overreduction. . 

Somee studies have been done utilizing Raney nickel with some kind of poison to achieve 

selectivityy in the hydrogenation of alkynes, but the results are poor compared to the 

Lindlarr system and are of no synthetic use. 

Theree are several other systems known that have been tested for the selective 

hydrogenationn of alkynes using other metals than palladium or nickel. For instance iron 

ass Raney iron, ' rhodium, and platinum.33 Al l these system have in common that 

theirr synthetic use is very limited because of poor selectivity and sometimes the need for 

veryy high temperatures and pressures. 

1.3.33 Homogeneous Catalysts 

Theree are numerous homogeneous systems known that have been tested for the selective 

hydrogenationn of alkynes. However, there are only a few systems that really exhibit a 

goodd selectivity towards the (Z)-alkene. A lot of literature has appeared on clusters, 

especiallyy with ruthenium, that almost always show very low selectivity and therefor 

havee no synthetic use. The more selective systems are always mononuclear 

organometallicc species with rhodium, palladium, ruthenium or chromium as the 

transitionn metal. In this paragraph these systems wil l be reviewed. 

RhodiumRhodium Catalysts 

Off  all homogeneous systems that have been reported, Osborn's cationic rhodium 

complex,, is the most widely applied. This catalyst in fact stands for a variety of 
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complexess with the general formula [Rh(NBD)Ln]
+A', wherein NBD is norbomadiene, 

andd L is a phosphine ligand. The [Rh(NBD)(PPhMe2)3]
+ complex with either PF6" or 

C104""  as counter ions appeared to be the best catalyst for the semi-hydrogenation of 

alkynes.. The selectivity of these complexes is the same after uptake of one equivalent of 

hydrogen,, the latter has a slower rate of hydrogenation and has especially low 

hydrogenationn activity towards the alkene, making it more suitable for alkynes that are 

hydrogenatedd very fast, while the first one is more suited for less reactive alkynes. 

Selectivitiess for the (Z)-alkene as high as 99 % for 2-hexyne, quantitative for 

l-pentyne-4-methyl-4-ol,, and 95 % for ethyl phenylpropiolic acetate were achieved, 

whereass in the last example only the alkane could be obtained when utilizing the 

Lindlar-catalyst.. This clearly shows its advantage over the Lindlar system, which has a 

tendencyy to bee unreliable in the selective hydrogenation of electron poor alkenes. 

Contraryy to the heterogeneous systems, more details are known about the mechanism of 

thee hydrogenation for the Osborn catalyst. These compounds react with molecular 

hydrogenn to form dihydridometal complexes of the type [RhH2Sx Ln]
+ (S = solvent, L = 

ligand),, which under catalytic conditions are in equilibrium with the corresponding 

monohydridess [RhHSyLn]
+. Both the dihydrido and the monohydrido species have been 

shownn to be active as catalysts. 

Usingg catalysts of this type, the hydrogenation of terminal alkynes is not very easy, 

whereass normally these are more easily hydrogenated than internal alkynes. It has been 

proposed344 that the terminal alkynes, which are fairly acidic, destroy the active species 

byy formation of alkynyl derivatives. Other rhodium systems that show selectivity in the 

hydrogenationn of alkynes are [RhCl2(BH4)(DMF)py2],
35 and [Rh2(C02Me)4]

36 in the 

presencee of phosphines and acid. 

RutheniumRuthenium Catalysts 

Severall  examples are known of ruthenium complexes or clusters that catalyze the semi-

hydrogenationn of alkynes. For instance, two ruthenium complexes are known that have 

rj2-coordinatedd dihydrogen as a ligand, and that show some selectivity in the 

hydrogenationn of alkynes.37,38 The postulated mechanism for this system is shown 

beloww (Scheme 1.6). 
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Schemee 1.6: Mechanism for Ruthenium catalysed semi-hydrogenation of alkynes. 

Heree the dihydrogen acts as a ligand that is replaced by the substrate. In the actual 

catalyticc cycle, the catalytic species are monohydride species. 

