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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. . 

3 3 



\\ 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. 

M M 
\ \ 

/ ' ' 

MH H 

/ H H 

R' ' 

k k \ \ 

R' ' 

* H ** . 

. _ / " " 
>> \ 

R' ' 
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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). 

13 3 



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 
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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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Chapterr  2 

Selectivee Hydrogenation of Alkynes using 

Pdd (Ar-bian)(dmfu) complexes; Synthesis and 
it it 

Catalysis s 

2.11 Introductio n 

Thee selective semi-hydrogenation of alkynes to (Z)-alkenes seems to be a simple 

reaction,, yet this type of conversion remains a highly desirable synthetic tool. There is a 

varietyy of catalysts available for the conversion of alkynes into (Z)-alkenes, the best 

knownn and most efficient ones being heterogeneous types, such as the Lindlar-catalyst, 

Ni-boride,, the socalled "P2Ni" catalyst and a procedure based on palladium 

immobilisedd on a clay.4 Especially the Lindlar catalyst suffers from a number of major 

problemss in the selective "cis-hydrogenation" of alkynes; notably partial isomerisation 

off  the product (Z)-alkene into the (£)-alkene, shift of the double bond, overreduction to 

thee alkane and problems with reproducibility. Only a few examples are known of 

homogeneouss systems that show a good selectivity for a wider range of substrates, e.g. 

rhodium-catalysed,, and Cr(CO)3~catalysed hydrogenation. For palladium, however, 

feww homogeneous systems are known and these deal with palladium(II) complexes. ' 

Theree is only one system reported involving palladium(O), namely the Pd2(dppm)3 

complex,, that shows low reactivity in the hydrogenation of propyne and 2-butyne. 

Inn this chapter a new homogeneous palladium(O) catalyst that is able to homogeneously 

hydrogenatee a wide variety of alkynes to the corresponding (Z)-alkenes with very high 

selectivitiess is reported. Additionally, enynes are selectively converted into dienes. This 

constitutess the first example of a palladium(O) complex employing nitrogen ligands that 

#.. Part of the work in this Chapter has been published: van Laren, M. W.; Elsevier, C.J. Angew. Chem. Int. 
Ed.Ed. 1999, J#, 3715. 
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hass been used in the hydrogenation of alkynes, and the first palladium(O) complex 

whatsoeverr that exhibits good selectivity for a wide variety of alkynes and enynes. 

EE = C02Me 

a:: R = R' = p-OCH3 

b:: R = P-OCH3 , R' = p-CH3 

c:: R = R' = p-CH3 

d:: R=R' = o,o'-diCH3 

e :: R = R' = p-N(CH3)2 

f:: R = p-N(CH3)2 , R' = p-OCH3 

g:: R = P-OCH3 , R' = H 

Figuree 2.1: Pd°(Ar-bian)(dmfu) complexes. 

Wee have employed palladium(bian)(alkene) pre-catalysts 1 (Figure 2.1), which contain 

thee rigid bidentate N-ligand "bian" (bian = bis(arylimino)acenapthene). This type of 

ligandd has previously been employed in other carbon-element bond forming reactions 

andd has previously been isolated using an electron-deficient alkene as the additional 

ligand.111 Analogues of 1 with electron-rich alkenes are not stable. We reasoned, since 

simplee alkenes are expected to be readily substituted by alkynes, that if alkynes would 

bee hydrogenated in the presence of molecular hydrogen, subsequent fast substitution by 

excesss alkyne could give rise to a viable catalytic cycle (Scheme 2.1). 

EWG G 

Pd -- -N 

EWG G 
c c 

E W GG E W G 

Schemee 2.1: proposed catalytic cycle for the selective hydrogenation of alkynes. 
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Thee further rationale behind this mechanistic scheme wil l be dealt with in Chapter 3. 

2.22 Results and Discussion 

2.2.11 Synthesis 

Thee various bian iigands (3) for the preparation of Pd(Ar-bian)(dmfu) complexes were 

synthesizedd by condensation of acenaphtequinone with the appropiate aniline(s). There 

weree two different procedures: The first is by condensation of the quinone with the 

aniliness in the presence of a small excess of ZnCl2 in glacial acetic acid, yielding the 

(Ar-bian)ZnCl22 complex 12c, which is deprotected to give the free Ar-bian by in water 

withh an excess of K2CO3 12b.'la' This method works for a wide variety of anilines, 

butt only symmetric bian Iigands can be obtained in this way. The second method is by 

condensationn of the quinone with the appropiate aniline in THF or toluene at elevated 

temperaturess in the presence of a catalytic amount of p-toluenesulphonic acid and 

molsievess (4A) to remove the water formed during the condensation reaction. In this 

mannerr also mono substituted acenapthequinones and asymmetric bian Iigands can be 

obtainedd (Scheme 2.2). 

a:: R = P-OCH3 b: R = p-OCH3; R' = p-Tol 
b:: R = p-N(CH3)2 e: R = p-OCH3; R' = H 

f:: R = p-OCH3; R' = p-N(CH3)2 
g:: R = p-N(CH3)2; R' = p-N(CH3)2 

Schemee 2.2: Synthesis of assymetric Ar-bian Iigands. 
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Thee first ketone function can be turned into the ketimine using either electron rich 

aniliness such as p-methoxyaniline as well as non-electron rich anilines such as aniline 

itself.. The quinone is refluxed in THF with an equimolar amount of the appropriate 

anilinee in the presence of p-toluene sulphonic acid and molsieves (3A). Just small 

amountss (<3%) of the bian are obtained this way. The mono (arylimino)- acenaphtene 

(mian)) was used without further purification for the synthesis of the asymmetric bian 

ligands.. The second ketimine function can only selectively be introduced when the aryl 

onn the first ketimine function is electron rich. For instance; the synthesis of the 

asymmetricc bian 3b can best be achieved ifp-anisidyl-mian is reacted with/?-toluidine. 

Whenn this is attempted starting from/7-toluidyl-mian by reaction with/?-anisidine, some 

disproportionationn occurs and mixtures ofp-An-bian and 3b are obtained, whereas in the 

firstt case 3b is obtained crudely in a purity of about 95 %. The asymmetric bian ligands 

weree purified using column chromatography followed by recrystallisation. 

Thee Pd complexes (1) were synthesized by addition of a small excess of the bian ligand 

andd dmfu (1.1 equivalent) to a solution of Pd(dba)2 in acetone (Scheme 2.3). 

d:: R=R' = o,o-diCH3 

e:RR = R, = p-N(CH3)2 

f:: RT = p-N(CH3)2 , R' = p-OCH3 

g:RR = p-OCH3, R'= H 

Schemee 2.3: Synthesis of the Pd (Ar-bian)(dmfu) complexes. 

Thee resulting complexes were isolated by concentration of the solvent and subsequent 

precipitationn and were purified by washing with diethyl ether. 
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2.2.22 Selective hydrogenation of internal alkynes 

Thee hydrogenation reactions were conducted at 20 °C and 1 bar hydrogen pressure on 

initiall  sample concentrations of ca. 0.5 M in several solvents, employing 1 mol % of the 

pre-catalysts.. THF turned out to be the solvent of choice. Chlorinated solvents gave rise 

too serious decomposition under hydrogenation conditions. Toluene can also be used, but 

thee selectivity is much lower than in THF. 

ElectronicElectronic and steric effects of the bian ligand on the selectivity of the hydrogenation of 

11 -phenyl-1 -propyne 

Thee electronic and steric effects of the substituents on the N-Ar moiety of the bian on the 

selectivityy have been adressed for the hydrogenation of 1-phenyl-1-propyne (11). The 

resultss are given in Table 2.1. 

ablee 2.1: Hydrogenation of 1-phenyl-1-propyne using Pd°(Ar-bian)(dmfu) complexes. 

Entry y 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

Pre-catalyst t 

l a a 

l b b 

l c c 

I d d 

l e e 

I f f 

l g g 

(Z) ) -alkene e 

92 2 

85 5 

80 0 

62 2 

89 9 

82 2 

Productt distribution 

(E)-alkene e 

2 2 

5 5 

7 7 

3 3 

Sluggish h 

3 3 

6 6 

(%)a a 

alkane e 

6 6 

10 0 

13 3 

35 5 

8 8 

12 2 

a)) as determined after 100 % conversion except entry 5. 

Ass is clear from these results, the/?-An-bian complex la is the most selective among all 

Pd°-Ar-biann complexes employed. Pre-catalyst le with the very electron rich bian 3e 

reactss very sluggishly with the alkyne and gives irreproducible results. Complex If is 

alsoo very selective and gives reproducible results, but the reaction is markedly slower 

thann with la. When la-c and lg are compared, there is a very clear correlation between 

thee selectivity and the electron-donating capacity of the N-aryl groups of the Ar-bian in 

thee pre-catalyst used. The selectivity towards (Z)-l -phenyl- 1-propene decreases 
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markedlyy with less electron donating substituents on the N-aryl groups; going from entry 

11 to 3, the (Z/£)-ratios decrease from 46 to 11, with a concomitant increase of the amount 

off  alkane formed. There are also marked steric effects of the ligand on the selectivity. 

Thee sterically congested complex Id (entry 4) exhibits a rather low selectivity and larger 

amountss of alkane are formed. The latter may in this case be due to steric crowding, 

hencee Id may form a more stable complex with the (Z)-alkene than with the alkyne. 

HydrogenationHydrogenation of various alkynes with la 

AA wide variety of alkynes have been hydrogenated using the previously established 

superiorr pre-catalyst la. The results have been collected in Table 2.2. 

Thee stereoselectivity for the formation of the (Z)-alkene is generally excellent, in many 

casess superior to selectivities obtained with Lindlar or "P2Ni" systems1,3 and at least 

comparablee to or better than known homogeneous systems.5"7 Mostly, quantitative 

conversionn of the alkyne into to the desired (Z)-alkene takes place, without concomitant 

alkanee formation. The selectivity is highest for simple alkynes such as 4-6. Excellent 

resultss were also obtained for the homopropargylic alcohol 7, as well as for alkynes with 

aryl-- and/or electron withdrawing substituents such as 8-10,13,15 and cyclooctyne 16. 

Forr 10 the stereoselectivity was determined by reaction with D2. Phenylacetylenes show 

somewhatt lower but still very good selectivities, superior to conversions by Lindlar or 

P2Nii  catalysts and for 11,12 and 14 only a small amount of alkane is formed. In several 

casess (8,12,13) some Z-E isomerisation occurs, but only to a minor extent. Remarkably, 

noo isomerisation to (£)-stilbene is observed upon conversion of 14 whereas the amount 

off  1,2-diphenylethane is somewhat lower than obtained with Lindlar procedures. It 

shouldd be mentioned that in case of 9 and 15 very littl e or no alkane is formed at all. The 

highh selectivity in the conversion of dimethyl butynedioate 9 is especially noteworthy, 

ass it indicates that the hydrogenation of the Pd-alkyne complex is faster than the 

formationn of the palladacycle with a second molecule of butynedioate, which is known 

too be a fast reaction. ' A Pd-alkyne complex similar to 1 has been observed as an 

intermediatee in the formation of such a palladacycle. ' 
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Tablee 2.2: Hydrogenation of alkynes using Pd (p-An-bian)(dmfu). 

Compound d 

number r 

Structure e Productt distribution (%)b 

(Z)-alkenee (£)-alkene alkane 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

17 7 

V V 
\ \ 

H O ^ ^ 

A A 

^ ^ ^ 

O' ' 

M e 0 2 C — ^ — C 0 2 MM e 

o-o-
r^^-r^^-n-Bu u 

^^  ^  tf =K K OH H 

^ A ^ . . 
N0 22 02N 

>99 9 

>99 9 

>99 9 

95 5 

>98 8 

>99d d 

92 2 

1 1 

95 5 

87 7 

97 7 

1-hexenee exclusively 

<1 1 

2 2 

6 6 

5 5 

<1 1 

6 6 

3 3 

13 3 

Ethenylcyclohexenee exclusively 

Ethenylcyclooctenee exclusively 

a)) 80 mM of substrate and 0.8 mM of pre-catalyst in THF at 20 C and 1 bar H2-pressure. b) Reac-
tionn was followed using GC-analysis. Product distribution was determined using GC and 'H NMR 
analysiss at 99.5+% conversion of alkyne. c) Hydrogenated using 1c as a pre-catalyst. d) Deter-
minedd by reaction with D2. 
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Evidently,, the hydrogenation of alkynes takes place with high chemoselectivity towards 

thee triple bond. No hydrogenation of functional groups such as ester, carboxylic acid or 

nitroo substituents has been observed, but catalyst 1 is capable of hydrogenation of the 

carbon-carbonn double bond as is evident in several cases. It has been previously known 

thatt electron-poor alkenes can be hydrogenated using 1 (Figure 2.1) as a pre-catalyst,'5 

butt styrene and stilbene reacted sluggishly. In this context is is noteworthy that 

conjugatedd enynes such as 16 and 17 are cleanly (though in the case of 16 sluggishly) 

convertedd into the corresponding dienes by hydrogenation with la, without a trace of 

hydrogenationn of the double bond(s), the hydrogen uptake stops completely after 

hydrogenationn of the triple bond, without any decomposition of the catalyst. 

Thee homogeneity of the hydrogenation was monitored by the addition of a tenfold 

excesss of cyclohexene to the mixture in several cases. Cyclohexene is not or only very 

slowlyy hydrogenated by homogeneous Pd-species, but is readily hydrogenated by 

colloidall  or heterogeneous Pd. As we did not observe the formation of any cyclohexane 

whatsoeverr during the hydrogenation of the alkynes, it can be concluded that the 

Pd(bian)-catalysedd hydrogenation reaction is homogeneous. Only after all of the alkyne 

hadd been quantitatively reduced to the alkene and/or alkane, the catalyst decomposed to 

formm heterogeneous palladium species in some cases. Only then was cyclohexene 

hydrogenatedd (at a high rate). 

2.33 Experimental 

GeneralGeneral Methods 

Chemicalss were obtained from Acros Chimica and Aldrich Chemical Co. All syntheses of lig-

ands,, complexes and hydrogenations were carried out in dried glasswork, using standard Sch-

lenkk techniques under an atmosphere of purified nitrogen. THF and Et20 were distilled from 

sodium/benzophenone,, acetone was distilled from K2C03, and dichloromethane from CaH2. 

Thee anilines used were distilled prior to use if necessary. Other chemicals were used as received. 

Thee starting materials dba,8and Pd(dba)2
19were prepared according to literature procedures. 'H 

andd C NMR data were recorded on a Bruker AMX 300, Varian Mercury 300 spectrometer 

('H:: 300.13 MHz, ,3C: 75.47 MHz) or a Varian Unity Inova500(1H: 499.86 MHz, 13C: 125.70 

MHz),, using either CDC13 as a solvent and as an external reference (]H, 7.26 ppm; 13C, 77.0 
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11 1 1 

ppm)) or CD2CI2 ( H, 5.32 ppm; C, 54.0 ppm). The gaschromatographic analyses were per-

formedd on a Varian 3300; DB-5 column. 

SynthesisSynthesis ofligands 

Thee ligands for complexes of la,15 lc1 ' and Id1' were prepared according to known literature 

procedures.. The alkynes were either obtained commercially or were synthesized according to 

standardd procedures except 8 and 15 which were obtained from prof. A. Fürstner (Mülheim) and 

prof.. U. Siemeling (Kassei) respectively and who are gratefully acknowledged for their gift. The 

numberingg of the Ar-mian and Ar-bian ligands is depicted in the figure below (Figure 2.2). 

Figuree 2.2: Numbering of Ar-mian (left) and Ar-bian (right). 

Synthesiss of p-An-mian (2a) 

AA solution of acenaphtenequinone (9.10 g, 50 mmol), p-anisidine (6.16 g, 50 mmol), a catalytic 

amountt of/?-toluenesulphonic acid in THF (150 mL), was refluxed for 4 hours in the presence 

off  molsieves (4 A). The mixture was filtered, concentrated in vacuo and the resulting oil was 

dissolvedd in dichloromethane. This solution was washed twice with 1M NaOH (50mL) and 

threee times with brine (50 mL). The solution was dried on MgSC>4, filtered and concentrated, 

yieldingg a orange powder. Yield: 13.75 g (48 mmol, 96 %). 'H NMR: d 8.21 (d, 1H, H3,
 3JHH = 

7.22 Hz), 8.09 (d, 1H, H5,
 3JHH - 8.2Hz), 7.91 (d, 1H, Hy,

 3JHH = 8.3Hz), 7.85 (pst, 1H, H4), 

7.411 (pst, 1H, H4.), 7.10 (d, 2H, H10,
 3JHH - 8.7Hz), 7.04 (d, 1H, H3S

 3JHH - 7.1 Hz), 7.02 (d, 

2H,, H9,
 3JHH = 8.7Hz). 13C NMR: d 190.0 (Cr), 159.2 (C,), 157.9 (Cn) , 143.5 (C8), 132.3 

(C3.),, 131.2 (C7), 130.9 (C6), 129.4 (C5), 128.3 + 128.0 (C4+4.), 127.3 +127.1 (C2+2.), 123.4 

(C3),, 122.3 (C5.), 120.5 (C9), 114.8 (C10), 55.7 (OCH3). 
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Synthesiss of l-p-An-l'-p-Tol-bia n (3b) 

AA solution of 2a (2.87 g, 10 mmol), p-toluidine (1.18 g, 11 mmol), a catalytic amount of p-to\-

uenesulphonicc acid in THF (150 mL), was refluxed for 16 hours in the presence of molsieves (4 

A).. The mixture was filtered, concentrated in vacuo and the resulting oil was dissolved in 

dichloromethane.. This solution was washed twice with 1M NaOH (50 mL) and three times with 

brinee (50 mL). The solution was dried on MgS04, filtered and concentrated, yielding a red pow-

der.. This red powder consisted of the desired product (~ 95%), and small amounts of/?-Anbian 

andd /J-Tolbian, and was further purified using column chromatography (ethyleneacetate/hex-

ane/triethylamine;ane/triethylamine; 88/10/2). The fractions with now almost pure 3b were collected, the solvents 

evaporatedd in vacuo and the resulting red powder was dissolved in boiling ethanol and recrytal-

lised,, yielding clear red needles. Yield: 1.91 g (5.1 mmol, 51 %). !H NMR: d 7.86 (d, 2H, H5 +5., 
3JHHH = 8.1 Hz), 7.38 (psdt, 2H, H4), 7.27 (d, 2H, H10.,

 3JHH = 8.1 Hz), 7.11 (d, 2H, H10,
 3JHH 

== 8.3 Hz), 7.00-7.05 (m, 4H, H9 +9.), 6.92-6.96 (m, 2H, H3+3.), 3.88 (s, 3H, OCH3), 2.44 (s, 3H, 

CH3)..
 13CNMR: d 161.5 + 161.7 (C1 + r) , 157.1 (Cn) , 149.4(C8.), 145.1 (C8), 141.8 (C7), 134.0 

(C i r ) ,, 131.4 (C6), 130.1 (C10.), 129.0 (C5+5.), 128.9 (C2+2>), 127.7 (C4+4.), 123.8 + 124.0 

(C3+3.),, 120.0 (C9), 118.3 (C9.), 114.8 (C10), 55.7 (OCH3), 21.2 (CH3). 

Synthesiss ofp-NMe2bian (3e) 

AA solution of acenaphtenequinone (1.82g, 10 mmol), p-N(CH3)2-aniline dihydrochloride (4.38 

g,, 21 mmol) in THF (50 mL)and a catalytic amount of/>-toluenesulphonic acid was refluxed for 

166 hours in the presence of molsieves (4 A). The mixture was filtered, concentrated in vacuo 

andd the resulting oil was dissolved in dichloromethane. This solution was washed twice with 

1MM NaOH (25 mL) and three times with brine (15 mL). The solution was dried on MgS04, fil-

teredd and concentrated, yielding a dark red powder. Yield:3.97 g (9.5 mmol, 95 %). ]H NMR: 

dd 7.87 (d, 2H, H5,
 3JHH = 8.1Hz), 7.39 (pst, 2H, H4), 7.24 (d, 2H, H3,

 3JHH = 7.5 Hz), 7.13 (d, 

4H,, H9,3JHH = 9.0 Hz), 6.88 (d, 4H, H10,
3JHH = 8.7 Hz), 3.04 (s, 12 H, N(CH3)2).