Thee selective formation of alkene with terminal alkynes such as phenylacetylene has 

beenn reported. Internal alkynes such as dimethyl butynedioate and 1 -phenyl- 1-propyne 

exhibitt a very low activity and selectivity in the hydrogenation. Also ruthenium clusters 

havee been used in the hydrogenation of alkynes.39"42 All of them have in common that 

thee selectivity is low, with almost always predominantly the (ZT)-alkene formed and 

usuallyy a considerable amount of alkane is also formed. 

PalladiumPalladium Catalysts 

Homogeneouss complexes of palladium(II) have found only a limited use in the 

hydrogenationn of alkynes. Examples are known from the group of Pelizzi,43'44 where 

differentt types of Pd(II) complexes with thiosemicarbozone, thiobenzoylhydrazone or 

phosphohydrazonee complexes of the formula [PdL(X)] have been used in the selective 

hydrogenationn of terminal alkynes. Phenylacetylene for instance has been hydrogenated 

withh a selectivity of up to 96 %. The postulated mechanism assumes a heterolytic 
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cleavagee of dihydrogen wherein a metal monohydride species is involved and where one 

off  the coordinating nitrogens is replaced by a hydride on the metal (Scheme 1.7). 

PK K 

Pd—N N 
NH H 

— P d — N N 

Phh \ 
R R 

X—Pd—N N 

j> j> 

Ph--

X X 

Ph. . 

Ph--

x—— Pd—N 

Ph--

— P d — N N 
NH H 

Ph h 

Schemee 1.7: Pd(II)-catalysed hydrogenation of alkynes. 

Theree have been very few examples described in literature of homogeneous 

palladium(O)) complexes that catalyze the selective hydrogenation of alkynes to alkenes. 

Thiss is a surprising fact considering the wide application of heterogeneous palladium(O) 

speciess for the selective hydrogenation of alkynes. The only example found in literature 

iss the Pd2(dppm)3 system,45,46 This catalyst shows a low reactivity in the hydrogenation 

off  propyne and 2-butyne. In the case of 2-butyne, only the (Z)-alkene was observed. It 

wass shown by Kirss by means of para-hydrogen induced polarization,46 that the mode 

off  H2-addition is pairwise and fast relative to proton relaxation in this catalytic system, 

withh yields generally exceeding 90 % for most substrates.45 
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OtherOther Transition Metals as homogeneous catalysts 

Otherr transition metals than rhodium or ruthenium have been used in the hydrogenation 

off  alkynes, although very littl e literature has appeared, with the few examples being 

osmium,, iron and chromium complexes. 

Ann arenetricarbonylchromium(O) complex exhibits good selectivity to the (Z)-alkene, 

withh also yields generally exceeding 90 % for most substrates.47 An osmium complex 

withh the formula OsHCl(CO)(PR3)2 [PR3 = PMe-(r-Bu)2, P-(/-Pr)3] was used in the 

hydrogenationn of phenylacetylene where a selectivity of 93 % towards styrene was 

observed.48 8 

Ann iron rj -dihydrogen complex was used in the hydrogenation of several 1-alkynes.49 

Schemee 1.8: Iron catalysed semi-hydrogenation of alkynes. 

Thee catalyst was found to be slow but reasonably selective in the formation of the 

correspondingg alkene, although in some cases dimeric products were formed. The 

postulatedd mechanism is shown in the scheme above (Scheme 1.8). 
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1.3.44 Comparison of the different catalytic systems 

Inn this paragraph, comparisons are made between various catalysts in the hydrogenation 

off  four different substrates. These are substrates that have been most commonly used. 

Resultss of the hydrogenation of 1-phenyl-1-propyne have been collected in Table 1.2. 

Thee best results are obtained with the catalysts in the first four entries, which are all 

heterogeneouss palladium or nickel species. Compared to these, the Lindlar catalyst and 

ann arenechromium complex are rather poor catalysts. A ruthenium hydride complex 

showss a good selectivity after 10 % conversion, but a very low rate of hydrogenation. 

Tablee 1.2: Hydrogenation of 1-phenyl-1-propyne using various catalysts. 