 13C NMR: 

dd 160.9 (C,), 149.1 (C8), 141.9+ 141.8 (C7+1]), 131.8(C6), 129.7(C2), 129.0 (C5), 128.0 (C4), 

123.55 (C3), 120.6 (C9), 113.9 (C10), 41.3 (N(CH3)2). 

Synthesiss of l-/?-An-l'-p-NMe 2bian (3f) 

Thee procedure was the same as used for 3b, except that an equimolar amount of the aniline was 

used.. Dark red needles were obtained. Yield: 2.06 g (5.1 mmol, 51 %). ]H NMR: d 7.82-7.88 

(m,, 2H, H5+y), 7.35-7.42 (m, 2H, H4+4.), 7.24 (d, 2H, H3,,
 3JHH = 7.3 Hz), 6.97-7.16 (m, 6H, 

H9+9.. + H,0), 6.84 (d, 2H, H,0.,
 3JHH = 8.8 Hz), 3.88 (s, 3H, OCH3), 3.02 (s, 6H, N(CH3)2).

 ,3C 

NMR:: d 160.8 + 161.3 (C1+r), 157.1 (Cu), 148.6 (C8.), 145.5 (C8), 142.0 (C7), 141.7 (Ci r ), 

131.66 (C6), 129.4+ 129.6 (C5+5.), 128.8+ 129.2 (C2+2.), 127.9+ 128.0 (C4+4.), 123.6+ 124.0 
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(C3+J),, 120.2 + 120.9 (C9+9.), 118.3 (C9.), 115.0 (C10), 113.6 (C10.), 55.9 (OCH3), 41.4 

(N(CH3)2). . 

Synthesiss ofp-An-Phbian (3g) 

Thee procedure was the same as used for 3b, except that a larger excess of 1.5 equivalents of an-

ilinee was used.. Orange needles were obtained. Yield: 1.91 g (5.3 mmol, 53 %). 'H NMR: d 7.87 

(d,, 2H, H5+5',
 3JHH = 8.1Hz), 7.48 (pst, 2H, H10.), 7.36 (psq, 2H, H4), 7.26 (pst, 1H, Hn) , 

7.00-7.177 (m, 7H, H3 + H9+9, + H10), 6.82 (dd, 1H, H3-,
 3JHH = 7.2 Hz, J - 4.8 Hz), 3.89 (s, 3H, 

OCH3)..
 13C NMR: 6 161.4 + 161.6 (C1+r), 157.1 (CH), 152.0(C8.), 145.1 (C8), 141.9 (C7), 

131.44 (C6), 119.6(C10.), 129.1 (C5+5-), 128.8 (C2+20. 127.8 (C4+4.), 124.6 (Ci r ), 123.8 + 124.1 

(C3+3.),, 120.0 (C9), 118.4 (C9.), 114.8 (C10), 55.7 (OCH3). 

SynthesisSynthesis of complexes 

Thee palladium complexes lb-l g were all synthesized utilising the following procedure. 

AA solution of Pd(dba)2 (0.57 g, 1 mmol), 1.1 mmol of the ligand and dmfu (0.16 g, 1.1 mmol) 

inn 50 ml of dry acetone was stirred for 8 hours at room temperature. A orange to dark red solo-

tionn formed, the solvent was evaporated and the remaining solids were filtered and washed re-

peatedlyy with diethyl ether to remove dba. The resulting solid was dissolved in dichloromethane 

andd filtered over Celite to remove traces of Pd(0). The resulting solution was concentrated, the 

productt precipitated by addition of n-hexane, filtered and dried in vacuo. Yields: lb (0.49 g; 78 

%),, le (0.44 g; 68%), I f (0.49 g; 77 %), lg (0.50 g; 81 %). 

XHH and 13C NMR of (l-/j-An-r-/>-Tol-bian)Pd(dmfu ) (lb) 

XXWW NMR: d 8.01 (d, 2H, H5+5-,
 3JHH = 8.1Hz), 7.26-7.50 (m, 10 H, H3+3., H4+4,, H9+9., H]0.), 

7.033 (d, 2H, H10,
 3JHH = 9.0Hz), 3.93 (s, 3H, OCH3), 3.90 (s, 2H, =CH), 3.38 (s, 6H, OCH3 of 

dmfu),, 2.44 (s, 3H, CH3).
 13C NMR: 5 164.0 + 163.7 (C} ), 150.4 + 149.6 (Cg+g.), 143.1+142.6 

(C7+70,, 144.2+138.0 (C11+]1), 132.4 + 131.9(C6+60, 130.3 + 129.9 (C5+50, 

128.5+128.1(C4+4>),, 128.2+ 127.3 (C2+r), 124.7 +124.5 (C9+9<), 123.7+123.4 (C3+30, 

112.3+111.99 (CI0+I0'). 55.0 (OCH3), 22.0 (CH3).e 

llUU and 13C NMR of (p-NMe2bian)Pd(dmfu) (le) 

'HH NMR: d 7.95 (d, 2H, H5,
 3JHH = 8.1Hz), 7.70 (d, 2H, H3,

 3JHH - 7.2 Hz), 7.40-7.51 (m, 6H, 

H44 + H9), 6.78 (d, 2H, H10,
 3JHH = 9.0Hz), 3.90 (s, 2H, -CH), 3.38 (s, 6H, OCH3 of dmfu), 3.08 

(s,, 12 H, N(CH3)2).
 13CNMR: d 164.2 (C,), 150.8 (C8), 143.6 (C7), 138.5 + 137.2 (Cn) , 132.0 

(C6),, 130.1 (C5), 128.5 (C4), 128.4 (C2), 124.7 (C9),, 123.7 (C3), 112.3 (C10), 41.0 (N(CH3)2). 
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*HH and 13C NMR of (l-/>-An-l ,-/>-NMe2bian)Pd(dmfu) (lf ) 

'HH NMR: d 7.93-8.02 (d, 2H, H5+5.), 7.70 (d, 1H, H3.,
 3JHH = 7.2 Hz), 7.32-7.52 (m, 7H, H3 + 

H44 + H9), 7.01 (d, 2H, H10,
 3JHH = 8.9 Hz), 6.78 (d, 2H, H10.,

 3JHH = 9.0Hz), 3.92 (s, 5H, OCH3 

++ =CH), 3.44 (s, 6H, OCH3 of dmfii), 3.08 (s, 12 H, N(CH3)2).
 13C NMR: 5 164.4 + 163.9 

(C11 + r ) , 150.9 + 149.8 (C8+8.), 143.7+142.8 (C7+7-), 144.5+138.9 (C11+u), 132.7 + 

131.7(C6+60,, 130.9 + 130.5 (C5+50, 128.9+128.2(C4+40, 128.0+ 127.4 (C2+r), 124.6 +124.4 

(C9+90,, 123.6+123.3 (C3+ r), 112.5+111.8 (C,0+,oO, 55.4 (OCH3), 41.0 (N(CH3)2). 

*HH and 13C NMR of (l-p-An-l'-Phbian)Pd(dmfu ) (lg) 

llHH NMR: d 8.02 (d, 2H, H5+5.), 7.35-7.54 (m, 7H, H3 + H4+4. + H9+9>), 7.18 (d, 2H, %, 3JHH 

== 7.2 Hz), 7.01 (d, 2H, H10,
3JHH = 8.9 Hz), 3.93 (s, 3H, OCH3), 3.90 (s, 2H, =CH), 3.53 (s, 6H, 

OCH33 of dmfu).13C NMR: 8 163.2 + 162.7 (C,), 150.1 + 149.3(C8+8-), 143.0+142.3 (C7+r), 

144.0+138.22 (C11+11), 132.5 + 131.7(C6+6>), 130.0 + 129.4 (C5+50, 128.3+128.0(C4+40, 

128.0++ 127.2 (C2 + r) , 124.5 +124.1 (C9+9.), 123.4+123.1 (C3+y), 122.6 (C) 112.0+111.2 

(C)0+100,, 55.3 (OCH3). 

HydrogenationHydrogenation Experiments 

AA typical procedure for the catalytic semi-hydrogenation of alkynes: To 50 mL of dry THF in a 

Schlenkk tube under nitrogen atmosphere was added 25 mg (0.04 mmol) of la ,l l b and 4.0 mmol 

off  the alkyne. The solution was then subjected to a hydrogen atmosphere of 1 bar by first flush-

ingg with hydrogen and then slowly blowing hydrogen over the surface, while the solution was 

vigorouslyy stirred at 20 °C or by slowly bubbling hydrogen through a glass tube into the solu-

tion.. The reaction was followed by GC and stopped when all alkyne had been consumed (con-

versionn 99.5 - 100 %), the time required to achieve full conversion was usually about 90 

minutes.Thee composition of the reaction mixture was determinedd by GC and H NMR-analysis. 
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Chapterr  3 

Selectivee Hydrogenation of Alkynes using 
Pd(0)(Ar-bian)(dmfu)) complexes; Mechanism 

andd Kinetics 

3.11 Introductio n 

Theree has been considerable interest in the mechanism of homogeneously catalyzed 

hydrogenations.. This is understandable considering the fact that a fundamental 

understandingg of these catalytic reactions can greatly enhance the search for better 

catalystss for these important reactions. In contrast to the wealth of knowledge 

concerningg the homogeneous catalytic hydrogenation of alkenes,1 only comparatively 

littl ee is known about the mechanism of hydrogenation of alkynes. In Chapter 1 most 

knownn systems for selective hydrogenation of alkynes have been discussed in great 

detaill  including the (postulated) mechanisms. Curiously, the best described mechanisms 

inn terms of kinetics belong to systems that are not all that selective and are of limited 

practicall  use, but these serve well as model systems. Apart from this, only terminal 

alkyness have been considered in these studies. Among these systems are the well 

describedd cationic ruthenium,2'3 palladium '5 and iron6 systems. The more selective and 

usefull  systems like the Lindlar-catalyst ' and the Montmorillonite Pd-system are both 

systemss that are not well defined and have probably therefore not well been investigated. 

Moree insight into a catalytic reaction essentially relies on the elucidation of its 

mechanism.. In order to achieve this, establishing the kinetics of the reaction, 

corroboratedd with other mechanistic studies, constitutes the usual path. Such kinetic 

studiess help to gain insight into the overall rate laws, which determine the rate 

determiningg step in the overall mechanism.10,1! Of course this by itself is not enough to 

elucidatee the whole mechanism. In addition, spectroscopic studies can reveal the 
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structuress of intermediates. Together with the kinetic data this information can be used 

too establish a reasonable sequence of events. 

C02Me e 

Figuree 3.1: Pd{^-An-bian)(dmfu) (1) 

InIn our studies we have used the Pd(/?-An-bian)(dmfu) (1) system (Figure 3.1) which was 

foundd to be the most selective of all palladium(Ar-bian)(dmfu) systems described in 

Chapterr 2. These are very well defined complexes that exhibit very good selectivity and 

reactivityy in the selective hydrogenation of alkynes to (Z)-alkenes and are therefore very 

suitablee for further mechanistic investigations. The choice for compound 1 is based not 

onlyy on the good performance of this complex, it is also the most stable one among all 

complexess employed in Chapter 2. Compound 1 remains stable even after the complete 

semi-hydrogenationn of the alkyne, unlike similar complexes with less electron-donating 

groupss on the phenyl rings of the bian ligand. It has also been established that the use of 

dimethyll  fumarate as an ancillary ligand is essential. It has been observed previously by 

Vann Asselt that palladium-bian complexes with very strong electron withdrawing 

groupss on the alkene, for instance fumaronitrile, are very stable and almost inert under 

thee normal hydrogenation conditions for hydrogenation of alkenes. When the less 

electron-poorr maleic anhydride was used, an induction period was observed that lead to 

inconsistentt results for the same substrate, as this induction period was not the same for 

differentt runs. By using dimethyl fumarate as an ancillary ligand however, no induction 

periodd was observed; all catalytic runs, using the same substrate, were consistent in their 

selectivityy and kinetics. In this chapter, the investigation of the stereoselective 

cis-hydrogenationn of several alkynes by means of kinetic studies as well as by 

parahydrogenn induced polarisation (PHIP)-NMR techniques wil l be reported. 
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Parahydrogenn is a useful tool for elucidation of intermediates because it enables the 

enhancedd detection of hydrogenation products. It also enables the detection of very small 

amountss of hydrides due to the enhancement of the signal to noise ratio of these hydrides 

viaa the polarisation effect of the parahydrogen. 

3.22 Methods 

3.2.11 Kinetics 

Thee overall rate law was determined using the initial rates method.13 This means that the 

reactionn rate is measured over a small time intervall, at the beginning of the reaction. 

Duringg these short reaction times the predetermined concentrations and pressures of the 

reactantss are accurately known and remain almost constant. It was observed that the 

hydrogenationn of alkynes using the Pd(Ar-bian) complexes as pre-catalyst at 

atmosphericc pressure doesn't exhibit a measurable induction period: the data from the 

kineticss at higher dihydrogen pressures and varying substrate and catalyst concentrations 

doo not show a detectable induction period. There are also no or negligible side reactions 

suchh as isomerisation and over-reduction. 

Thee kinetic data were determined by monitoring the various hydrogenation runs at 

knownn catalyst and initial substrate concentration and dihydrogen pressure (JPH2), while 

att every run each of the variables can be varied separately, keeping the others constant. 

Thee reaction rate can then be established for every individual run and from these data the 

reactionn orders and the rate constants can be determined. 

Ass a sensitive monitoring technique rapid scanning Fourier-Transform- Infrared (FT-IR) 

spectroscopyy was used, which enabled the accurate determination of the substrate 

concentrationn versus the time and thus allowed a good determination of the rate of 

substratee conversion. The reactions were carried out in a High-Pressure (HP) autoclave 

equippedd for infrared measurements in which the reaction mixture is stirred at a very 

highh rate (1200 rpm). It has been assumed that the concentration of H2 in the THF 

solutionn is, in all cases, proportional to the H2 pressure in the autoclave and that the 

dissolutionn of H2 is fast enough to exclude mass transport limitations; seperate scouting 
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experimentss revealed that this assumption holds. The substrate chosen was 

11 -phenyl-1 -propiolic acid (Scheme 3.1), which has a very strong alkyne absorption band 

att 2220 cm-1. 

Schemee 3.1: Hydrogenation of 1-phenyl-1-propyne 

Thee solvent (THF) does not absorb in this region and the absorption is linearly related to 

thee substrate concentration up to 0.15 M. 

Thee rate law of the reaction is the relation between the rate of reaction (r) and the 

concentrationss of the reaction components involved, for the catalytic hydrogenation of 

alkyness it can be described as follows (Equation 3.1) 

rr  = - ^ ü ^ne> = k\alkyne\a\catalys}f[pH^r 

Equationn 3.1 Ratelaw for the catalytic hydrogenation of alkynes. 

Wheree r = reaction rate, k = rate constant and a, {3 and y are the reaction orders for the 

differentt components. 

3.2.22 para-Hydrogen Induced Polarisation 

Thee technique of ParaHydrogen Induced Polarisation (PHIP) NMR is in principle a 

widelyy applicable technique for reactions involving molecular hydrogen.15,16 

Theoretically,, one is able to enhance the signal to noise ratio of hydrogen nuclei in NMR 

upp to 10,000 fold, which allows this technique to be used for the determination of very 

smalll  quantities of hydrogenation products and intermediates. The technique is based on 

thee fact that dihydrogen can occur in two isomeric spin states. Orthohydrogen, wherein 

thee two proton spins are aligned in a parallel fashion, and parahydrogen, in which the 

twoo spins are anti-parallel. The distribution of these two species is dependent on the 

temperature,, with an abundance of parahydrogen at room temperature of 25%, rising to 

511 % at 77 K and 95% at 35 K. The parahydrogen content can be increased by cooling 
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thee hydrogen in liquid nitrogen in the presence of a paramagnetic substance, this 

paramagneticc substrate allows the dihydrogen to change its spin state. 

Whenn the polarisation of the pair of hydrogen nuclei is maintained during the 

hydrogenationn of an unsaturated substrate, a polarised and strongly enhanced signal is 

obtained.155 If this occurs, this is strong evidence for the pairwise transfer of the two 

hydrogenn atoms to the substrate, because otherwise the polarisation would be lost. In 

orderr to observe this effect the pairwise transfer needs be fast relative to other reactions 

andd to relaxation. 

Thee polarisation effect stems from the selective population of the products' nuclear spin 

levels.. This can be shown for a simple AX-spin system as is depicted in Figure 3.2. 

aa a aa a 
Figuree 3.2: Spin population when normal (left) and when parahydrogen enriched (right) 

Inn the case of parahydrogen enrichment, the spin functions a(3 and Pa are overpopulated 

relativee to the usual Boltzmann distribution. This results in polarisation signals that are 

enhancedd by several orders of magnitude, which manifest themselves in strong 

absorptionn and emission peaks. 

Thiss gives rise to the polarised signals in the PHIP-NMR spectra as compared to the 

normall  spectra (Figure 3.3). 

JJJ LL 

Standardd NMR spectrum PHIP-NMR spectrum 

Figuree 3.3: NMR-spectra under normal conditions and under parahydrogen enriched 

conditions. . 
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3.33 Results 

3.3.11 Dihydrogen dependence 

Thee dependence of the reaction rate on the hydrogen concentration was determined by 

varyingg the initial H2-pressure between 0 to 41 bar at constant initial concentrations of 

1-phenyl-1-propynee and Pd(p-An-bian)(dmfu) (1). The obtained initial rates exhibit a 

linearr dependence on the hydrogen pressure in this range, as can be seen from Figure 3.4. 

200 30 

H22 pressure (bar) 

22 2.2 24 2.6 2.8 3 3.2 34 36 3.f 

Lnn (pHj) 

Figuree 3.4: Dependence of the rate on the H2 pressure 

Plottingg of ln(kobs) versus ln (pH2) yields a straight line with a slope of 0.92, indicating 

thatt the hydrogenation of 1-phenyl-1-propyne is approximately first order in H2 

pressure.. The numerical values have been compiled in Table 3.1 in the experimental 

part. . 

3.3.22 Alkyn e dependence 

Thee dependence of the initial reaction rate on the concentration of 1-phenyl-1-propyne 

wass determined by varying the initial alkyne concentration from 0 to 150 mM at constant 

initiall  concentrations of dihydrogen and Pd(/?-Anbian)(dmfu) (1). The obtained initial 

ratess exhibit a linear dependence on the alkyne concentration in this range, as can be seen 

fromm Figure 3.5. A straight line of ln(kobs) versus ln [substrate] with a slope of 0.94 was 

obtainedd indicating that the hydrogenation of 1-phenyl-1-propyne is first order in the 

alkyne.. The numerical values have been compiled in Table 3.2 in the experimental. 
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10"22 [substrate] (mol r') 

Figuree 3.5: Dependence of the rate of reaction on the alkyne concentration 

Thesee results are indicative of the fact that one substrate molecule is coordinated to the 

palladiumm before the rate-determining step. There is no indication of inhibition of the 

reactionn by the alkyne up to a concentration of 150 mM . 

3.3.33 Catalyst dependence 

Thee dependence of the reaction rate on the catalyst concentration was determined by 

varyingg the the concentration of Pd(p-An-bian)(dmfu) (1) from 0.1 to 0.3 mM at 

constantt initial concentrations of 1-phenyl-1-propyne and dihydrogen. The obtained 

initiall  rates exhibit a linear dependence on the catalyst concentration in this range as can 

bee seen from Figure 3.6. 

0.55 1 

Lnn [catalyst] 

1.5 5 

Figuree 3.6: Dependence of the rate of reaction on the catalyst concentration 
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AA straight line ofln(kobs) versus In [catalyst] with a slope of 0.97 was obtained, which 

showss that the reaction is first order in catalyst concentrations. 

Thesee findings very clearly indicate that the catalyst acts unimolecularly and that dimers 

orr other congromers of palladium do not play a role in the catalytic cycle immediately 

priorr to the rate-determining step. 

3.3.44 Experimetally determined rate law 

Thee results collected in the previous paragraphs, allow to derive the overall rate law for 

thee semi-hydrogenation of 1-phenyl-1-propyne using Pd(p-Anbian)(dmfu) (1) as the 

pre-catalyst.. Al l experimentally derived orders are close to 1, so the overall rate law 

(Equationn 3.2), becomes: 

dalkyneldalkynel r ir ir i 
rr  = - —i L = k\alkyne\ \catalysn \pH2\ 

Equationn 3.2: Experimentally derived ratelaw. 

Thiss rate law applies only under the conditions employed during kinetic measurements 

betweenn the concentration limits that have been investigated, i.e. it applies at 21.0 °C, 

dihydrogenn pressures between 0 and 41 bars, at alkyne concentrations ranging from 0 to 

1500 mM and at catalyst concentrations between 0 an 0.3 mM. In all cases the selectivity 

off  the reaction during kinetic measurements, as determined after the hydrogenation run 

wass stopped (usually at about 50% conversion), is about 95% (Z) and 5% (E) and 

appearss to be independent of the relative concentrations within the limits mentioned. 

Thesee numbers are comparable to those obtained for the catalytic runs in Chapter 2.The 

maximumm concentrations employed for the kinetic experiments are probably not limiting 

values.. Experimental concentrations for actual catalytic runs as described in Chapter 2 

falll  well within these limits. 
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3.3.55 Results of PHIP-NM R studies 

Thee PHIP-NMR measurements were carried out in several organic solvents (THF, 

benzenee and toluene) with different pre-catalysts at a temperature range of 275 K. to 315 

K.. Polarised signals in the (Z)-alkene product were determined in several instances 

usuallyy within a narrow temperature window. An example is given in Figure 3.7a, where 

polarisedd signals are observed in the hydrogenation product of 1 -phenyl- 1-propyne 

usingg Pd(NMe2-bian)(dmfu) as pre-catalyst in toluene at 295 K and Figure 3.7b where 

thee polarised signals are very apparent in the hydrogenated product of 

1-phenyl-1-propiolicc acid, using Pd(p-An-bian)(dmfu) (1) in THF at 305 K. 

\J j j -u^ ^ 

 i — r — T — — — i — ' r—  . . . . , . . . . . . . . . | . i . . . . . . . r —-.—I 1 1 ' ' ' 
( .. t 6.5 i.i i.3 6. J « ,] 4.0 i . 9 5.« 5.1 5,6 pga 

Figuree 3.7a(left): PHIP-NMR spectrum of 1-phenyl-1-propyne and 3.7b(right): PHIP-NMR 

spectrumm of 1-phenyl-1-propiolic acid. 

Thiss is good evidence that the palladium catalyzed hydrogenation reaction proceeds via 

aa cw-pairwise addition of dihydrogen on the substrate, which in turn implicates a 

palladiumm dihydride species as an intermediate. The relatively small enhancement of the 
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polarizationn compared to the theoretical values can be either caused by the fact that the 

pairwisee addition is not the only route to product formation or secondly, be due to the 

largee nuclear quadrupole moment (0.660 x 10~24 cm2) of palladium, which causes the 

spin-correlationn between to two hydrides to be lost during the hydrogenation. In none of 

thee investigated cases could polarized signals be observed in the (£)-alkene products, 

implicatingg that the (£>alkene is not the product of direct hydrogenation of the alkyne. 

Ann isomerisation mechanism based on deuteration experiments has been proposed by 

Bargonn et al.1 and Spencer et al.19 independently. This mechanism operates under 

hydrogenn atmosphere via an equilibrium between the palladium(dihydrido)(substrate) 

andd the monohydride alkyl complex (Figure 3.8). 

reductivee elimination 

DD H 

Figuree 3.8: Mechanism for the (Z)-(£>isomerization. 

Unfortunatelyy it was not possible to detect the intermediate palladium-dihydride species, 

whichh is indicative of very short-lived intermediate species. Only polarized signals of 

hydrogenatedd products were observed. Attempts to detect palladium dihydride species 

byy adding parahydrogen to a solution of just the pre-catalyst, failed due to the rapid 

decompositionn of the metal complex to metallic palladium. 
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3.44 Discussion 

Thee kinetic analyses in combination with the evidence gathered from the PHIP-NMR 

studiess have been used together with observations from in situ NMR studies during the 

hydrogenation.. These studies show that the starting pre-catalyst remains present in the 

hydrogenationn mixture as the main palladium species during hydrogenation. This then 

allowss to propose the catalytic cycle depicted in Figure 3.9. This catalytic cycle closely 

resembless the cycle proposed in Chapter 2. 

Palladiumm enters the catalytic cycle by the replacement of the coordinated 

dimethylfumaratee with the alkyne. The equilibrium of this exchange reaction is very 

muchh on the side of the original complex 1. Exchange studies of complex 1 with 2 

equivalentss 1-phenyl-propiolic acid shows no exchange of ligand. This leads to the 

conclusionn that during the hydrogenation only a relatively small amount of the available 

palladiumm is accessible as the active catalyst. 

k-ii r.d.s. 

Figuree 3.9: Postulated catalytic cycle for the hydrogenation of alkynes. 
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Afterr formation of A, the reaction proceeds via the oxidative addition of dihydrogen to 

obtainn the proposed dihydrogen species B. It is assumed that the concentration of species 

AA is constant during the reaction. This is confirmed by the zero intercept of the rate 

versuss [Pd] plot and the first order dependence of the hydrogenation rate on the 

palladiumm concentration (see Figure 3.6). Under hydrogen rich conditions, the formation 

off  (A) is ensued by an oxidative addition reaction with dihydrogen to produce a proposed 

Pd(NN)(alkyne)(H)22 (B) species. A similar dihydride species, Pd(p-Me 

Ar-bian)(alkene)(H)2,, has been postulated by van Asselt et al. as an intermediate in the 

hydrogenationn of electron poor alkenes. The hydrides are transferred to the substrate 

too form the Pd(NN)(alkene) complex (C) in such a way that the spin information in 

experimentss using parahydrogen is transferred to the product molecule. This implies that 

thee two hydrides are transferred in a concerted pair-wise manner or are transferred very 

rapidlyy (compared to the coupling constant) to the substrate in an asynchronous way to 

retainn the spin information provided by the spin labelling. The detection of polarized 

signalss only in the (Z)-alkene, formed by cis-addition of molecular hydrogen to the 

alkyne,, clearly point to a palladium dihydride species B being involved in the 

hydrogenation.. When species C is formed, the alkene is quickly replaced by a new 

alkynee molecule to generate species A again, and completing the cycle. Another possible 

entrancee in the catalytic cycle could be the addition of dihydrogen to the original 

dimethylfumaratee complex, forming a palladiumdihydride species D and the subsequent 

replacementt of the dimethylfumarate by the alkyne leading to species C (Figure 3.10). 

NN N N N r^ r^ \\ I \ / H —^=^—  N N 

Pdd H2 P d - ~ " R R . \ / 
II C02Me *" H I yC02Me "~ Z ^ P d ~ - - H 

II / I / e<> H 
RR = R* 

Me02CC . Me02C 
11 D B 

Figuree 3.10: Alternative route to species B. 

Thiss seem unlikely however because such a mechanism would proceed faster with more 

electrondonatingg bian ligands since these favour the oxidative addition of dihydrogen to 

thee palladium. In reality we see the opposite, a slower rate of reaction when more 
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elctrondonatingg bian ligands are employed. This then makes the entrance into the 

catalyticc cycle via the route depicted in Figure 3.9 the more likely one. 

3.55 Conclusions 

Withh the aid of kinetic studies combined with spectroscopic techniques such as 

PHIP-NMRR a mechanism for the selective hydrogenation of 1-phenyl-1-propiolic acid 

hass been proposed. The experimentally derived rate law is in agreement with this 

mechanism.. The first order dependence in palladium shows that only mononuclear 

palladiumm species are involved in the hydrogenation. The high selectivity towards the 

(Z)-alkenee can be explained by the high preference for the palladium for the alkyne as a 

ligandd compared to the corresponding alkene, which results in the presence of only small 

amountss of alkene complexes. The small amounts of alkene complex are the source of 

thee minor amounts of (£)-alkene and alkane observed in this reaction. 

3.66 Experimental 

3.6.11 Experimental Setup for  the Kineti c experiments 

Thee in situ rapid-scanning FT-IR experiments were recorded on a Bio-Rad FTS-60 A spectro-

photometerr (resolution 2 cm ). Every 4.8 seconds 32 IR spectra were recorded that were aver-

agedd to one spectrum giving 12.5 spectra per minute. High-pressure FT-IR experiments were 

performedd in a SS-316 50 mL stainless steel autoclave with a directly fixed transmission infra-

redd cell of IRTRAN windows (ZnS, transparent up to 700 cm"1, <t>  10 mm, optical path length 

== 0.4 mm). The autoclave was further equipped with an electromagnetic driven mechanical stir-

rerr near the bottom of the autoclave that provides a good mixing of the solution and the gas at 

highh speeds (rpm = 1200) and also provides a fast flow through the infrared cell within several 

milliseconds.. An electrical heater (Tmax = 200 °C), a temperature controller and a pressure 

transducerr device (Pmax = 185 bar) were also equipped on the autoclave. 

3.6.22 Rapid-Scanning High-Pressure FT-I R Experiments 

Inn a typical experiment the high-pressure IR autoclave was filled with the desired amount of the 

substratee phenylpropiolic acid and 15 mL of dry THF. The autoclave was flushed three times 
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withh 5 bar H2 pressure and then it was subjected to the desired dihydrogen pressure. The auto-

clavee was equipped with a separately pressurized reservoir of 10 mL in which a solution of the 

catalystt in 2 mL dry THF and an overpressure of H2 compared to the pressure in the autoclave 

wass present. The catalyst solution under H2 pressure was only briefly (1-2 minutes) in contact 

withh dihydrogen prior to injection into the autoclave. The autoclave was placed in the rapid 

scanningg FT-IR spectrophotometer and its position in the cell was optimized using the interfero-

gram.. Subsequently the catalyst was injected into the autoclave and at the same time the moni-

toringg of the reaction by the rapid-scanning FT-IR spectroscopy at 21 °C started. In all the 

experimentss the area of the alkyne triple bond absorption band of phenylpropiolic acid between 

2195.0-2259.66 cm was taken to calculate the concentrations of the substrate. Moreover the 

high-pressuree IR autoclave was checked, after every three hydrogenation runs, on the presence 

off  undesired, catalytically active metallic palladium, by using the same procedure as described 

abovee was used but without the addition of a catalyst. 

3.6.33 Experimental conditions for  the Kineti c experiments 

DihydrogenDihydrogen dependence 

Thee dihydrogen dependence was determined by varying the initial H2-pressures from 0 to 41 

bar.. The concentration of 1-phenyl-1-propiolic acid was 46 mM and the catalyst concentration 

wass 0.15 mM in THF (volume 17 mL) The data are collected in Table 3.1. 

Tablee 3.1: Data for the hydrogen dependence of the hydrogenation of 1-phenyl-1-propyne 

Entryy p(H2) (bar) 10~5 kobs (s"1) 

11 0 0 

22 6.9 2.17 

33 10.8 4.24 

44 19.6 6.03 

55 30.1 9.93 

66 30.3 8.88 

77 41.0 12.23 
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SubstrateSubstrate dependence 

Thee substrate dependence was determined by varying the initial substrate concentration from 0 

too 150 mM. The H2-pressure was 10 bar and the catalyst concentration was 0.15 mM in THF 

(volumee 17 mL) The data are collected in Table 3.2. 

Tablee 3.2: Data for the substrate dependence of the hydrogenation of 1-phenyl-1-propyne 

Entryy 10"2 [substrate] 10"5 kobs (s~') 

(moll"1) ) 

11 0 0 

22 2.0 1.47 

33 4.6 3.08 

44 8.0 5.42 

55 10.0 6.66 

66 15.0 9.88 

CatalystCatalyst dependence 

Thee catalyst dependency was determined by varying the initial catalyst concentration from 0 to 

0.300 mM. The H2-pressure was 10 bar and the substrate concentration was 46 mM in THF (vol-

umee 17 mL) The data are collected in Table 3.3. 

Tabell  3.3: Data for the catalyst dependence of the hydrogenation of 1-phenyl-1-propyne 

Entryy 10'4 [cat] 10"5 kobs (s'1) 

(moll  f1) 

11 0 0 

22 1.0 2.09 

33 1.5 3.08 

44 2.1 4.30 

55 3.0 6.02 
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3.6.44 Experimental setup and conditions for  the PHIP-NMR measurements 

Alll  sample preparations were completed using a Schlenk line. Solvents were dried over potas-

siumm prior to use. The NMR measurements were made using NMR tubes fitted with J. Young 

Teflonn valves, the catalyst was added to the NMR tube after which all solvents and substrates 

weree added by vacuum transfer on a high vacuum line. The hydrogen was enriched in the para 

spinn state by cooling H2 to 77 K over a paramagnetic catalyst.20 An atmosphere of H2 equivalent 

too ca. 3 atm. pressure at 298 K was introduced into a resealable NMR tube on a high vacuum 

line.. The samples were thawed immediately prior to use and introduced into the NMR spectrom-

eterr at the pre-set temperature. The Parahydrogen enhanced spectra were recorded on a Bruker 

AMX-5000 spectrometer (]H: 500.13 MHz). 
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Chapterr  4 

Palladium(O)) Complexes with Bidentate 
Nitrogenn and Phosphorus Ligands for the 

Stereoselectivee Hydrogenation of 
1-Phenyl-1-propynee to 

(Z)-11 -phenyl-1 -propene# 

4.11 Introductio n 

Thee catalytic hydrogenation of unsaturated hydrocarbons has been extensively studied.1 

Inn recent years chemo- and stereoselective hydrogenations of unsaturated carbon-carbon 

doublee and triple bonds have taken a fundamental role in organic synthesis, both in 

laboratoryy as well as in industry. The hydrogenation of carbon-carbon double bonds has 

beenn mostly described. Although the selective hydrogenation of internal alkynes to 

(Z)-alkeness is a very desirable tool, the hydrogenation of triple bonds has received much 

lesss attention. Various catalysts are suitable for this semi-hydrogenation reaction, many 

off  which are heterogeneous, such as the Lindlar catalyst,3 nickel boride,4 and the "P2Ni" 

catalyst.. There are also examples of homogeneous systems with various metals and 

ligands,, but only a few exhibit a good selectivity towards a variety of alkynes with 

differentt functional groups. Examples of homogeneous catalysts with a high selectivity 

forr the (Z)-alkene are the cationic Rh(I) systems of Schrock and Osborn,6 and the 

Cr(arene)(CO)33 complexes by Sodeoka and Shibasaki.7 Surprisingly littl e is known 

aboutt the effect of the ligands on this reaction and very few systematic studies 

concerningg this aspect have been reported in literature. In Chapter 2 the selective 

homogeneouss Pd(0)-catalyzed hydrogenation of alkynes to (Z)-alkenes8 was reported, a 

#.. Part of the work in this Chapter has been published: van Laren, M.W.; Duin, M.A.; Klerk, C; Nagkia, 
M.;; Rogolino, D.; Pelagatti, P.; Bacchi, A.; Pelizzi, C; Elsevier, C.J. Organometallics 2002, 21, 1546. 
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R--
Pd(bian)(dmfu) ) 

H2,THF,, 20 C 

>> 99.5% (R, R' = n-Pr) 
92%% (R = Ph, R' = Me) 

Pd(bian)(dmfu) ) 

xh-xh-
Pd----

0"SS * 
Ar r 

Arr = p-An 
EE = C02Me 

/ E E 

Schemee 4.1: Hydrogenation of alkynes using Pd(Ar-bian)(dmfu) as a pre-catalyst 

reactionn tolerant of functional groups that proceeds under very mild conditions (25 °C, 

11 bar H2 pressure). 

.Thee precatalysts employed are the Pd{Ar-bian)(alkene) compounds, which had 

previouslyy been used in the homogeneous hydrogenation of electron poor alkenes and 

inn carbon-element bond formation reactions. This type of Pd(0) complex is able to 

hydrogenatee a wide variety of alkynes to the corresponding (Z)-alkenes, with good to 

excellentt selectivities (Scheme 4.1). Moreover, the complexes are completely stable 

underr hydrogen until the substrate has been semi-hydrogenated to the alkene. It was 

observedd that the selectivity in the hydrogenation of 1-phenyl-1-propyne strongly 

dependss on the nature of the substituents attached to the imine nitrogens of the bian 

ligand.. It was reported by Pelagatti etal that the homogeneous hydrogenation of alkenes 

andd alkynes can be also accomplished, under mild conditions, by using Pd(II ) complexes 

containingg potentially tridentate ligands as pre-catalysts; for the acetylenic substrates 

aa good chemoselectivity to the corresponding alkenes was found. 

Thiss chapter deals with the use of bidentate and tridentate nitrogen ligands of the 

pyridine-2-carbaldiminee (pyca) type, of bipyridine (bipy) and of bidentate 

phosphorus-nitrogenn ligands, as well as bidentate phosphorus ligands. The synthesis of 

aa series of Pd(0) complexes of the type Pd(LL)(/^-alkene) complexes and their use as 
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catalystss in the homogeneous stereoselective semi-hydrogenation of alkynes is also 

discussed.. The pyca type ligands have already been applied before in the synthesis of 

Pd(0)) complexes stabilized by electron-poor alkenes '14 and the equilibrium of the 

alkenee exchange has been studied. The only example known of homogeneous 

hydrogenationn catalyzed by Pd(NN)( ^-alkene) complexes where NN is a di-imine or a 

pyridyl-iminee ligand, apart from those reported, has been reported by Ruffo, employing 

diiminess containing carbohydrate substituents as catalyst for the hydrogenation of 

severall  alkenes in water. It was found that the homogeneity of this process is strongly 

dependentt on the pH of the reactant solution. The other types of ligands have not been 

appliedd before in the hydropgenation of alkynes. The pyca type ligands may, due to their 

expectedd hemilability, more or less readily promote an open coordination position for 

activationn of hydrogen. This also applies to bipy and to the non rigid P-N ligands 5c and 

5d.. Also the presence of two different donor sites allows for variable coordination of the 

twoo donor sites to incipient Pd-species dependent on the type of donor atom required for 

aa stable intermediate, and might therefore lead to a more stable and active catalyst 

a:: R = Ph e: R = NMe2 
b:: R = p-An f: R = n-Bu 
c:: R = ;-Pr g: R = (CH2)2OH 
d:: R = t-Bu 

Chartt 4.1: The various ligands that were employed. 
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Forr a good comparison of the effect of different donor atoms, also the bidentate 

phosphoruss ligands dppe and dppf were applied. We synthesized a variety of bidentate 

ligandss and their palladium(O) complexes with dimethylfumarate (drnfu) as ancillary 

ligandd (Chart 4.1). 

Furthermore,, the effect of a third nitrogen donor atom was studied (ligands 1), since 

thesee tridentate ligands might stabilize the incipient zerovalent Pd-species by forming 

tricoordinatee 16-electron Pd(NNN) complexes. 

4.22 Results and discussion 

4.2.11 Ligand and complex synthesis 

Thee pyca-ligands have been prepared by condensation of the pyridyl-2-carbonyl 

compoundd with the appropriate amine, in the presence of molecular sieves and, where 

necessary,, a catalytic amount of />-toluenesulfonic acid 

H20,, H+ 

THF F 

NH2-R R 

THF F 

PPh22 N—R 

c:: R = /-Pr 
d:: R = = f-Bu 

Schemee 4.2: Synthesis of P-N ligands 5c and 5d. 
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Thee P-N ligands were prepared using a variety of techniques. The ligands 5c and 5d were 

preparedd starting from 2-bromobenzaldehyde (Scheme 4.2). 