Entry y 

l 24 4 

220 0 

329 9 

412 2 

547 7 

621 1 

?47 7 

g38 8 

Catalyst t 

Montmorillonite e 

Pdd on BER with Csl 

Nickell  Boride 

P2-Nickell  with ethylenediamine 

Lindlar-catalyst t 

Pdd supported on heterocyclic 
polyamide e 

(Arene)Cr(CO)3 3 

[HRu(n2-H2)P4]
+X--

%% (Z)-alkene 

98 8 

100 0 

100 0 

95.5 5 

83 3 

77 7 

92 2 

10a a 

%% (£)-alkene 

--

--

--

0.5 5 

4 4 

--

--

--

%% alkane 

--

--

--

--

10 0 

23 3 

--

--

a)) 10% conversion after 36 h. 

AA similar comparison can be made for phenylacetylene, as is depicted below (Table 1.3). 

Tablee 1.3: Hydrogenation of phenylacetylene using various catalysts. 

Entry y 

l 18 8 

281 1 

329 9 

448 8 

543,44 4 

Catalyst t 

Pd(II)) anchored on silica 

Lindlar-catalyst t 

Nickel-boride e 

OsHCl(CO)(PR3)2 2 

homogeneouss Pd(II)-complexes 

%% alkene 

91 1 

90 0 

100 0 

93 3 

96 6 

%% alkane 

9 9 

10 0 

--

7 7 

4 4 

17 7 



Here,, very good results are obtained with nickel boride and some homogeneous 

palladium(II)) complexes that were developed in the group of Pelizzi.43 ,44 The Lindlar 

catalyst,, a palladium(II) species anchored on silica and an osmium complex show a 

reasonablee selectivityDiphenylacetylene has also been widely applied as a testing 

substrate,, results are given in Table 1.4. 

Tablee 1.4: Hydrogenation of diphenylacetylene using various catalysts. 

Entry y 

l 17 7 

217 7 

3I8 8 

424 4 

Catalyst t 

PoVC C 

Lindlar-catalyst t 

Pd(II)) anchored on silica 

Montmorillonite e 

% % (Z)-alkene e 

97 7 

93 3 

88 8 

98 8 

% % (E)-aikene (E)-aikene 

2 2 

2 2 

5 5 

--

%% alkane 

1 1 

5 5 

7 7 

--

Thee best results are obtained with heterogeneous palladium species, with the Lindlar 

catalystt showing a somewhat lower, but still good selectivity for the (Z)-alkene. An 

immobil izedd palladium(II) catalyst exhibits a lower but still reasonable selectivity. 

Thee last substrate discussed, is dimethylacetylenedicarboxylate (Table 1.5). 

Tablee 1.5: Hydrogenation of dimethyl butynedioate using various catalysts. 

Entryy Catalyst % (Z)-alkene % (£>alkene % alkane 

l 200 Pd on BER with Csl 100 

2244 Montmorillonite 98 

32 99 Nickel Boride 100 

4388 Ru-n2-H2-complex mixture of (E) + (Z), 5% conversion after 24 h. 

Thiss substrate is hydrogenated with total selectivity for the first three entries, the 

rutheniumm hydride complex, however, gives no selectivity whatsoever, again showing 

thatt these complexes are of limited use in catalytic hydrogenation of alkynes. 

Generallyy speaking, one can say that the best results are obtained when using a variety 

off  heterogeneous palladium and nickel species, with the Lindlar catalyst usually being 

byy far surpassed in selectivity by a host of these systems. The use of immobilized 
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homogeneouss systems sometimes gives very good results, e.g. montmorillonite, but 

mostt often they are less selective than the colloidal metal species. 

AA few homogeneous systems also exhibit good selectivity, although these have often 

beenn tested only for a few substrates, so a good comparison with more thoroughly 

studiedd catalysts is difficult. The use of various hydride complexes seems to be more of 

interestt from a structural point of view, than from a catalytic one, since both the 

reactivityy and the selectivity are low. 