Firstt the aldehyde function was protected with ethyleneglycol, yielding the acetal, after 

whichh the diphenylphosphine moiety was introduced via a Grignard reaction. After 

deprotectionn of the aldehyde and condensation with the appropriate amine 5c and 5d 

weree obtained. Ligand 6 was synthesized starting from benzonitrile, which was 

convertedd into the phenyloxazoline via a reaction with 2-aminoalcohol using zinc 

chloridee as a template (Scheme 4.3) 

THF F 
~~ + n r -60 - -45 C OO + n-BuLi — — - —1*-

TMEDA A 
OO + Ph2PCI 

THF F 

-45 U C-^RT T 

Schemee 4.3: Synthesis of ligand 6. 

Thee phosphine compound was obtained by ortho-lithiation using n-butyllithium and a 

subsequentt reaction with chlorodiphenylphosphine. The same reaction using 

.sec-butyllithiumm did not yield the desired product. Ligand 7 was obtained starting from 

8-aminoquinolinee which was converted into 8-bromoquinoline via the diazonium salt 

(Schemee 4.4). 

Schemee 4.4: Synthesis of ligand 7. 

Thee phosphine moiety was introduced by reaction with .sec-butylithium and 

chlorodiphenylphosphinee after earlier attempts via a Grignard and also comparable 

routess using n-butyllithium and tert-buty\lithium, which yielded a mixture of at least ten 

differentt phosphine compounds. Palladium complexes were obtained by reaction of 

Pd(dba)22 (dba = dibenzylidene acetone) with the appropriate ligand, in the presence of 
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dimethylfumaratee (dmfu) as ancillary ligand in a 1:1.1:1.1 molar ratio, according to 

Schemee 4.5 and Scheme 4.6 

RR R E 

1a,bb _ — ^ ioa,b 

E E 

2c-gg - 11c-g 
3a-cc  12a-c 
4cc _ 13c 

Schemee 4.5: Synthesis of Pd°(NN)(dmfu) complexes. 

Threee different methodologies were followed: (i) stirring all reactants at room 

temperatureinn dry acetone for 8 to 36 hours, (ii ) stirring the solution of the NTN-ligand 

andd dmfu in dry acetone while small portions Pd(dba)2 are added at 45 °C over several 

hours,, or (iii ) stirring all reagents in dry tetrahydrofuran (THF) for 2 hours. Most 

complexess could be obtained by the first method, except l i d , for which an extensive 

releasee of palladium black was observed without any formation of the complex. This was 

thoughtt to arise from steric repulsions between the demanding t-Bu group bonded to the 

iminee nitrogen and the ester groups of the dmfu; then the synthesis was attempted using 

thee less steric maleic anhydride as ancillary ligand, but also here palladium black was 

formedd and no product formation could be detected. However, when the second method 

wass applied complex l i d was obtained in 58% yield, without extensive formation of 

palladiumm black. Also 12c could not be obtained using the first method, but it was 

successfullyy synthesized using the second method. Later on during the investigation the 
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thirdd method, which involves the use of THF as solvent at room temperature, was 

adopted. . 

+ + 
,C02Mee T H F 

'Pd' ' 
M e cc i ^ O O z M e 

Me02OC C 
c:: R = i-Pr 
d:: R = f-Bu 

5c,dd 14c,d 
// x 6 . 15 

Ph2PP PPh2 7 - 16 
99 ^ 18 

9 9 

Schemee 4.6: Synthesis of Pd°(P-N)(dmfu) complexes. 

Thiss procedure proved to be superior to the former methods, since the reactions were 

completee within 2 hours, higher yields were obtained and the work-up was much easier. 

Itt was therefore extended to the synthesis of all complexes and also gave good results for 

l i dd and 12c. However, the complex containing ligand 3d could not be obtained with any 

off  the aforementioned methods, in this case extensive precipitation of palladium was 

observedd (vide infra). NMR spectroscopy 

Pd-complexesPd-complexes containing Bidentate Nitrogen Ligands 

Thee H NMR spectra of the pyca-complexes (Table 4.1) all show similar characteristics. 

Theree is a noticeable, but not uncommon, low frequency shift of the alkene resonances 

off  the dmfu, caused by the 7t-back donation of palladium into the alkene n-orbital. The 
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twoo halves of the alkene are not equivalent, they either show a broadened signal, 

indicatingg slow alkene rotation on the NMR time scale, as in 10a,b, l le-g and 12a,b or 

twoo signals, as in l lc,d, 12c and 13c, that couple with each other to give doublets. The 

latterr can only be explained assuming a rigid coordination of the dmfu to the palladium 

inn these complexes, i.e. no or very slow rotation around the Pd-alkene axis occurs on the 

NMRR time scale. The 3JH H coupling of about 9 to 10 Hz can be determined for the alkene 

protonss of l lc,d, 12c and 13c, whereas for the complexes 10a, l le-g, and 12a,b the 

severee broadening of the same signals does not allow determination of any coupling 

constantt in those cases. The dmfu in complexes 1 lc,d, 12c and 13c experience hindrance 

fromm the sterically demanding z'-Pr or /-Bu group, preventing the dmfu from freely 

rotatingg around the Pd-alkene bond. This leads to the non-equivalence of the alkene 

protonss and thus to two anisochronous resonances and the JHH coupling is observed. 

Inn the case of complexes 10a,b, l le-g and 12a,b with the less sterically demanding 

R-groupss on the imine, the rotation is less hindered, leading to a severe broadening of 

thee alkene signals. In complex 12c one can imagine that the methyls of the i-Pr group are 

placedd so as to reduce the steric repulsions with the methoxy group of the dmfu and the 

methyll  group of the imine carbon, and the rotation around the N(imine)-CH(CH3)2 bond 

iss consequently hampered. Since the complexes 10a and 10b are not stable under 

hydrogenationn conditions (vide infra), their dynamic behavior was not further 

investigated.. In the case of complexes l i e, 12c and 13c, containing an j'-Pr group on the 

imine,, the Z-Pr methyl groups become diastereotopic upon coordination of the ligand, 

andd indeed two signals are observed for these methyl groups. Due to the low solubility 

off  the complexes in most common non-chlorinated NMR solvents and to their extensive 

decompositionn in chlorinated solvents, within the time required to obtain C-NMR 

spectraa (usually more than 1 hour), high quality C-NMR data have been obtained only 

forr l i e , l i d and l lg . At low temperatures (-20 °C), the solubility dropped so 

considerablyy that decent ,3C-NMR signals were not observed even after measuring for 

188 hours. 
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Tablee 4,1: Selected LH NMR data for compounds 10-13. 

# # 

10a a 

l i e e 

l i d d 

l i e e 

l l f f 

H g g 

12a a 

12b b 

12c c 

13c c 

R R 

Phb b 

/-Prc c 

r-Bud d 

NMe2
e e 

H-Buf f 

(CH2)2 2 

-OHS S 

Phh h 

p-An p-An 

i - P^ ^ 

j -Pr l l 

6 6 

--

8.855 d 

[5] ] 

8.833 d 

[4.8] ] 

8.600 d 

[5] ] 

8.799 d 

[4.2] ] 

8.800 d 

[4.2] ] 

8.888 d 

[5] ] 

8.888 d 

[4.2] ] 

8.900 d 

[4.2] ] 

2.844 s 

5 5 

7.844 d 

[8] ] 

7.555 m 

2H H 

7.51 1 

pst t 

7.244 m 

2H H 

7.511 m 

7.56 6 

pst t 

7.64 4 

pst t 

7.55 5 

pst t 

7.49 9 

pst t 

7.32 2 

pst t 

4 4 

8.05 5 

pst t 

7.92 2 

pst t 

7.91 1 

pst t 

7.72 2 

pst t 

7.92 2 

pst t 

7.94 4 

pst t 

8.05 5 

pst t 

7.96 6 

pst t 

7.91 1 

pst t 

7.76 6 

pst t 

3 3 

8.577 d 

[8] ] 

7.555 m 

2H H 

7.588 d 

[7.8] ] 

7.244 m 

2H H 

7.577 d 

[7.8] ] 

7.611 d 

[7.8] ] 

7.911 d 

[7.8] ] 

7.822 d 

[8.1] ] 

7.733 d 

[5.4] ] 

7.455 d 

[8.1] ] 

7 7 

9.277 s 

8.411 s 

8.27s s 

7.088 s 

8.322 s 

8.422 s 

2.333 s 

3H H 

2.333 s 

3H H 

2.400 s 

3H H 

8.400 s 

=CH H 

(alkene) ) 

4.04-3.92 2 

br r 

3.955 d 

3.877 m [9] 

3.966 d 

3.788 d [10.2] 

4.01-3.72 2 

br r 

4.00-3.90 0 

br r 

4.12-3.94 4 

br r 

3.84-3.45 5 

br r 

3.61-3.38 8 

br r 

3.911 d 

3.799 d [9.6] 

3.888 m 

3.788 d [9.3] 

C02CH3 3 

(alkene) ) 

3.40-3.00 0 

br r 

3.611 s 

3.600 s 

3.599 s 

3.588 s 

3.61 1 

br r 

3.62 2 

br r 

3.65 5 

br r 

3.60 0 

br r 

3.82 2 

br r 

3.611 s 

3.599 s 

3.600 s 

3.588 s 

a)a) In brackets are reported the coupling constants, b) HC=N 8.68 (s, 1H); Ph 7.40(m, 5H). c) 

CH(Me)22 + 1H alkene 3.87 (m, 2H); CH3 1.46 (d , 3H, 3JHH = 6.0 Hz), 1.24 (d, 3H, 3JHH = 6.0 Hz). 

d)d) t-Bu 1.42 (s, 9H). e) N(CH3)2 3.31 (s, 6H). ƒ) N-CH2 3.90-3.70 (br, 2H); N-CH2-CH2 1.88 (m, 

2H);; CH2-CH3 1.38 (m, 2H); CH2-CH3 0.97 (t, 3H, 3JHH = 7.5 Hz), g) CH2CH2OH 4.10-3.70 (br, 

4H).. h) Ph 7.44 (d, 2H, 3JHH = 7.4 Hz), 7.38 (pst, 1H, 3JHH = 7.4 Hz), 7.41 (d, 2H, 3JHH = 7.4 Hz), 

f)) p-An 7.05 (d, 2H, 3JHH = 8.7 Hz), 6.92 (d, 2H, 3JHH = 8.7 Hz), k) CH(Me)2 4.10 (sep, 1H, 3JHH = 

6.33 Hz), CH3 1.49 (d, 3H, 3JHH = 6.0 Hz), 1.17 (d, 3H, 3JHH = 6.0 Hz), ƒ) CH(Me)2 3.86 (m), 

CH(CH3)22 1.49 (d, 3H, 3JHH = 6.3 Hz), 1.24 (d, 3H, 3JHM = 6.3Hz) 

Pd-complexesPd-complexes containing Bidentate P-N ligands 

Thee H NMR spectra of the different P-N complexes (14 c,d, 15 and 16) basically show 

thee same features as the complexes containing pyca-type ligands. There is a very 

significantt low-frequency shift of the alkene resonances of the dmfu and a broadening 
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off  the alkene signal, indicative of slow alkene rotation on the NMR time scale in 

complexx 15, or two separate alkene signals that couple with each other, as can been seen 

inn complexes 14c,d and 16. This is indicative of slow or no rotation around the Pd-alkene 

axiss on the NMR time scale. The alkene protons of 14c,d and 16 exhibit a JHH coupling 

off  between 10.0 and 10.3 Hz and are comparable or somewhat larger than the 

correspondingg pyca type complexes. The splitting of the alkene complexes in the 

complexess 14c and 14d can be explained by the steric hindrance experienced by the 

dmfuu from the sterically demanding i-?r and ^-Bu group on the imine, preventing the 

alkenee from freely rotating around the Pd-alkene bond, leading to the nonequivalnece of 

thee alkene protons and therefore to two anisochronous resonances with a JHH coupling. 

Inn the less sterically demanding ligand of complex 15 a very severe broadening of the 

alkenee signal is observed, indicating a hindered rotation, but not so hindered as to lead 

too different signals. For complex 16, steric hindrance also leads to the splitting of the 

alkenee proton resonances. In this system there is no sterically demanding R-group on the 

N-donor,, which is a quinoline, but this is the only P-N ligand which forms a five 

memberedd ring with palladium upon coordination and is therefore likely to give rise to 

moree steric crowding than comparable ligands that form a six membered ring upon 

coordinationn such as 14c,d and 15. Add to this the relatively bulky diphenylphosphine 

groupp and there is apparently enough steric crowding in 16 to lead to the two different 

signalss for the alkene protons. For all four of the P-N complexes C-NMR data could 

bee obtained, due to the higher stability of these complexes in chlorinated solvents. This 

cann be attributed to the higher stabilizing qualities of phosphine donors as compared to 

nitrogenn donors, due to the very good donor-acceptor qualities of phosphine donors. A 

veryy significant upfield shift of between 86 and 90 ppm is observed for the alkene 

carbonss of the dmfu upon coordination, whereas the carbonyl carbons exhibit a 

downfïeldd shift of about 9 ppm upon coordination. For all four complexes (14c,d, 15 and 

16),, the two alkene signals of the dmfu are different, indicating that the rotation of the 

alkenee around the Pd-alkene axis is slow on the carbon NMR time scale. This splitting 

off  the alkene signal was also observed with hydrogen NMR for complexes 14c,d and 16, 

butt not for 15. The carbonyl signals are also split in 14c and 16, but not in complexes 

14dd and 15. 
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4.2.22 X-ray Crystal Structur e of 12c 

Singlee crystals of 12c0.5 CH2Cl2 suitable for X-ray diffraction were obtained from a 

refrigeratedd dichloromethane solution. The compound crystallizes with two independent 

complexx molecules and one dichloromethane molecule in the asymmetric unit. The pair 

off  complex molecules, which do not display significant geometric differences, is related 

byy a non-crystallographic two-fold axis parallel to z, simulating a orthorhombic Pnca 

space-group,, perturbed by distortion of /?to 93.369(2)°. The coordination sphere around 

thee 16-electron Pd(0)center is formally square-planar, based on the NN chelation of 

ligandd 3c and o n af interaction with the alkene, with the N,N,C-C,Pd system planar 

withinn 0.08A in both cases. However, the coordination may be conveniently described 

alsoo as trigonal planar, by taking the midpoint M of the alkenic C-C bond as third 

coordinationn position: the ligand bite angle is 76.4(1) and 76.0(1)° respectively for the 

twoo complexes, and the Pd-Mdirections form angles ranging from 137.9(1) to 145.9(1)° 

withh the Pd-N bonds. The geometry of ligand 3c can be compared with the one observed 

forr analogous aldimine and cyclo-ketimine compounds (pyridineketimine)Pd(II)-

(C1)(CH3C(0))188 and Pd(0)(aldimine)(fn) (fn = fumaronitrile = (£)-1,2-dicyano-

ethene)) complexes. In our system, the bond lengths C(Ar)-C(CH3) = 1.489(5), 

1.485(5),, C(CH3)=N = 1.282(5), 1.282(5), N-C(*-/V) = 1.483(5), 1.486(5) A are 

perfectlyy comparable with those observed for the above mentioned Pd(II) and Pd(0) 

compoundss (ranges: 1.418-1.484, 1.262-1.286, 1.473-1.497 A for the three bonds), 

showingg that the metal oxidation state does not greatly influence either the electron 

distributionn on the ligand conjugate system, or the Pd-N bond lengths, which in the 

Pd(0)-alkenee systems (2.115, 2.160A in the Pd(aldimine)(fn) complex, 2.120-2.165A in 

thee present compound) are comparable to the average of those shown by the Pd(II) 

complexess (ranges: 2.062-2.081 A for trans-C\, 2.171-2.275A for trans-C bonds) This is 

accomplishedd by the two above Pd(0) systems by extensive back donation into the 

highlyy electron withdrawing ^*  orbitals of the alkenes fn and dmfu. The C=C bond in 

thee alkene ligands is remarkably weakened, being 1.427A for fn,19 and 1.422(5) and 

1.423(5)AA in the present dmfu complex. The latter C=C bond is significantly weaker 

thann the one observed in the only other Pd(0)(dmfu) complex structurally known 

(Pd(dmfu)(dimethylamino)ethyl-diphenyll  -phosphino-ferrocene)20 (1.409A), while the 
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Pd-CC bonds are correspondently stronger (2.055, 2.077A for 12c and 2.083, 2.154A for 

thee phosphine containing system). The dmfu molecule is in this case slightly twisted 

aroundd the C=C bond: C15-C11-C12-C13 = 154.8(3), C31-C27-C28-C29 = 

154.6(4)°.Thee comparison of Pd-N distances between 12c and the above similar 

Pd(0)(aldimine)(fn)) compound suggests that the replacement of the aldimine HC=N 

withh a methyl group affects the strength of the Pd-N(imine) bond, which is stronger in 

Pd(0)(aldimine)(fn))) (2.115A) than in 12c (2.143(3) and 2.165(3)A) respectively, 

whereass the reverse is observed for the Pd-N (pyridine) bond (2.160A in 

Pd(0)(aldimine)(fh)) and 2.120(3) and 2.123(3)A in 12c). The solid-state structure of one 

complexx molecule is depicted in Figure4.1 

Figuree 4.1: X-ray crystal structure of 12c. 

Selectedd bond lengths and angles for the structure are given in Table 4.2 
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Tablee 4.2: Selected bond lengths and angles for 12c. 

Atoms s 

Pd(l)-C(12) ) 

Pd(l)-C(ll) ) 

Pd(l)-N(l) ) 

Pd(l)-N(2) ) 

Pd(l)-A/7 7 

N(l)-C(l) ) 

N(2)-C(6) ) 

N(2)-C(8) ) 

C(l)-C(6) ) 

C(ll)-C(12) ) 

C(ll)-C(15) ) 

C(12)-C(13) ) 

Atoms s 

C(12)-Pd(l)-C(ll) ) 

C(12)-Pd(l)-N(l) ) 

C(ll)-Pd(l)-N(l) ) 

C(12)-Pd(l)-N(2) ) 

C(ll)-Pd(l)-N(2) ) 

N(l)-Pd(l)-N(2) ) 

A//-Pd(l)-N(l) ) 

A/7-Pd(l)-N(2) ) 

bondd distance (A) 

2.055(3) ) 

2.072(3) ) 

2.120(3) ) 

2.143(3) ) 

1.937(3) ) 

1.362(4) ) 

1.282(4) ) 

1.483(5) ) 

1.489(5) ) 

1.422(5) ) 

1.445(5) ) 

1.467(5) ) 

Anglee (deg) 

40.3(1) ) 

119.3(1) ) 

159.4(1) ) 

164.2(1) ) 

123.9(1) ) 

76.4(1) ) 

139.5(1) ) 

144.0(1) ) 

Atoms s 

Pd(2)-C(27) ) 

Pd(2)-C(28) ) 

Pd(2)-N(3) ) 

Pd(2)-N(4) ) 

Pd(2)-M2 2 

N(3)-C(17) ) 

N(4)-C(22) ) 

N(4)-C(24) ) 

C(17)-C(22) ) 

C(27)-C(28) ) 

C(27)-C(31) ) 

C(28)-C(29) ) 

Atoms s 

C(27)-Pd(2)-C(28) ) 

C(27)-Pd(2)-N(3) ) 

C(28)-Pd(2)-N(3) ) 

C(27)-Pd(2)-N(4) ) 

C(28)-Pd(2)-N(4) ) 

N(3)-Pd(2)-N(4) ) 

M2-Pd(2)-N(3) ) 

M2-Pd(2)-N(4) ) 

bondd distance (A) 

2.055(4) ) 

2.077(4) ) 

2.122(3) ) 

2.165(3) ) 

1.939(4) ) 

1.353(4) ) 

1.281(4) ) 

1.485(5) ) 

1.485(5) ) 

1.423(5) ) 

1.466(5) ) 

1.462(5) ) 

Anglee (deg) 

40.3(1) ) 

117.7(1) ) 

157.8(1) ) 

166.0(1) ) 

125.9(1) ) 

75.9(1) ) 

137.9(1) ) 

145.9(1) ) 

Regardingg the intramolecular arrangement of ligand 3c and dmfu around Pd in 12c, the 

shortestt contact observed is between /-Pr and the nearest methoxy oxygen of dmfu: 

C9...044 = 3.622(5) and C25...06 = 3.622(6)A for the two independent molecules, and 

inn both cases the pair of i-Pr methyl groups point towards the oxygen atom, rather than 

beingg pushed away from it. This is a consequence of the steric hindrance of the CH3C=N 

methyll  group, which restricts the freedom of rotation of the /'-Pr around N-C in the range 

Pd-N-C(H)-CH33 = 25-90° for a minimum repulsive contact of 3.4A (observed value 74° 

forr both molecules). The oscillation of *'-Pr group is further reduced between 65° and 90° 
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byy the presence of the CH30- group of the dmfu ligand (a rotation of the /-Pr group 

beloww 65° implies a close contact between /-Pr and CH3O- of less than 3.4A). This could 

explainn the fact that the obtainment of a stable complex containing the steric demanding 

ligandd 3d is not possible. The equivalence of Pd-N-C-CH3 torsion angles in the two 

independentt molecules (73.6(4)°) and 74.2(4)°) suggests that the shape and the 

moderatelyy positive charge distributions on the methyls of the z'-Pr group is capable to 

interactt with the local partial negative charge on the methoxy oxygen, by means of 

mediumm range favorable electrostatic interaction. This would explain why in both 

moleculess one *'-Pr...dmfu distance is shorter than the other (3.622, 4.077 and 3.62, 

3.9922 for C(/-/V)...0(dmfu) in the two molecules). A displacement from the 

arrangementt found in the solid state would decrease the electrostatic attraction and 

increasee the repulsive effect. This also explains why the rotation of the alkene around the 

bondd to Pd is hindered in solution on the NMR time-scale. 

4.2.33 Hydrogenation 

Thee Pd(LL)(dmfu) complexes have been used in the hydrogenation of 

1-phenyl-1-propynee as the substrate (Scheme 4.7). 

11 mol% Pd(LL)(dmfu) . r 
Phh = — -+ / r + H2,, THF, 25 C / 

Phh Ph 

Schemee 4.7: Hydrogenation of 1-phenyl-1-propyne. 

Thiss substrate was chosen because it gave, in the corresponding Pd(Ar-bian)(dmfu) 

catalyzedd hydrogenations, a high, but not complete selectivity to (Z)-1 -phenylpropene 

withh concomitant formation of some (3-7%) of the (£)-isomer and 1-phenylpropane 

(6-35%).. Hence, comparison would be relevant for this substrate. The results have been 

collectedd in Table 4.3. 
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Tablee 4.3: Hydrogenation of 1-phenyl-1-propyne. 

Complexx % (Z)-alkene % (E)-alkene % alkane % Conversion 

100 0 

87 7 

53 3 

77 7 

96 6 

77 7 

86 6 

59 9 

100 0 

100 0 

80 0 

100 0 

a)) Referred at the catalyst decomposition, b) Decomposed immediately when the substrate was 
added,, c) Decomposed when subjected to a hydrogen atmosphere, d) Very slow reaction, 24 hours 
weree needed to obtain full conversion. 

Thee hydrogenations were carried out under mild conditions, 1 bar of H2-pressure and 

255 °C, using 1 mol % of catalyst.8 Al l complexes exhibited catalytic activity, 

approximatelyy 1-1.5 hours were needed for 100 % conversion. The one exception is the 

Pd(dppe)(dmfu)) catalysed hydrogenation, which proceeded very slowly but steadily and 

244 hours were needed to obtain full conversion. In none of the cases an induction period 

wass observed. 

10ab b 

10bc c 

l i e e 

l i d d 

l i e e 

l l f f 

Hg g 

12ac c 

12b b 

12c c 

13c c 

14c c 

14d d 

15 5 

16 6 

17 7 

18d d 

87 7 

78 8 

50 0 

68 8 

85 5 

28 8 

76 6 

50 0 

87 7 

87 7 

74 4 

80 0 

Immediatee decomposition 

Immediatee decomposition 

33 10 

33 6 

3 3 

22 7 

44 7 

Immediatee decomposition 

33 46 

44 6 

33 6 

44 9 

133 <1 

Noo reaction 

Noo reaction 

33 3 

22 18 
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Pd(Ö)-complexesPd(Ö)-complexes containing pyca-type ligands 

Thee Pd(0) complexes containing pyca type ligands (10a,b, l lc-g, 12a-c and 13c) have 

beenn chosen because of their different electronic and steric properties. In this way a good 

comparisonn could be made on the effect of the substituents and the effect of the different 

substituentss could be determined. The substituents on the imine nitrogen range from the 

slightlyy electron withdrawing phenyl and the weakly donating/7-anisyl group, to the very 

electron-donatingg dimethyl-amino group. The various complexes show a markedly 

diversee behavior in catalysis, especially concerning the stability of the catalyst during 

thee hydrogenation. At first, the complexes 10a and 10b were tested. As mentioned, the 

tridentatee ligands could potentially stabilize the corresponding Pd(0) complexes under 

hydrogenationn conditions, thanks to their chelating effect. However, we observed that 

complexx 10a decomposes immediately upon addition of the alkyne, even before being 

subjectedd to a hydrogen atmosphere, whereas 10b decomposes within a few seconds 

afterr the introduction of hydrogen into the system. The most resembling bidentate 

analogues,, complexes 12a and 12b, show a higher stability during the hydrogenation: 

complexx 12a remains stable when the substrate is added, as compared to 10a which 

decomposess after addition of the substrate, and 12b is stable for some time under 

hydrogentionn conditions, as compared to 10b, which decomposes immediately when 

subjectedd to hydrogenation conditions. Hence it can be concluded that the tridentate 

ligandss exhibit no additional stabilizing effects. Therefore, the use of the tridentate 

ligandss was not further pursued, and the investigation was directed to the complexes 

containingg the pyridinecarboxaldimine (pyca) type ligands. 

Thee most stable catalyst proved to be l i e, which decomposes only after the complete 

conversionn of the alkyne. The selectivity observed is high, with 87% of the (Z)-alkene 

formed,, the main side product being 1 -phenylpropane resulting from the overreduction 

off  the alkene. Al l other catalysts decompose prior to reaching total conversion of the 

alkyne,, either at a very high conversion, as in the case of the complexes l ld, g and 12c, 

orr almost immediately after the start of the reaction, as in the case of l i e or 13c. From 

thesee results it can be concluded that the stability of the catalysts strongly depends on the 

naturee of the imine substituents, which must be the result of a delicate balance between 

stericc and electronic effects. The four most stable catalysts, l lc,d,g and 12c, all have a 
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goodd cr-donating alkyl group on the imine nitrogen. This can be considered beneficial 

forr its coordinating capability. When l i e is compared to 12c, it is obvious that the 

additionall  inductive effect of the CH3 doesn't have any positive effect on the stability, 

sincee 12c decomposes before full conversion of the alkyne (86% conversion). This 

mightt stem from the increased steric requirements of the ligand, as inferred by X-ray and 

NMRR data. Also l i d is inferior to l i e with respect to the stability under hydrogenation 

conditions,, as it decomposes before the full conversion of the substrate (decomposition 

att 87% of conversion); in this case it is obvious to invoke steric factors, which then seem 

moree important than the inductive ones. When a methyl group is added in 6-position of 

thee pyridine moiety as in 13c, the augmented electron donating capability of the 

heteroaromaticc ring is not sufficient to overcome the encumbrance generated in the 

coordinationn plane, and a decreased stability is observed. Complex 13c in fact, 

decomposess at low (59%) conversion. In the case of l i e, with the very electron donating 

NMe2-groupp on the imine nitrogen, a high selectivity is observed, but palladium 

precipitationn occurs in an early stage of the reaction (53% conversion). When the 

catalystss 12a and 12b are compared, the drastic effect of the electronic features of the 

ligandd becomes apparent. With a relatively small change in electron withdrawing 

capability,, a rather large difference in stability is observed. The catalyst with the phenyl 

groupp (12a) decomposes immediately when subjected to hydrogenation conditions, 

whereass the catalyst with the /?-anisyl group (12b) remains stable for a longer time 

duringg the hydrogenation, leading to a 77% conversion. Since the steric requirements are 

thee same, it seems apparent that the more electron donating capacity of the />-anisyl 

groupp has a beneficial effect on the lifetime of the catalyst. Worth noticing is the fact that 

complexx 12b leads to the lowest chemo-selectivity observed with the employed 

complexess (46% of alkane). This can be explained by considering the absence of a 

partiall  steric crowding (for 12a,b) created in the coordination plane when alkyl groups 

aree bound to the imine nitrogen (as in l lc,d,g and 12c), which allows only the 

coordinationn of the alkyne, excluding the poorer coordinating alkene. None of these 

Pd(NN)(alkene)) complexes are as stable as the Pd(Ar-bian)(alkene) type complexes 

duringg the hydrogenations, although their stereoselectivity in alkyne hydrogenation (i.e. 

thee selectivity towards the (Z)-alkene) is comparable. Several of the complexes are 

moree stable than the previously studied complexes with the bidentate nitrogen ligands 
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bipyy and dab. From these results it can be concluded that, in order to obtain a stable and 

activee catalyst containing a pyca type ligand, a not too bulky and good a-donor group on 

thee imine nitrogen is required; excessive steric encumbrance in the coordination plane 

mustt be avoided. Regarding the imine carbon substituent, the proton is preferred to the 

methyl,, due to torsion within the five membered palladacycle in case of the latter, 

decreasingg the complex stability. 

Pd(0)-complexesPd(0)-complexes containing bidentate P-N ligands 

Apartt from Pd(NN) systems als four Pd(0) complexes with P-N ligands have been 

screenedd in the hydrogenation of 1 -phenyl- 1-propyne. The first two (14c and d) can be 

consideredd to be the P-N analogues of the N-N complexes l i e and d. There is a small 

differencee in sofar that the pyca type ligands form five membered rings with Pd(0) and 

144 c and d form six membered rings. They have the same imine function with the same 

Z-Prr and f-Bu groups and a diphenylphosphine group as donor instead of a pyridine 

nitrogenn and are therefore also hemilabile and able to promote an open coordination 

positionn for activation of hydrogen. Complexes 14c and d show a high stabilty under 

hydrogenationn conditions, with no decomposition observed even after total consumption 

off  the alkyne. In this respect these complexes are more comparable to the Pd(0)(bian) 

complexess than with the Pd(0)(pyca) complexes. Precatalysts 14c and d also exhibit a 

veryy high selectivity towards the (Z)-alkene of 87 %, which is similar to the result for the 

bestt bian system (92%) . However, there is a remarkable difference between 14c and 

14d.. With catalyst 14c, the alkane is the main side-product and only littl e isomerization 

too the (£)-alkene is observed, while with 14d, overreduction to the alkane is almost 

absentt but isomerization to the (E)-alkene is a prominent side reaction. Where this 

noticeablee difference stems from is not clear and cannot easily be explained from the 

smalll  difference between an /-Pr group and a f-Bu group. Complex l i e is also stable 

untill  total consumption of the alkyne, but decomposes immediately after that and the 

complexess with pyca type ligands do not even last that long. Clearly 14c and 14d are 

superiorr to their pyca type analogues. The higher stability of these complexes containing 

P-NN ligands can be explained by the presence of a phosphine donor with its very good 

donatingg qualities. In combination with the very flexible imine function, this results in 

stablee and selective precatalysts which are useful for the selective hydrogenation of 
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alkynes.. Complexes 15 and 16 however do not exhibit a measurable catalytic activity. 

Theyy remain stable under hydrogen atmosphere but after eight hours of being subjected 

too hydrogenation conditions no consumption of the alkyne had occured. This might be 

explainedd by the fact that these ligands are less hemilabile, in case of 15, or are quite 

rigid,, which prevents an easy dissociation of the quinoline nitrogen as in the case of 16. 

Pd(0)-complexesPd(0)-complexes containing bipyridine and dppe 

Forr a final comparison between different ligand systems containing nitrogen and 

phosphoruss donors, the Pd(0) complexes of bipyridine (17) and dppe (18) with dmfu 

weree tested as precatalysts in the hydrogenation of 1-phenyl-1-propyne. The bipy 

complexx 17 is also very selective towards the (Z)-alkene as long as it remains stable. This 

complex,, however, decomposes at about 80 % conversion and has a stability that is 

comparablee to most of the pyca type ligands except l ie. Clearly a more donating second 

donorr atom is needed than a pyridine nitrogen. The dppe containing complex 18 is also 

aa very stable precatalyst; the same as the other phosphorus containing complexes (14c,d, 

155 and 16). It is somewhat surprising that this complex shows catalytic behaviour at all, 

consideringg the behaviour of 15 and 16, which do not exhibit any catalytic behaviour 

overr a period of 8 hours, and the fact that 18 has two very donating atoms and can hardly 

bee considered as a hemilabile ligand. The selectivity of 80 % toward the (Z)-alkene is 

muchh less that that of all the other stable precatalysts, which exhibit a selectivity of 92% 

forr the bian system and 87 % for the other systems. There is an especially large amount 

off  alkane being formed, which increases steadily throughout the reaction period while 

thee underlying ratio between (Z)-alkene, (E)-alkene and alkane remains the same. 

4.33 Conclusions 

AA variety of palladium complexes have been used for the selective hydrogenation of 

1-phenyl-1-propyne.. These include complexes containing bidentate N-N, P-N and P-P 

ligands.. In general it can be said that all complexes containing a phosphorus donor are 

stablee under hydrogenation conditions, even after total consumption of the alkyne, but 

whenn these ligands do not posses one hemilabile donor site such as the imine group in 
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144 c and 14d, the reaction is either very slow as with the P-P ligand dppe (18), or doesn't 

takee place as with 15 and 16. The bidentate nitrogen ligands show a much lower stability 

andd only one remains stable until total consumption of the alkyne ( l ie). Al l complexes, 

withh the exception of 12b and 18, exhibit the same inherent selectivity, i.e. the selectivity 

beforee an eventual decomposition, towards the (Z)-alkene. There are very noticeable 

differencess in the hydrogenation behaviour of the complexes with pyca-type ligands that 

cann be explained from the steric and electronic properties of the different substituents, 

bothh those on the imine nitrogen and carbon and those on the pyridine ring. The nature 

off  the substituent on the imine nitrogen seems to be the most determining factor 

regardingg the stability of the various pre-catalysts under hydrogenation conditions; the 

betterr the a-donating capacity of the substituent, the higher the stability of the complex. 

Furthermore,, it was shown that increasing the steric bulk of the ligand results in lower 

stability,, even when these substituents might have beneficial inductive effects. The 

inherentt selectivities of these complexes in the hydrogenation of 1-phenyl-1-propyne, 

exceptt for 12b and 18, are all comparable with each other and somewhat lower than that 

withh the best known Pd(Ar-bian) system.8 Their stability, with the exception of l ie, 14c 

andd 14d and 18 is inferior when compared to that of the Pd(Ar-bian) systems. 

4.44 Experimental section 

4.4.11 General Methods 

Chemicalss were obtained from Acros Chimica and Aldrich Chemical Co. All synthetis of lig-

ands,, complexes and hydrogenations were carried out in dried glasswork, using standard Sch-

lenkk techniques under an atmosphere of purified nitrogen. THF and Et20 were distilled from 

sodium/benzophenone,, acetone was distilled from K2CO3, and dichloromethane from CaH2. 

Primaryy alkyl amines were distilled before use and stored under nitrogen on molecular sieves 

(44 A). The aldehydes and ketones were distilled prior to use and stored under nitrogen. Other 

chemicalss were used as received. The starting materials dba21 and Pd(dba)2
22 were prepared ac-

cordingg to literature procedures. 'H and l3C NMR data were recorded on a Bruker AMX300 or 

aa Varian Mercury300 spectrometer ('H: 300.13 MHz, 13C: 75.47 MHz), using either CDC13 as 

aa solvent and as an external reference ('H, 7.26 ppm; 13C, 77.0 ppm) or CD2C12 (*H, 5.32 ppm; 
13C,, 54.0 ppm). IR-spectra were recorded on a Nicolet 5PC FT-IR or a Bio-Rad FTS-7 using a 

KBrr pellet. The gaschromatographic analyses were performed on a Dani HP 3800 flame-ioni-
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zationn gas chromatograph (OV 101 on a CHP capillary column) or a Varian 3300, DB-5 col-

umn. . 

4.4.22 Ligand synthesis 

Mostt of the ligands described below have been reported before, usually well characterized, for 

thee ligand see the references cited: la23a, 2c,d,23b'c 2e,23d 2f,23b 2g,23e 3a,23f 4c23c<s The ligands 

weree synthesized using somewhat different methods than reported before, and these methods 

aree described below. For the atom labelling of the ligands for NMR see Chart 4.1. 

2,6-di(N-phenylcarbaldimino)pyridin ee (la) 

AA solution of 2,6-pyridinedicarbaldehyde (0.71 g, 5 mmol) and aniline (1.14 g, 12.5 mmol) in 

500 ml of absolute ethanol was refluxed for half an hour. Upon cooling a white powder precipi-

tated.. The solution was filtered and the powder was recrystallized from absolute ethanol and 

driedd in vacuo. Yield: 0.57 g (40%) of a white powder. JH NMR: 8 8.69 (s, 2H, H7), 8.32 (d, 

2H,, H3-H5,
 3JHH = 7 Hz), 7.96 (pst, 1H, H4,

 3JHH = 7 Hz), 7.34 (m, 10H, Ph). IR (cm"1): 

v(C=N)) - 1567 w. m.p. (°C): 134. Anal. Calc for C19H15N3: C, 80.07; H, 5.26; N, 14.73. 

Found:: C, 79.55; H, 5.27; N, 14.52. 

2,6-di(N-4-methoxyphenylcarbaldimino)pyridinee ( lb) 

Thee same procedure was used as for compound la, using the same mole amounts, but in this 

casee a white solid precipitated immediately; this was filtered, washed with diethyl ether and 

driedd in vacuo. 

Yield:: 0.35 g (72%) of a white powder. ]H NMR: 5 8.71 (s, 2H, H7), 8.25 (d, 2H, H3,H5,
 3JHH 

== 8 Hz), 7.91 (pst, 1H, H4,
 3JHH = 8 Hz), 7.37 (d, 4H, p-An, 3JHH = 9 Hz), 6.97 (d, 4H, p-An, 

3JHHH = 9 Hz), 3.85 (s, 6H, OCH3). IR (cm-1): v(C=N) = 1596 w. m.p. (°C): 156. Anal. Calc for 

C21H19N302:: C, 73.11; H, 5.55; N, 12.17. Found: C, 72.99; H, 5.40; N, 11.96. 

2-(N-2-propanecarbaldimino)pyridinee (2c) 

AA solution of 2-pyridinecarbaldehyde (0.55 g, 5 mmol) and 2-isopropylamine (3.0 g, 50 mmol) 

wass stirred in 50 ml of dry diethyl ether in the presence of activated molecular sieves (4 A) for 

300 minutes. The solution was filtered, the collected molsieves washed with dry diethyl ether and 

thee solvent removed in vacuo. Yield: 0.14 g (97 %) of a yellow oil. *H NMR: 5 8.57 (d, 1H, H6, 
3JHHH = 5 Hz), 8.33 (s, IH, H7), 7.92 (d, 1H, H3,

 3JHH = 8 Hz), 7.65 (pst, 1H, H4,
 3JHH = 8 Hz), 

7.222 (pst, IH, H5,
 3JHH = 5 Hz), 3.60 (sept, IH, CH(CH3)2,

 3JHH = 6 Hz), 1.21 (d, 6H, 

CH(CH3)2,,
 3JHH = 6 Hz). IR (cm'1): v(C=N) - 1526 w. 
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2-(N-f-butanecarbaldimino)pyridin ee (2d) 

Thee same procedure was used as for compound 2c, using the same mole amounts. The excess 

off  amine was varied between 1.1 and 10 equivalents. Yield: 0.16 g (98%) of a yellow oil. 'H 

NMR:: 2d, 6 8.55 (d, 1H, H6,
3JHH - 5 Hz), 8.29 (s, 1H, H7), 7.94 (d, 1H, H3,

 3JHH =9 Hz), 7.63 

(pst,, 1H, H4,3JHH = 9 Hz), 7.20 (pst, 1H, H5,
 3JHH = 5 Hz), 1.24 (s, 9H, CH3). 