1.44 Palladium Catalyzed additions of nucleophiles to 
alienn cs 

1.4.11 General 

Onee of the more widely investigated fields of research in palladium chemistry is 

concernedd with the catalytic formation of C-N bonds, using palladium as the coupling 

catalyst.. Often, the intermediate in these kinds of reactions is a Ti-allylpalladium 

complex,50"522 which can be generated from alkenes, allenes (1,2-dienes) and 1,3-dienes 

startingg from either Pd(II) complexes or Pd(0) complexes. Here, the palladium catalyzed 

additionss of nucleophiles to allenes wil l be briefly introduced. Palladium-catalyzed 

reactionss with allenes can take place in two different fashions. The first one is by using 

aa precursor such as PdCl2. Reaction can then take place in two different ways (Scheme 

1.9) ) 53 3 

PdCb b CI I CI I 

CI" " 
-Pd(0) ) 

CI I 

cr r 

PdCI/2 2 

Thermodynamicc adduct 

-CI I 

PdCI/2 2 

Kineticc adduct 

CI" " 

PdCI/2 2 

Schemee 1.9: Palladium catalysed reactions with allenes, 
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Thee first one gives the thermodynamic adduct, formed by addition of Pd-Cl on the allene 

wheree the chloride ends up at the central carbon of the allene (1,2-insertion), forming a 

Tr-allylpalladiumm complex, which then reacts with a second chloride to give the 

mono-alkene.. The second one gives the kinetic adduct, formed by halide attack at the 

terminall  carbon of the coordinated allene (2,1-insertion), after which another allene can 

insertt into the Pd-C bond to form a dimeric product, which reacts with chloride to give 

aa dimeric structure. 

Anotherr method is that of the insertion of an allene into the existing Pd-C bond of a 

palladiumm precursor (Scheme 1.10).54 

Schemee 1.10: Insertion of an allene into an existing Pd-C bond. 

Thiss gives a 7r-allylpalladium complex that wil l yield the product by attack of the 

nucleophile.. This in fact constitutes a three component reaction with the three 

componentss being the organopalladium starting complex, the allene and the nucleophile. 

Thee resulting product is an allylic compound, with the associated regio- and 

stereoselectivity.. This variant wil l be discussed more thoroughly in the following 

paragraph. . 

1.4.22 Palladium catalyzed three component reactions 

Alleness are very useful building blocks and are interesting because of their 

stereochemicall  features and special reactivity. Pd-catalyzed reactions of allenes with 

nucleophiles,, which proceed through TT-allyl palladium(II) complexes, have been widely 
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studied.. Examples are the carbopalladation of allenes by Cazes et a/.54'55 to yield after 

reactionn with a nucleophile the desired allylic compound. The general scheme of this 

threee component reaction is depicted below (Scheme 1.11) 

R' ' 

Schemee 1.11: Palladium catalysed three component reaction 

AA variation of this reaction was described by Tsuji's group, who used the very 

nucleophilicc pyrolidine as the nucleophile. When using other nitrogen nucleophiles, they 

failedd to obtain analogous allylic compounds (Scheme 1.12). 

Ar r 

++ Ar-I + 

R'' ' 

^^ Pd(OAc)2 

PPh, , R' ' 

Schemee 1.12: Palladium catalysed synthesis of functionalised allylic amines. 

Thiss method can be extended to the use of substrates that incorperate the allene and the 

nucleophilee into one molecule and thus yields new compounds. With this type of 

reaction,, rings of different sizes could be obtained. 

Exampless of addition of a palladium-halogen bond to an allene, after which a 

nucleophilee may displace the Pd moiety are also known. These substrates yield 

heteronuclearr products as well, starting from Pd(0) to form the oxidative addition 

productt with palladium followed by 2,1-insertion forming the 7t-allylpalladium complex 

andd finally the nucleophilic addition (Scheme 1.13). 
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NuH H HNu u 

Pd{0) ) 

Na2C03 ,, DMF 

HNu u 

Schemee 1.13: Palladium catalyzed synthesis of heteronuclear products. 