2-(N-dimethylaminocarba)dimino)-pyridin ee (2e) 

Thee same procedure was used as for compound 2c, using the same mole amounts. Yield: 0.15 

gg (>99%) of a yellow oil. ]H NMR: 5 7.92 (d, 1H, H6,
 3JHH = 5 Hz), 7.24 (d, 1H, H3,

 3JHH - 8 

Hz),, 7.08 (pst, 1H, H4,
 3JHH = 5 Hz), 6.72 (s, 1H, H7), 6.55 (pst, 1H, H5,

 3JHH = 5 Hz), 2.48 (s, 

6H,, CH3). 

2-(N-butanecarbaldimino)pyridinee (2f) 

Thee same procedure was used as for compound 2c, using the same mole amounts. Yield: 0.16 

gg (>99%) of a yellow oil. 'H NMR: Ö 8.47 (d, 1H, H6,
3JHH = 4 Hz), 8.21 (s, 1H, H7), 7.83 (d, 

1H,, H3,
3JHH = 9 Hz), 7.54 (pst, 1H, H4,

3JHH = 9 Hz), 7.11 (pst, 1H, H5,
3JHH = 5 Hz), 3.51 (t, 

2H,, CH2-N, 3JHH = 6 Hz), 1.56 (m, 2H, CH2), 1.27 (m, 2H, CH2), 0.78 (t, 3H, CH3,
 3JHH = 7 

Hz). . 

2-(N-2-ethanolcarbaIdimino)-pyridinee (2g) 

Thee same procedure was used as for compound 2c, using the same mole amounts. The resulting 

oill  was washed with ethanol to remove the excess of the high boiling amine.Yield: 0.15 g (99%) 

off  a yellow oil. ]H NMR: 5 8.63 (d, 1H, H6,
 3JHH = 5 Hz), 8.41 (s, 1H, H7), 7.92 (d, 1H, H3, 

3JHHH = 9 Hz), 7.70 (pst, 1H, H4,
 3JHH = 9 Hz), 7.30 (pst, 1H, H5,

 3JHH = 5 Hz), 3.95 (t, 2H, 

CH2OH,, 3JHH = 6 Hz), 3.81 (t, 2H, CH^-N, 3JHH = 6 Hz), 2.75 (br, 1H, OH). 

2-(N-phenylacetimino)pyridinee (3a) 

AA solution of 2-acetylpyridine (0.61 g, 5 mmol) and a slight excess (5.5 mmol) of aniline (0.51 

g)g) in 15 ml of dry toluene, was heated in the presence of activated molecular sieves (4 A) to 120 

oCC in an Ace pressure tube for 72 hours. The reaction mixture was filtered and the solvent evap-

orated.. The remaining oil was washed with ethanol and dried in vacuo. Yield: 0.82 g (83%) as 

aa yellow oil; 'H NMR: 8 8.67 (d, 1H, H6,
 3JHH = 5 Hz), 8.27 (d, 1H, H3,

 3JHH = 8 Hz), 7.78 

(pst,, 1H, H4,
 3JHH = 8 Hz), 7.36 (pst, 1H, H5,

 3JHH = 5Hz), 2.36 (s, 3H, CH3) 
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2-(N-4-methoxyphenylacetimino)pyridinee (3b) 

Thee same procedure was used as for compound 3a, using 0.62 g of p-anisidine. Yield 84 % as 

aa red oil. !H NMR: 5 8.64 (d, 1H, H6,
 3JHH = 5 Hz), 8.24 (d, 1H, H3, 3JHH = 8 Hz), 7.76 (pst, 

1H,, H4,
 3JHH = 8 Hz), 7.34 (pst, 1H, H5,

 3JHH = 5 Hz), 6.91 (d, 2H, p-An, 3JHH = 7 Hz), 6.79 

(d,, 2H, p-An, 3JHH = 7 Hz), 3.81 (s, 3H, OCH3), 2.37 (s, 3H, CH3). 

2-(N-2-propaneacetimino)pyridine(3c) ) 

Thee procedure was identical to that reported for 3a except for the reaction time which was 48 

hourss long. Yield: 0.58 g (79 %) as a yellow oil. 'H NMR: 5 8.52 (d, 1H, H6,
 3JHH = 6 Hz), 

7.999 (d, 1H, H3,
 3JHH = 8 Hz), 7.50 (pst, 1H, H4,

 3JHH = 8 Hz), 7.22 (pst, 1H, H5,
 3JHH - 6 Hz), 

3.866 (sept, 1H, CH(CH3)2,
 3JHH = 6 Hz), 2.31 (s, 3H, CH3), 1.18 (d, 6H, CH3). 

2-(N-f-butaneacetimino)pyridinee (3d) 

Thee procedure was identical to that reported for 3a except for the reaction time which was 48 

hourss long. Yield: 0.58 g (65%) as an orange oil. 'H NMR: 5 8.58 (d, 1H, H6,
 3JHH = 5 Hz), 

7.944 (d, 1H, H3,
 3JHH = 9 Hz), 7.74 (pst, 1H, H4,

 3JHH = 9 Hz), 7.40 (pst, 1H, H5,
 3JHH = 5 Hz), 

2.666 (s, 3H, C(CH3)=N), 1.31 (s, 9H, t-Bu). 

2-(N-2-propanecarbaldimino)-6-methylpyridinee (4c) 

Thee same procedure was used as for compound 2c except 6-methyl-2-pyridinecarbaldehyde 

wass used. Yield: 0.16 g (99%) of a yellow oil. [H NMR: 5 8.35 (s, 1H, H7), 7.79 (d, 1H, H3, 
3JHHH - 8 Hz), 7.59 (pst, 1H, H4,

 3JHH = 8 Hz), 7.14 (d, 1H, H5,
 3JHH = 7 Hz), 3.60 (sept, 1H, 

CH(CH3)2,,
 3JHH = 6 Hz), 2.56 (s, 3H, CH3(py)), 1.25 (d, 6H, CH(CH3)2,

 3JHH = 6 Hz). 

2-bromobenzaldehyde-ethylenee acetal 

Too a solution of 2-bromobenzaldehyde (20.0 g, 108 mmol) and ethyleneglycol (20 mL, 359 

mmol)) was added a catalytic amount of/7-toluenesulphonicacid, and the solution was refluxed 

untill  no more water was produced (15 h) using a Dean-Stark apparatus. The mixture was con-

centratedd and the resulting oil was dissolved in dichloromethane. This solution was washed 

twicee with 2M NaOH (15mL) and three times with brine (15 mL). The solution was dried on 

MgS04,, filtered and concentrated. The resulting oil was destilled in vacuo giving a colorless 

oil.. Yield: 21.54 g (94 mmol; 87%).]H NMR: 5 7.59 (d, 1H, 3JHH = 7.8 Hz), 7.53 (d, 1H, 3JHH 

== 7.8 Hz), 7.33 (d, 1H, 3JHH = 7.8 Hz), 7.18 (t, 1H, H, 3JHH = 7.8 Hz), 6.09 (s, 1H, H7), 

3.97-4.122 (m, 4H, H8+9).
 13C NMR: 8 136.96 , 133.17 , 130.89 , 128.16 , 127.69 , 123.17 , 

102.799 (CHacetal), 65.67 (CH2 aceta l). 
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2-diphenylphosphino-benzaldehyde-ethylenee acetal 

Inn a three-necked flask magnesium (1.6 g, 65.8 mmol) in dry THF (150 mL) was activated by 

additionn of a few drops of dibromoethane. To this mixture was added 2-bromobenzalde-

hyde-ethylenee acetal (13.64 g, 59.6 mmol) in a dropwise fashion and the resulting reaction mix-

turee was stirred for 1 hour. At a temperature of between -10 °C and 0 °C 

chlorodiphenylphosphinee (10.7 mL, 59.6 mmol) was added dropwise. The mixture was stirred 

forr 1 hour, the solution was hydrolyzed at -10 °C with 80 mL of a concentrated NH4C1 solution 

andd the product was extracted with toluene (3x 150 mL). The resulting solution was filtered over 

silicaa and the THF and toluene were evaporated in vacuo. The resulting light yellow oil was 

crytallisedd from methanol, yielding white crystals. Yield: 7.76 g (23.2 mmol, 39 %). *H NMR: 

55 7.72-6.95 (m, 14 H), 6.44 (d, 1H, H7,
 4JHP = 4.8 Hz), 4.11-3.95 (m, H8+9, 4H). 13C NMR: 8 

149.86,, 142.51 , 141.93, 137.37, 137.07, 136.37, 135.93, 134.34, 134.24, 133.74, 129.71 

,, 129.37 , 128.82 , 128.78 , 128.62 , 126.76 , 126.64 , 101.97 (CHacetal), 65.64 (CH2 acetaI). 
3IP-NMRR (121.5 MHz, CDC13) 5 -15.85. 

(2-diphenylphosphanyIbenzylidene)-/.w-propylaminee (5c) 

Too a solution of 2-diphenylphosphinebenzaldehyde-ethyleneacetale (1.0 g, 3.0 mmol) in dry 

THFF (30 mL) was added an excess of concentrated HC1, and the solution was refluxed for 1.5 

hours.. The solution was washed with a concentrated Na2C03 solution (3 x 25 mL) and dried on 

MgS04.. To the resulting solution of 2-diphenylphosphine-benzaldehyde in THF was added an 

excesss of isopropylamine and a catalytic amount of /Moluenesulphonic acid and this solution 

wass refluxed for 2 hours in the presence of molsieves (3 A). The resulting solution was washed 

withh concentrated Na2C03 solution (2 x 10 mL). After evaporation of the solvent a brown oil 

wass collected, form which white crystals were obtained by crystallization from acetone.Yield: 

0.633 g (1.9 mmol, 64 %). 'HNMR: 8 8.88 (d, H7, 1H, 4JHP = 4.8 Hz), 7.99-6.83 (m, 14H), 3.39 

(m,, H8, 1H)„  1.05 (d, H9, 6H, 3JHH = 6.0Hz).13C NMR: 8 156.89 (d, Cimine,
 3JCP = 12.5 Hz), 

139.766 , 139.44 , 137.23 , 136.87 , 136.54, 136.26 , 134.08 , 133.93 , 132.87 , 129.85 , 128.76 

,, 128.50, 127.46,61.21 (CH,_Pr), 23.82 (CH3 t.pr)
 31P-NMR (121.5 MHz, CDC13) 6-12.84. 

(2-diphenylphosphanylbenzylidene)-terf-butylaminee (5d) 

Thee same procedure was used as for compound 5c, except that the product was obtained as a 

lightt yellow powder after evaporation of the solvent and didn't need to be recrystallized. Yield: 

733 %. 'H NMR: 8 8.79 (d, H7, 1H, 4JHP = 3.0 Hz), 7.95-6.82 (m, 14H), 1.07 (s, H9, 9H) 13C 

NMR:: 8 154.64 (d,Cim ine,
3JCP= 12.4 Hz), 140.37, 140.13, 137.73, 137.43,136.84,136.68 

,, 134.55 , 134.40 , 132.98 , 129.95 , 128.83 , 128.77 , 127.61 , 127.53 , 57.94 (CMe3), 29.70 

(C(CH3)3)..
 31P-NMR (121.5 MHz, CDC13) 8 -16.55. 
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8-bromoquinoline e 

Too a solution of 8-aminoquinoline (5.0 g, 34.7 mmol) in water (75 mL) was added HBr (36 mL 

off  a 33 % solution in acetic acid), ice (50 g) and NaN02 (2.5 g in 20 mL of water, 36.2 mmol). 

Thiss darkred solution was the added dropwise to a solution of CuBr (8.0 g, 41.8 mmol) in HBr 

(1000 mL of a 33 % solution in acetic acid) at 70 °C. Upon cooling a red precipitate was formed, 

whichh was filtered and washed with water. The precipitate was treated with a concentrated 

NaOHH solution and extracted with diethylether. The ethereal layer was collected, the diethyl-

etherr evaporated and the resulting brown oil was destilled in vacuo, resluting in a colorless oil. 

Yield:: 2.22 g (10.7 mmol, 31 %). !H NMR: 5 8.91 (dd, H8, 1H, 3JH8H7 = 4.2 Hz,4JH8H6 = 1.5 

Hz),, 8.25 (dd, H6, 1H, 3JH6H7 = 7.9 Hz, 4JH6H8 = 1.5 Hz), 8.04 (dd, H2, 1H, 3JH2H3 = 7.6 Hz, 
4jH2H4== 1-5 Hz), 7.83 (dd, H4, 1H, 3JH4H3 = 8.1 Hz, 4JH4H2,= 1.5 Hz), 7.52 (dd, H7,1H, 3JH7H6 

== 7.9 Hz, 3JH7H8 = 4-2 H z ) ' 7-41 (Pst> H3> 1H> 3jHH = 7-8 Hz).13C NMR: 8 160.61 (HCNquino. 

,ine),, 144.36 (CqN), 137.05 , 133.12 , 129.51 , 127.70 , 126.83 , 123.48 , 121.72 . 

2-(-2-(diphenylphosphino)phenyl)-oxazolinee (6) 

Too a solution of 2-phenyl-2-oxazoline (3.68 g, 25 mmol) and tetramethylethylenediamine (4.5 

mL,, 30 mmol) in dry THF (100 mL) was added at -60 °C a 1.6 M solution of n-BuLi in hexanes 

(18.755 mL, 30 mmol). The solution turned a dark red instantaneously and soon after this a 

brownredd suspension was formed. This suspension was stirred for 1.5 h. at temperatures of be-

tweenn -45 and -60 °C before at a temperature of-45 °C chlorodiphenylphosphine (5.4 mL, 30 

mmol)) was added. The mixture turned a light yellow and later a dark red and was stirred over-

nightt at room temperature. The mixture was quenched with a saturated ammonium chloride so-

lutionn and the organic products were extracted with ether. The resulting solution was 

concentratedd and purified by column chromatography (ether/hexanes mixtures). Yield: 1.72 g 

(5.22 mmol, 21 %). ]H NMR: 8 7.85 (m, HI, 1H), 7.25-7.46 (m, HAr, 12H), 6.89 (m, H4, 1H), 

4.077 (t, H5,2H, 3JHH = 9.9 Hz), 3.74 (t, H6, 2H, 3JHH = 9.9 Hz). 13C NMR: S 164.39 (d, Cimine, 
3JCPP = 3.1 Hz), 138.98 , 138.78 , 137.87 , 137.78 , 134.02 , 133.85 , 133.70 , 133.56 , 133.55 , 

131.84,, 131.69, 131.14, 130.29, 129.68, 129.66, 128.79, 128.59, 128.54, 128.49, 128.32 

,, 128.26 , 128.20 , 128.13 , 128.03 , 127.87 , 67.38 ( O - C ^ , ^ ), 55.15 ( N - C ^ , ^ ). 
31P-NMRR (121.5 MHz, CDC13) 8 -4.29. 

8-(diphenylpho$phino)quinolinee (7) 

Too a solution of 8-bromoquinoline (1.0 g, 4.8 mmol) in dry THF at -78 °C was added seobutyl-

lithiumm (3.7 mL of 1.3 M solution in hexane, 4.8 mmol) in a dropwise fashion. After 5 minutes 

att -78 °C, chlorodiphenylphosphine (1.16 g, 5.3 mmol) was added and the mixture was allowed 

too warm up to roomtemperature. The solution was neutralized with HCl-solution (3M), the THF 
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layerr was collected and the solvent removed under reduced pressure. The resulting yellow oil 

wass dissolved in dichloromethane and washed with brine. The dichloromethane solution was 

driedd on MgS04, filtered and the dichloromethane was removed in vacuo, yielding a yellow oil. 

Yield:: 1.05 g (3.6 mmol, 76 %). ]H NMR: 8 8.88 (d, H8, 1H, 3JHH = 4.0 Hz), 8.17 (d, H6, 1H, 
3JHHH = 8.2 Hz), 7.83 (d, H4, 1H, 3JHH = 8.0 Hz), 7.44 (pst, H3, 1H, 3JHH = 7.5 Hz), 7.40 (dd, 

H7,, 1H, 3JH7H6 = 8.2 Hz, 3JH7H8 = 4-0 Hz), 7.34 - 7.13 (m, 10H), 7.14 (dd, H2,
 3JHH = 7.0 Hz, 

3JHPP = 4.0Hz). 13CNMR:6 149.79 (HCNquinoline), 138.40, 138.22, 137.52, 137.36, 136.12 

,, 134.29,134.22, 134.06, 128.70, 128.46,128.33, 128.27, 126.50,121.34. 31P-NMR(121.5 

MHz,, CDC13)5-14.44. 

4.4.33 Complex synthesis 

Forr the atom labelling off  the ligands for NMR see Chart 4.1. For the 1H NMR data of complexes 

1-133 see Table 4.1. Pd(0)(dppe)(dmfu) was prepared according to an existing procedure.25 

Pd(2,6-di(N-phenylcarbaldimino)pyridine)(dmfu)) (10a) 

AA solution of Pd(dba)2 (0.57 g, 1 mmol), la (0.31 g, 1.1 mmol), and dmfu (0.16 g, 1.1 mmol) 

inn 50 ml of dry acetone was stirred for 8 hours at room temperature. A brown solid formed, 

whichh was filtered and washed repeatedly with diethyl ether to remove dba. The resulting solid 

wass dissolved in dichloromethane and filtered over Celite to remove traces of Pd(0). The result-

ingg solution was concentrated, the product precipitated by addition of n-hexane, filtered and 

driedd in vacuo. Yield 0.42 g of a brown powder, (78 %). 'H NMR: see Table 4.1. IR (cm"1): 

v(C=CC + C O) = 1678 s; v(C=N) - 1581 w. d.p. (°C): 154. Anal. Calc. for C25H23N304Pd: C 

56.03,, H 4.29, N 7.84. Found: C 55.59, H 4.09, N 7.59. 

Pd(2,6-di(N-4-methoxyphenylcarbaIdimino)pyridine)(dmfu)) (10b) 

Thee procedure was similar to that of 10a using lb (0.37 g, 1.1 mmol) as a ligand. Yield: 0.48 g 
(75%)) of a brown powder, d.p. (°C): 154. Anal. Calc. for C27H27N306Pd: C, 54.46; H, 4.57; N, 
7.05.. Found: C, 53.90; H, 4.34; N 6.88. 'H NMR: owing to dynamic processes it was not pos-
siblee to unambiguously attribute the signals. IR (cm"1): v(C=C + C O) = 1693 s; v(C=N) = 1558 
w. . 
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Pd(2-(N-2-- propanecarbaldimino)pyridine)(dmfii ) ( l ic ) 

Thee procedure was similar to that of 10a using 2c (0.16 g; 1.1 mmol) as a ligand Yield: 0.34 g 
(85%)) as a yellow solid. Anal. Calc. for Cj5H2oN204Pd: C, 42.06; H, 4.75; N, 10.51. Found: C, 
42.35;; H, 4.78; N, 10.32. 'HNMR: see Table 4.1. 13CNMR: 8 160.29 (C7), 153.87 (C2), 152.45 
(C6),, 138.84 (C4), 128.50 (C5), 126.50 (C3), 62.81 (CH3 ester), 51.20 (CH,_Pr), 50.86 (CH^X 

42A342A3 (HOCHdmfij), 41.14 (HOCHdmftl), 24.00 (CH3,_Pr), 23.64(CH3j_Pr),thecarbonyl signal 
wass not observed. IR (cm'1): v(C=C + O O) = 1671 s; v(ON) = 1592 w. 