Stereo-Stereo- and regioselectivity of the three component reaction 

Thee stereo- and regioselectivity of the three component reaction are very interesting 

phenomenaa that sofar have not widely been investigated. Especially ligand effects are 

nott well investigated. Stereo- and regioselectivity comes into play when a substituted 

allenee is used. Upon insertion of the allene, two different 7i-allylpalladium complexes 

cann be formed, the syn- and anti-adducts (Schemel. 14) 

P ^ - " P d . N | | 

HH H. »Ph h 

\ \ 
HH R 

"anti" " 

Nu u 

Ph h 

-Nu u 

/ / 
Pd--

syn n 

Nu u 

Ph h 

Nu u 

Schemee 1.14: formation of syn- and anti-adducts. 
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Nextt the nucleophile can react with the Tt-allylpalladium complex on either the 

substitutedd or unsubstituted carbon atom. This gives rise to in principle three different 

products;; the (Z)- and (£)-alkene (A) and branched product (B).(Scheme 1.15) 

Arr  Ar 

Rl,, ^ J \ ^NR2R3 + R 

33 1 

AA NR2R3 B 

Schemee 1.15: The three possible product of the three-component reaction 

1.55 Outline of this thesis 

Nowadayss one of the most challenging problems faced by the chemical industry is to 

meett the worldwide growing need for chemical products obtained in a responsible and 

sustainablee manner. To this end, highly atom economic and energy efficient processes 

aree required. One of the key solutions to achieve this goal is catalysis. 

Thee aim of this work has been the development of homogeneous palladium catalysts that 

aree able to selectively and efficiently synthesize chemical products. One of the reactions 

thatt wil l be studied is the hydrogenation reaction, which is a 100% atom economic 

process,, since all substrate atoms end up in the product. The design and synthesis of 

palladium(0)-complexess containing bi- and tridentate nitrogen, phosphorus or mixed 

nitrogenn and phosphorus ligands wil l be discussed as well as their reactivity and 

selectivityy in the hydrogenation of alkynes to (Z)-alkenes. Also the synthesis of 

palladium(II)-complexess of bidentate phosphine and P-N-ligands wil l be discussed and 

theirr behaviour in the energy efficient one pot three-component synthesis of allylic 

aminess from aryl iodides, allenes and amines. 

Inn Chapter  2 the synthesis and characterisation of novel zerovalent palladium 

complexess consisting of the rigid bidentate nitrogen ligand Ar-bian and the electron poor 

alkenee dimethylfumarate (Pd (Ar-bian)(dmfu)) is described. These complexes as well as 

otherr zerovalent palladium compounds with rigid nitrogen ligands have proved to be 

Y ^ ^ 
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goodd catalysts for various C-element bond formations. In this chapter their use as 

catalystt for the stereoselective semi-hydrogenation of alkynes is discussed. A 

comparisonn is made between the variations in electronic and steric properties of the 

Ar-biann ligands and their performance in the stereoselective semi-hydrogenation of 

alkynes. . 

Inn Chapter  3 the mechanism of the semi-hydrogenation of 1 -phenyl-1 -propiolic acid as 

aa model substrate using Pd°(p-Anisyl-bian)(dmfu) as pre-catalyst is investigated using a 

kineticc study combined with spectrosopic studies, especially ParaHydrogen Induced 

Polarizationn (PHIP) NMR studies. Using the results of these experiments, a plausible 

mechanismm for the stereoselective semi-hydrogenation of alkynes wil l be postulated. 

Chapterr  4 deals with the stereoselective semi-hydrogenation of alkynes using less rigid 

ligandss than the Ar-bian ligands. The ligands include bi- and tridentate nitrogen ligands, 

mixedd phosphorus-nitrogen ligands and bidentate phosphorus ligands. The synthesis and 

characterisationn of these ligands and their complexes are described. Next their 

performancee in the hydrogenation of 1-phenyl-1-propyne wil l be addressed. 

Inn Chapter  5 the investigation of a three component reaction of aryl iodides with allenes 

andd amines, yielding allylic amines, using palladium(II) complexes wil l be described. 

Thiss reaction is a good route to specifically functionalised allylic amines and the scope 

off  this reaction wil l be investigated. The different ligands used wil l becompared with 

eachh other concerning their electronic and steric properties as well as the bite angle. 
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