Pd(2-(N-/-butanecarbaldimino)pyridine)(dmfu)) (1 Id ) 

1.11 mmol of 2d (0.18 g) in 40 ml of acetone at 45 °C in the presence of 1.1 mmol (0.16 g) of 

dmfu.. 0.57 g (1.0 mmol) of Pd(dba)2 was added by small portions within 2 hours, with the care 

off  observing the disappearance of the purple color of the Pd(dba)2 between every addition. The 

solventt was then removed under reduced pressure, the residual dissolved in dichloromethane 

andd filtered through Celite. The product was precipitated by addition of diethyl ether. Yield: 

0.244 g (58%). lH NMR: see Table 4.1. 13C NMR: 5175.14 + 174.38 (OO), 157.74 {CI), 154.77 

(C2),, 152.18 (C6), 138.81 (C4), 128.38 (C5), 126.93 (C3), 61.33 (CH3 ester), 51.20 + 50.83 (C 

f-Bu),, 42.16 + 41.41 (CH alkene), 29.60 (CH3 f-Bu). Anal. Calc. for C16H22N204Pd: C, 46.56; 

H,, 5.37; N, 6.79. Found: C, 46.31; H, 5.40; N, 6.46. IR (cm"1): v(C=C + O O) = 1685s; v(C=N) 

== 1591w. 

Pd(2-(N-dimethylaminocarbaldimino)-pyridine)(dmfu )) ( l ie) 

Thee procedure was similar to that of 10a using 2e (0.16 g, 1.1 mmol),as a ligand except that the 

reactionn required 16 hours to go to completion. Yield: 0.33 g (82%) as a yellow solid. Anal. 

Calc.. for C14H19N304Pd: C, 42.06; H, 4.75; N, 10.51. Found: C, 42.35; H, 4.78; N, 10.32. !H 

NMR:: see Table 4.1. 13C NMR data could not be collected due to the low solubility and stability 

off  the complex in deuterated NMR solvents. IR (cm"1): v(OO) = 1674 w; v(ON) = 1596 w. 

Pd(2-(N-butanecarbaldimino)pyridine)(dmfii )) (1 if ) 

AA solution of Pd(dba)2 (0.57 g, 1 mmol), 2f (0.18 g, 1.1 mmol) and dmfu (0.16 g, 1.1 mmol) in 

500 ml of dry THF was stirred for 2 hours at 20 °C. A clear yellow solution was obtained, which 

wass concentrated until a precipitate formed. The product was further precipitated by addition of 

diethyll  ether. The solid was filtered, washed with diethyl ether and re-dissolved in dichlo-

romethanee and then filtered over Celite. The product was precipitated with n-hexane, filtered 

andd dried in vacuo, l l f Yield: 0.32 g (77%) yellow powder. !H NMR: see Table 4.1. 13CNMR 

dataa could not be collected due to the low solubility and stability of the complex in deuterated 

NMRR solvents. 
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Pd(2-(N-2-ethanolcarbaldimino)-pyrïdine)(drnfu)) ( l ig ) 

Thee procedure was similar to that of llf , using 2g (0.17 g, 1.1 mmol)as a ligand. Yield: 0.30 g 

(75%)) as a yellow powder, 'H NMR: see Table 4.1. ,3C NMR: 5164.42 (C7), 152.62 (C6), 

139.033 (C4), 128.81 (C5), 126.77 (C3), 66.24 (CH3 ester), 64.91 (CH2OH), 62.05 (CH2N), the 

carbonyl,, C2 and the alkene signals were not observed. 

Pd(2-(N-phenylacetimino)pyridine(dmfu)) (12a) 

Thee procedure was similar to l id . As a ligand 0.33 mmol (0.07 g) of 3a was used with 0.30 

mmoll  (0.17 g) of Pd(dba)2 and 0.33 mmol (0.O5 g) of dmfu. Yield: 0.05 g (35%) as a red pow-

der.. Anal. Calc. for C19H20N2O4Pd: C, 51.08; H, 4.48; N, 6.27. Found: C, 51.21; H, 4.40; N, 

6.48.. JH NMR: see Table 4.1. I3C NMR data could not be collected due to the low solubility 

andd stability of the complex in deuterated NMR solvents. 

Pd(2-(N-4-methoxyphenylacetimino)pyridine)(dmfu)) (12b) 

Thee reaction was similar to l id . As a ligand 0.33 mmol (0.07 g) of 3b was used with 0.30 mmol 

(0.177 g) of Pd(dba)2 and 0.33 mmol (0.05 g) of dmfu. Yield: 0.05 g (30%) of a brown powder. 

Anal.. Calc. for C20H22N2O5Pd: C, 50.38; H, 4.65; N, 5.87. Found: C, 50.12; H, 4.22; N 5.68. 

' HH NMR: see Table 4.1. 13C NMR data could not be collected due to the low solubility and 

stabilityy of the complex in deuterated NMR solvents. IR (cm"1): v(C=C + C=0) = 1685-1666 s; 

v(C=N)== 1590 w. 

Pd(2-(N-2-propaneacetimino)pyridine)(dmfu)(12c) ) 

Thee reaction was similar to l id . As a ligand 1.1 mmol (0.18 g) of 3c was used. Yield: 0.17 g 

(40%).. Anal. Calc. for C16H22N204Pd: C, 46.56; H, 5.37; N, 6.79. Found: C, 46.62; H, 5.40; 

N,, 6.46. 'H NMR: see Table 4.1. 13C NMR data could not be collected due to the low solubility 

andd stability of the complex in deuterated NMR solvents. IR (cm"1): v(C=C + C=0) = 1676s; 

v(C=N)) = not visible. 

Pd(2-(N-2-propanecarbaldimino)-6-methylpyridine)) (dmfu) (13c) 

Thee procedure was similar to that of 10a except as a ligand 4c (0.18 g, 1.1 mmol) was used. 

Yield:: 0.04 g (35%) as a brown solid. Anal. Calc. for CI6H22N204Pd: C, 46.56; H, 5.37; N, 

6.79.. Found: C, 47.03; H, 4.94; N, 6.80. !H NMR: see Table 4.1. 13C NMR data could not be 

collectedd due to the low solubility and stability of the complex in deuterated NMR solvents. IR 

(cm"1):: v(C=C + C=0) = 1671 s; v(C=N) = 1592 w. 
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Pd((2-diphenylphosphanylbenzylidene)-/söpropylamine)(dmfu)) (14c) 

Thee procedure was similar to that of 10a except that 36 h. were required for the reaction to go 

too completion. As a ligand was used (0.36 g, 1.1 mmol) of 5c. Yield: 0.22 g (38 %) as a yellow 

solid.. *H NMR: 5 8.25 (d, H7, 1H, 3JHP - 3.6 Hz), 7.57 - 6.99 (m, 14H), 4.12 (dd, H10, 1H, 3JHH 

== 10.1 Hz, 3JHP = 2.3 Hz), 3.79 (pst, H l b 1H, 3JHH = 10.1 Hz, 3JHP - 10.2 Hz), 3.60 (m, H8+ 

CHMe2,, 3H), 3.14 (s, H13, 3H), 1.29 (d, H15+16, 6H, 3JHH = 3.0 Hz). 13C NMR: 5 174.25 

(OO),, 174.05 (C=0), 161.94 (C=N), 137.71 , 137.43 , 135.22 , 134.06 , 134.42 , 134.14 , 

133.955 , 133.69 , 133.45 , 131.31 , 131.23 , 130.18 , 130.08 , 129.97 , 128.62 , 128.51 , 128.40 

,, 67.45 (HCMe2), 51.19 (OCH3 dmfu), 50.89 (OCH3 dmfi l), 47.38 (HC=CHdmftl), 47.26 

(HC=CHdmfil),, 22.16 (CH3 ,.Pr).
 31P-NMR 8 18.50. 

Pd((2-diphenylphosphanylbenzylidene)-fórfbutylamine)(dmfu)(14d) ) 

Thee procedure was similar to that of 10a. As a ligand was used (0.37 g, 1.1 mmol) of 5d. Yield: 

0.300 g (51 %) as a yellow solid. lH NMR: 8 8.07 (d, H7, 1H, 3JHP = 3.6 Hz), 7.45 - 6.83 (m, 

14H),, 4.12 (dd, H10, 1H, 3JHH - 10.0 Hz, 3JHP = 2.6 Hz), 3.69 (pst, HM , 1H, 3JHH = 10.0 Hz, 
3JHPP = 10.0 Hz), 3.54 (s, H8, 3H), 3.14 (s, H13, 3H), 1.13 (s, Hl5, 9H). I3C NMR: 8 174.08 

(C=0),, 160.71 (ON), 138.45 , 138.21 , 134.69 , 134.55 , 134.51 , 134.25 , 133.95 , 133.69 , 

132.666 , 131.02 , 130.05 , 129.92 , 128.51 , 128.46 , 128.38 , 128.32 , 127.05 , 63.23 (CMe3), 

50.599 (OCH3 dmfu), 48.44 (HC=CHdmftl), 48.18 (HOCHdmfu), 47.97 (OCH3 dmfi l), 29.77 (CH3 

,_Bu)..
 31P-NMR (121.5 MHz, CDC13): 5 24.46. 

Pd(2-(-2-(diphenylphosphino)phenyl)-oxazoline)(dmfu)(15) ) 

Thee procedure was similar to that of 10a except that 2.39 g of Pd(dba)2 (4.2 mmol), 1.72 g (5.2 

mmoll  of 6 and 0.66 g (4.6 mmol) of dmfu was used. Yield: 1.60 g (2.75 mmol; 66 %). ]H NMR: 

88 8.11 (m, H1, 1H), 7.07-7.70 (m, HAr, 13H), 4.40 (b, Halkene, 2H), 4.18 (t, H5, 2H, 3JHH = 10.5 

Hz),, 3.87 (t, H6, 2H, 3JHH = 10.5 Hz), 3.12 (s, Hester, 3H), 3.59 (s, Hester, 3H). 13C NMR): 8 

!!  73.99 (C=0), 163.83 (ON), 135.27 , 134.23 , 134.10 , 133.99 , 133.70 , 133.53 , 133.07 , 

132.944 , 132.82 , 132.56 , 131.72 , 131.67 , 131.57 , 131.54 , 130.05 , 129.83 , 129.71 , 129.62 

,, 128.56, 128.48,66.80 (0-CH2oxazoline), 59.20 (N-CH2oxazoline), 50.48 (OCH3dmftl), 50.18 

(OCH33 dmfu), 48.23 (HC=CHdmfil), 47.99 (HOCHdmfu).
 31P-NMR (121.5 MHz, CDC13): 8 

20.34.. MW: 581.85 (calculated 581.06). 

Pd(8-diphenylphosphinequinoline)(dmfu)) (16) 

Thee procedure was similar to that of 10a, using 0.57 g of Pd(dba)2 (1.0 mmol), 0.34g (1.1 mmol 

off  7 and 0.16 g (1.1 mmol) of dmfu. Yield: 0.41 g (73 %). lH NMR: 8 9.40 (dd, Hb 1H, 3JHH = 

3.00 Hz, J = 1.5 Hz), 8.35 (d, H3, 1H, 3JHH = 8.5 Hz), 7.96 (d, 1H, 3JHH = 6.5 Hz), 7.66 - 7.26 
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(m,, 12H), 4.51 (d, H13, 1H, 3JHH = 10.3 Hz), 4.09 (pst, H12, 1H, 3JHH - 10.3 Hz, 3JHP - 10.3 

Hz),, 3.68 (s, H15, 3H), 3.35 (s, H10, 3H). 13C NMR: 5 174.72 (CO), 173.40 (C=0), 155.76 , 

155.677 , 151.78 , 151.46 , 138.38 , 137.94 , 136.93 , 136.43 , 134.62 , 134.08 , 133.93 , 133.67 

,, 133.31 , 133.05, 131.15, 130.43, 129.95, 129.43, 129.07, 128.91 , 128.88, 128,80, 127.74 

,, 127.66 , 123.14 , 51.02 (OCH3 dmft j), 50.47 (OCH3 dmft l), 46.03 (HC=CHdmfil), 45.84 

(HC=CHdmfu)..
 31P-NMR (121.5 MHz, CDC13): 5 15.43. 

Pd(bipyridine)(dmfu )) (17)26 

Thee procedure was similar to that of 10a, using 0.57 g of Pd(dba)2 (1.0 mmol), 0.17 g of bipy-

ridinee (1.1 mmol) and 0.16 g (1.1 mmol) of dmfu. Yield: 0.32 g (80 %). 'H NMR: 6 8.73 (d, H,, 

2H,, 3JHH = 4.6 Hz), 8.05 (d, H4, 2H, 3JHH = 8.1 Hz), 7.92 (pst, H3, 2H, 3JHH = 8.1 Hz), 7.39 

(pst,, H2, 2H, 3JHH = 4.6 Hz), 3.94 (s, H5, 2H), 3.63 (s, H6, 6H). 

4.4.44 Crystal structur e determination of 12c 

AA red irregular prism single crystal of 12c was mounted on a glass fiber and X-ray diffraction 

dataa were collected on a Bruker-Siemens SMART AXS 1000 equipped with CCD detector, us-

ingg graphite monochromated MoKa radiation (X = 0.71069A). Data collection details are: crys-

tall  to detector distance = 5.0 cm, 2424 frames collected (complete sphere mode), time per frame 

-- 30 s, oscillation Aco = 0.300°. Crystal decay was negligible. Data reduction was performed up 

too d = 0.80 A by the SAINT package and data were corrected for absorption effects by the 

SADABS288 procedure (Tmax = 1.000, Tmin = 0.857). The phase problem was solved by direct 

methodss and refined by full matrix least squares on all F929™ implemented in the WinGX 

package.. Anisotropic displacement parameters were refined for all non hydrogen atoms, 

whilee hydrogen atoms were located from Fourier maps and refined isotropically, except for me-

thyll  and CH2CI2 hydrogens which were introduced in calculated positions. The Cambridge 

Crystallographicc Database facility was used for the discussion of the structure. 

Thee final map was featureless. Data collection and refinement results are summarized in Table 

4.4. . 
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Tablee 4.4: Data collection and refinement results of 12c. 

Empiricall  formula 

Formulaa weight 

Temperature e 

Wavelength h 

Crystall  system 

Spacee group 

Unitt cell dimensions 

Volume e 

Z Z 

Densityy (calculated) 

Absorptionn coefficient 
F(000) ) 

Crystall  size 

00 range for data collection 

Indexx ranges 

Reflectionss collected 

Independentt reflections 

Observedd reflections [1 > 2a(/)] 

Dataa / restraints / parameters 

Goodness-of-fitt on F 

Finall  R indices [I > 2a(/)] 

RR indices (all data) 

Largestt final F maximum/minimum 

C,6.50H23ClN2O4Pd d 

455.22 2 

293(2)K K 

0.710699 A 

Monoclinic c 

P21/c c 

aa =13.629(2) A 
p== 93.369(2) A bb = 20.363(2) A 

c== 14.169(2) A 

3925.5(9)) A3 

1.5411 Mg/m3 

1.1033 mm"1 

1848 8 

0.5x0.3x0.33 mm3 

1.500 to 26.36° 

-17<h<16,, -25<k<25, -17<1<17 

40678 8 

80011 (R(int) = 0.0347) 

5907 7 

8001/0/508 8 

0.973 3 

Rll  - 0.0318, wR2 = 0.0835 

Rll  = 0.0494, wR2 = 0.0908 

0.955/-0.7666 e A-3 

4.4.55 Hydrogenation Experiments 

Thee hydrogenation reactions were performed by dissolving, in a Schlenk tube, 0.04 mmol of the 

appropriatee palladium complex in 40 ml of dry THF, under nitrogen atmosphere. Subsequently, 

thee Schlenk tube was connected to a gas inlet and flushed with hydrogen. Immediately after this 

44 mmol of 1 -phenyl-1 -propyne was added and the solution was then vigorously stirred at 25 °C; 

microo samples were withdrawn at regular intervals to monitor the reaction, and the samples 

weree analyzed by means of a gas chromatograph. 
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Chapterr  5 

Palladium-catalyzedd three-component reaction 

off  1,2-dienes, Iodobenzene and amines 

5.11 Introductio n 

Allylaminess are important synthetic targets which are found in many natural products, 

theyy often find application in products after subsequent transformations, e.g. amino 

acids,, alkaloids.3 Several stoichiometric and catalytic methods for the synthesis of a 

widee range of allylamines are known. In these cases two components are employed 

andd usually, substituents are introduced at the ally lie termini (positions 1 and 3). These 

cann be chosen relatively freely, but few methods allow introduction of substituents at 

positionn 2 (see Scheme 5.1 for numbering). In one instance, a zirconocene-imine 

2n3 3 Brr + HNFTR 
PdCI22 L2 

LL = P{o-tolyl)3 

NFTR R 2 D 3 3 

a1 1 
N ii m + HNR2R3 -I 

Pd(OAc)22 / PPh3 

Pd(dba)33 / dppf 

THF F 

.NR^R R 2o3 3 

.NR^R R 2o3 3 

33 1 

Schemee 5.1:Selected transition metal-catalysed C-N coupling reactions 

complexx was reacted with an alkyne to provide stereochemically pure products. This 

proceduree allows choice of substituents at all three positions of the allylic moiety, but a 

severee drawback is the stoichiometric use of the zirconium compound involved. Direct 

hydroaminationn of dienes and allenes would be a very attractive route to allylamines, but 

#.. Part of the work in this chapter has been published: van Laren, M.W.; Diederen, J.J.H.; Elsevier, C.J. 
Adv.Adv. Synth. Catal 2001, 343, 255. 
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thee selectivity is often very difficult to control and dimers or telomers are often 

obtained. . 

Insertionn of allenes into palladium-carbon bonds of aryl-Pd and acyl-Pd compounds 

proceedss readily and protocols based on this reaction involving intramolecular attack by 

N-nucleophiless on the incipient n-allylpalladium complex to give valuable heterocyclic 

compoundss are known. An elegant example is the trapping of an allylpalladium(II) 

complexx by internal N-nucleophiles in reactions of co-2,3-dienyl lactams with 

iodobenzenee to give tetrahydropyrrolizin-3-ones and tetrahydro-2H-indolizin-3- ones. 

Intermolecularr variants involving two components have also been established, these 

proceedd by intramolecular ring closure as the final step. 

5.22 Results &  Discussion 

Wee reasoned that, if the direct nucleophilic attack of the amine on the organic halide is 

sloww (which is known to be the case for aryl halides) as compared to the allene insertion, 

onee could envisage a /^ree-component tandem type reaction indicated in Scheme 5.2, 

leadingg to allylamines A and B (see Figure 5.1). Shimizu and Tsuji have reported such a 

.NFTFT T 

NR2R33 B 

Figuree 5.1: possible products of the three component reaction. 

three-componentt reaction, but it is limited to the use of non-volatile allenes and only 

thee very nucleophilic pyrrolidine has been employed as the amine. When low-boiling 

alleness or diethylamine were used, this method led to a disappointing (< 10%) yield. 

Hence,, we chose to use a closed vessel (Ace tube) to carry out the allylic aminations, 

whichh resulted in good yields for a broader range of substrates. Furthermore, the catalyst 

precursorr was varied (see below). 

Indeed,, reaction of iodobenzene with 3-methylbuta-l,2-diene and pyrrolidine or 

isopropylaminee in acetonitrile in the presence of a palladium-diphosphine catalyst, 
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obtainedd in situ from palladium acetate and l,2-bis(diphenylphosphino)ethane (dppe), 

att 100 °C in an Ace pressure tube for 3 hours cleanly provided the respective allylamines 

11 and 2 (Table 5.1, compare I0) in good yield. 

allylaminess A + B 

RR Ar 

W A r r 

l \ __ 2 3 
Pdd N—NR2R3 

L_// V|_ (+ regio- and 
stereoo isomers) 

R1R2NH2
+X~ ~ 

2HNR'R R 

Schemee 5.2: Anticipated reactions for a three-component intermolecular 

carbopalladation-aminationn of allenes to give allylamines. 

Regiospecificityy was obtained in both the arylation at C-2 and of the amination at C-l, 

i.e.i.e. the expected nucleophilic substitution by the amine at the unsubstituted terminal 

allenee carbon atom. Next, substrates with one substituent at the allenic terminus were 

selectedd to assess the regioselectivity for a more demanding substrate and in order to 

probee the stereoselectivity of the reaction. Thus, as shown in entries 3 - 6 of Table 1, 

reactingg 4,4-dimethylpenta-l,2-diene according to the same protocol with iodobenzene 

andd amines as in entries 1 and 2, led to good yields of the corresponding regiopure allyl 

aminess 3 -6 with high stereoselectivity for the (£")-isomer. No reaction was observed 

withh diisopropylamine or potassium diisopropylamide. However, diethylamine was a 

suitablee nucleophile and gave (£)-5 with complete regio- and stereoselectivity. 

Stereoselectivityy depends on the nucleophile; secondary, more basic amines give only 

thee (£)-isomer, whereas isopropylamine gives an 80/20 E/Z mixture. This may be due to 

lowerr nucleophilicity and less steric hindrance (as compared to pyrrolidine and 
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diethylamine),, hence less stereodifferentiation in the nucleophilic attack on the 

intermediatee syn- and a/ï/7'-(7i-allyl)palladium compounds. 

Tablee 5.1:Palladium-catalyzed three component synthesis of allylamines. 

Entryy 1,2-Diene Amine Product t Noo BZ Yield d 

(%)b b 

pyrrolidine e 
phh O 

11 n.a. 83 3 

isopropylamine e 
Ph h 

n.a. . 74 4 

pyrrolidine e 33 100/0 95 

isopropylamine e 
Ph h 

80/200 95 

diethylamine e 
Ph h 

55 100/0 90 

morpholinee /\ \ ^ 
11 Ph k ,0 

diisopropylaminee No reaction 

66 100/0 90 

0 0 

pyrrolidine e 77 70/30 T 

V V 

Ph h 

pyrrolidine e 

Ph h 

O O 
88 34/66 93 

10 0 ^ ^ 
isopropylaminee Ph 

Ph h 

50/500 95 

a)) Major isomer drawn, b) GC yields at 100% conversion; remainder is the allylic amine due to 
directt hydroamination (i.e. no oxidative addition of Phi), c) Remainder 20% hydroamination 
(R'-CH=CH-CH2-NR2R3)) and 6% ^-elimination (H2C=CH(Ph)-C(Me)=CH2). d) Conversion 
95%;; remainder 5% Phi and 5% hydroamination. e) Mel was used as the electrophile, number 
referss to isolated yield. 
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Phenylpropadienee as the substrate gave similar results regarding the regiochemistry but 

generallyy much lower and opposite stereocontrol was obtained, with a slight preference 

forr the (Z)-isomer. This may be explained by invoking the position of equilibrium 

betweenn syn- and awfr'-isomers of the intermediate jr-allyl-palladium complex (as 

comparedd to the situation for the products arising from 

4,4-dimethylpenta-l,2-diene)(Schemee 5.3) and the relative rate of attack of the 

N-nucleophilee on these species. 

H-- . H _ P h 

HH R 

Pd--
/ / 

"anti" " syn n 

HNRR' ' HNRR' ' 

NRR' ' 

Schemee 5.3: syn,anti-equilibrium of the intermediate p-allyl-palladium complex. 

NRR' ' 

Varyingg the organic halide to alkyl halides led to disappointing results. Reaction of 

methyll  iodide (entry 8) with 4,4-dimethylpenta-l,2-diene and pyrrolidine gave only 

veryy low yields of 7, whereas other alkyl iodides like n-butyl iodide gave irreproducible 

resultss and very low or no yield of the desired product at all. In these and other attempted 

casess we only obtained the alkylated amine (presumably via quaternisation of the amine) 

andd the hydroamination product arising from direct addition of the amine to the allene. 

Thee composition of the catalyst, notably the type of donor atoms and their spacing in the 

ligandd on palladium turned out to be an important parameter for the rate and 

stereoselectivityy of the reaction. The reaction was tested for the effect of the ligand using 

phenylallene,, iodobenzene and the most reactive nucleophile pyrolidine (Scheme 5.4). 

Thee bidentate phosphine ligands provide reactive catalysts for the reaction discussed, 

employingg a monodentate ligand such as triphenylphosphine, or the bidentate N-ligand 

Ar-biann didn't yield a reactive catalyst at all. In concert with earlier observations, 
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thee use of diphosphines is superior to monophosphines in these reactions, bidentate 

phosphinee ligands appeared to be the ligands of choice. The in situ prepared palladium 

compoundss combine excellent regio- and stereoselectivity to allylamines, as has been 

shownn above for bisdiphenylphosphinoethane (dppe). 

Ph h 
Pd d 

Ph-II + == +HN 1 
\\ \ ligand Ph' 

10 0 

Schemee 5.4: Reaction of iodobenzene, phenylallene and pyrolidine. 

Fromm Table 5.2 it can be seen that a catalyst derived from a bidentate mixed P,N-ligand 

iss more active (in terms of turnover frequency) but gives lower stereoselectivity and 

moree of the branched allylamine (10). However, higher activity and stereoselectivity 

(comparedd to dppe) were obtained for the catalysts derived from the bidentate 

diphosphiness dppf, (rac)-Binap and XanthphosJ,2J Although these give also small 

amountss of 10 as the byproduct (entries 2 - 4), no contamination with the direct 

hydroaminationn product (ll)(Scheme 5.5) was observed. 

p \\ / ^ 
^ = . ^^ + HN N 

\\ \ ligand N N 

11 1 

Schemee 5.5: Hydroamination reaction of phenylallene with pyrolidine. 

Finally,, the application of isolated, well-defined catalyst precursors Pd(Ph)I(diphos) 

obtainedd from oxidative addition of iodobenzene to a zerovalent Pd-precursor in the 

presencee of dppf or Binap gave similar or slightly better results in terms of selectivity 

andd yield, but catalysis was faster. 

Thee use of other nucleophiles, including ethanol, sodiumethanoate, ethylsulfide and 

aniliness did not yield any of the desired product (Scheme 5.6), only P-elimination 

productss arising from the Pd-allyl species were observed 
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Tablee 5.2: Reaction of iodobenzene, phenylallene and pyrolidine. 

Entry y Ligand d 7(%) ) EIZ EIZ 100 (%) t.o.f. 

11 Ph2P PPh2 
93 3 34/66 6 

< ^ ^ P P h 2 2 

PPh5 5 

97 7 18/82 2 20 0 

PPh, , PPh, , 

97 7 

97' ' 

19/81 1 

16/84 4 

31 1 

35 5 

Ph2PP N-f-Bu 

95 5 41/59 9 19 9 

a)) GC yields at 100% conversion; branched product, Ph-C(Me)=C(Ph)-N(C4Hg) (10), remainder is 

thee allylic amine, Ph-CH=CH-CH2-N(C4H8) (11) due to direct hydroamination . b) Turnover fre-

quencyy (mol product x mol catalyst"1 xh"1). c) Substrate PhCH=C=CH2 

/ / 
HN N 

Ar r 

Ph h 

Ph-II + 

HO' ' 

NaOEt t 

Pd d 

* -- / — 
ligand d 

HS' ' 

H N ^ P h h 

Schemee 5.6: Reaction iodobenzene and phenylallene with various nucleophiles. 
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5.33 Conclusion 

Inn conclusion, a highly regio- and stereoselective three-component palladium-catalysed 

synthesiss of allylamines has been achieved. Bidentate phosphines are the preferred 

ligands,, the composition and structure of which greatly influence the stereoselectivity 

andd rate of the reaction. 

5.44 Experimental Section 

GeneralGeneral Procedure.To 10 ml of acetonitrile (distilled from CaH2) in an Ace pressure tube (35 

mL)) was added, under stirring, 14 mg (62 umol; 2.5 mol%) of Pd(OAc);, 37 mg (93 umol) of 

dppe,, 0.28 ml (0.51 g; 2.5 mmol)of iodobenzene,2.75 mmol(l.l eq) of the appropriate 1,2-di-

enee and 1 ml of the appropriate amine (ca. 4-5 eq.) under a nitrogen atmosphere. The pressure 

tubee was closed and heated to 100 °C in an oil bath. Samples were taken at regular intervals, by 

coolingg the tube to 20 °C before opening the tube. Samples were passed over a short silica col-

umnn and the composition was determined by use of GC-MS. The composition of the reaction 

mixturee was determined by the use of GC-MS, 'H and l3C NMR. The crude product could be 

purifiedd by use of flash chromatography, using silica gel as column material and mixtures of 

hexanes/etherr as eluens. Yields of the pure products were about 25% lower than the GC-yields 

indicatedd in Table 1. 

2-methyl-3-phenyl-4-(N-pyrolidino)-2-butenee (1) 

*HH NMR: Ö 7.38-7.13 (m, ArH, 5H), 3.39 (s, H2CN, 2H), 2.60 (m, NCH2 pyr, 4H), 1.79 

(m,NCH2CH2,4H),, 1.74, 1.71 (CH3).
 13CNMR:Ö 142.9, 138.2 (Cq) 127.4, 123.8, 123.1 (CAr), 

117.77 (Cq), 54.1 (CH2-N), 53.4 (N-CH2pyr), 26.1, 23.6, 23.4 (CH3). 

2-methyl-3-phenyl-4-(N-isopropylamino)-2-butenee (2) 
]HH  NMR: 5 7.36- 7.12 (m, ArH, 5H), 3.49 (s, H2CN, 2H), 2.84 (sept, HC,-.Pr, 1H, 3JHH = 6.3 

Hz),, 1.76, 1.72, 1.66 (CH3).
 13C NMR: 5 143.2, (Cq), 138.5 (Cq) 127.3, 126.1, 123.6 (CAr) 

117.88 (Cq), 48.7 (CH,_Pr), 46.4 (CH2-N) 26.2, 23.8 (CH3). 

(£)-2,2-dimethyl-4-phenyl-5-(N-pyrolidino)-3-pentene(3) ) 

]HH NMR: 5 7.42-7.11 (m, ArH, 5H), 5.68 (s, HCaikene, 1H), 3.52 (s, H2CN, 2H), 2.54 (m, 

N-CH2pyr,, 4H), 1.77 (m,NCH2CH2, 4H), 0.88 (t, CH3 eth ,, 6H, 3JHH = 7.2 Hz). 13C NMR: 5 
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142.99 (Cq), 141.4 (CHalkene), 138.0 (Cq), 128.3 (CAr), 127.1 (CAr), 126.4 (CAr), 52.6 (CH2-N), 

49.99 (CH2), 33.7 (Cq,_Bu), 31.1 (CH3 r-Bu), 24.7 (CH3). 

(E)-2,2-dimethyl-4-phenyl-5-(N-isopropylamino)-3-pentene(4) ) 

'HH NMR: 5 7.44-7.09 (m, ArH, 5H), 5.77 (s, HCalkene, 1H), 3.79 (s, H2CN, 2H), 2.80 (sept, 

HC„Pnn 1H, 3JHH = 6-3 Hz), 1.27 (s, CH3 ,_Bu), 1.03 (d, HgC p̂ 6H, 3JHH = 6.3 Hz). 13C NMR: 

55 143.8 (Cq), 142.0 (CHalkene), 138.5 (Cq), 128.6 (C^), 127.0 (C^), 126.9 (CAr), 48.9 (CH,,Pr), 

46.11 (CH2-N), 33.3 (Cq,_Bu), 31.8 (CH3 t-Bu), 23.2 (CH3). 

(£)-2,2-dimethyI-4-phenyl-5-(N-diethylamino)-3-pentene(5) ) 

'HH  NMR: 5 7.39-7.09 (m, ArH, 5H), 5.67 (s, HCalkene, 1H), 3.55 (s, H2CN, 2H), 2.40 (q, 

CH2H3,4H,, 3JHH = 7-2 Hz), 1.20 (s, CH3 ,.Bu), 0.88 (t, CH3 ethyl, 6H, 3JHH = 7.2 Hz). 13C NMR: 

88 143.8 (Cq), 142.0 (CHalkene), 138.5 (Cq), 128.6 (CAr), 127.0 (CAr), 126.9 (CAr), 52.1 

(CH2-N),, 44.9 (N-CH2pyr), 33.6 (Cq ,_Bu), 31.3 (CH3 f-Bu), 13.7 (CH3). 

(Zi)-2,2-dimethyl-4-phenyl-5-(N-morpholino)-3-pentene(6) ) 

]HH NMR: 8 7.44-7.12 (m, ArH, 5H), 5.63 (s, HCalkene, 1H), 3.71 (m, NCH2CH20,4H), 3.54 (s, 

H2CN,, 2H), 2.44 (m, NCH2CH20,4H). 13C NMR: 5 143.6 (Cq), 141.2 (CHa[kene), 138.2 (Cq), 

128.22 (CAr), 126.6 (CAr), 126.4 (CAr), 67.1 (CH20), 53.2 (CH2Nmorph), 46.5 (CH2-N). 

(F)-2,2-dimethyl-4-phenyl-5-(N-pyrolidino)-3-pentene(7) ) 

'HH NMR: 8 5.57 (s, HCalkene, 1H), 3.45 (s, H2CN, 2H), 2.40 (q, CH2H3, 4H, 3JHH = 7.2 Hz), 

1.788 (m,NCH2CH2, 4H), 1.12 (s, CH3 ,_Bu).
 13C NMR: 8 143.9 (Cq ), 141.4 (CHalkene), 138.0 

(Cq),, 128.3 (CAr), 127.1 (CAr), 126.4 (CAr), 52.6 (CH2-N), 49.9 (CH2), 33.7 (Cq ,_Bu), 31.1 

(CH33 r-Bu), 24.7 (CH3). 

(E)-(E)- and (Z)-l,2-diphenyl-3-(N-pyrolidino)-l-propen e (8) 

(Z)-isomer:: 'HNMR: 8 7.65 - 7.20 (m, ArH, 10H), 6.93 (s, HCalkene, 1H), 3.70 (s, H2CN, 2H), 
2.455 (m, NCH2 pyp 4H), 1.75 (m,NCH2CH2, 4H). 13C NMR: 8 141.9 (Cq ), 140.7 (Cq), 137.8 
(Cq),, 130.5 (CA,), 129.2 (CAr), 128.9 (CAr), 128.3 (CAr), 127.8 (CAr), 127.3 (CAr), 126.8 
(CAr),, 48.9 (CH,,Pr), 46.4 (CH2-N), 23.1 (CH3). 
(F)-isomer:: ]H NMR: 8 7.63 - 7.21 (m, ArH, 10H), 6.72 (s, HCalkene, 1H), 3.52 (s, H2CN, 2H), 

2.655 (m, NCH2 4H), 1.83 (m,NCH2CH2, 4H). 
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(E)~(E)~ and (Z)-l,2-diphenyl-3-(N-isopropylamino)-l-propene (9) 

(Z)-isomer:: ]H NMR: 8 7.63 - 7.25 (m, ArH, 10H), 6.89 (s, HCalkene, 1H), 3.85 (s, H2CN, 2H), 

2.800 (sept, HC,.Pr, 1H, 3JHH = 6.3 Hz), LOO (d, f^q.p,, 6H, 3JHH = 6.3 Hz). 13C NMR: 8 141.9 

(Cqq ), 140.7 (Cq), 137.8 (Cq), 130.5 (CAr), 129.2 (CAr), 128.9 (CAr), 128.3 (CAr), 127.8 (CAr), 

127.33 (CAr), 126.8 (CAr), 48.9 (CH,-_Pr), 46.4 (CH2-N), 23.1 (CH3). 

(£)-isomer:: *H NMR: 8 7.62 - 7.21 (m, ArH, 10H), 6.77 (s, HCallcene, 1H), 3.74 (s, H2CN, 2H), 

3.100 (sept, HC,.Pr, 1H, 3JHH = 6.3 Hz), 1.14 (d, H3Ci.Pr, 6H, 3JHH = 6.3 Hz). 
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Summary y 

AA growing need for chemical reactions which are carried out with high selectivity and 

highh 'atom economy', while using less energy, is emerging world-wide. Catalysis is one 

off  the enabling activities at the hart of the endeavours aimed at realizing several if not 

alll  of these targets. Especially the wish of making optimum use of the available 

resources,, by safeguarding that all of the reactants in a chemical reaction end up in the 

productt of that reaction ('atom economy'), is a goal to strive for. In this respect, (partial) 

hydrogenationn of unsaturated molecules constitutes an interesting example and an 

achievablee target, which may at the same time provide access to molecules with high 

addedd value. Furthermore, it is desirable to carry out reactions between multiple 

reactantss within one manipulation, without the need for separate reaction steps. In this 

respect,, three-component reactions are very interesting and deserve more attention. 

Inn this thesis, the synthesis and identification of a number of new palladium compounds 

thatt can effect such reactions has been described. The reactivity of a variety of such 

compounds,, by using these as homogeneous (pre-)catalysts, is also described. The main 

partt of this work (Chapters 2 - 4) concerns the use of palladium(0)-complexes as 

catalystss in the selective semi-hydrogenation of alkynes. A small part (Chapter 5) deals 

withh the use of palladium(II)-complexes as catalysts in the three component reaction of 

aromaticc iodides, amines and allenes to form allylamines. 

Thee homogeneous palladium-catalysed semi-hydrogenation of alkynes has not been 

describedd so far and three component reactions have not been well developed yet. These 

methodss and the products arising from them are valuable to the modern chemist, since 

theyy enlarge the spectrum of achievable reactions and provide chemical building blocks 

byy a straightforward approach. 
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Inn Chapter 1, a general introduction into organometallic chemistry in general and 

organopalladiumm chemistry in particular is given. Furthermore, the research concerning 

transitionn metal catalysed hydrogenation of alkynes is discussed in detail, with special 

emphasiss on the selective hydrogenation of (internal) alkynes to ((Z)-)alkenes. The 

variouss postulated mechanisms for these reactions are discussed and the scope of various 

catalystss and the results of catalytic hydrogenation by using these systems are compared. 

Thee last part of Chapter 1 deals with the palladium-catalysed addition of nucleophiles to 

alleness and with known palladium-catalysed three component reactions. 

Inn Chapter 2 the synthesis and structure of novel, low-valent palladium complexes with 

rigidd bidentate nitrogen ligands, stabilized with an additional alkene molecule; 

[Pd(Ar-Bian)(dmfu)]]  (1; Figure 1) has been described. Next, their reactivity in the 

catalyticc selective semi-hydrogenation of internal alkynes has been discussed (Scheme 

1) ) 

KK = K ^  / \ 
catalystt R R' 

alkynee (Z)-alkene 

Schemel:: Selective hydrogenation of internal alkynes to (Z)-alkenes 

Thesee palladium catalysts exhibit a very good selectivity in the formation of the 

(Z)-alkene;; the effectiveness of which has been probed in dependence of the 

stereo-electronicc properties of the R-group attached to jV-aryl moiety of the bidentate 

ligand.. The selectivity of the hydrogenation appears to increase when increasing the 

electrondonatingg properties of this R-group (from H to OMe). The complex 

Pd(/?-An-bian)(dmfu)) (1) is the most selective pre-catalyst. 
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Figuree 1 Pd(p-An-Bian)(dmfu)] (1) 

Thiss catalyst is useful for the selective conversion of a wide variety of alkynes into 

(2)-alkenes,, including alkynes which contain other reducible groups such as carbonyl 

moietiess or nitro groups, since these functionalities are not reduced by these catalysts 

underr the mild conditions employed. 

Chapterr 3 deals with the kinetics of the selective semi-hydrogenation of alkynes using 

[Pd(p-An-Bian)(dmfu)]]  (2). For the semi-hydrogenation of 1-phenyl-1-propiolic acid 

usingg 2 as the catalyst precursor, the obtained kinetic data show that the order in 

dihydrogen,, in substrate as well as in the catalyst are all (close to) unity. The kinetics 

havee been used as one of the input parameters for a discussion of the mechanism of the 

semi-hydrogenation.. As a further probe into elucidation of the mechanism, the 

ParaHydrogenn Induced Polarization (PHIP) NMR technique has been exploited. These 

experimentss clearly favour a mechanism in which dihydrogen is added pairwise to the 

alkynee to form the (Z)-alkene. This led to the proposal of the following mechanism 

(Schemee 2). The high selectivity towards the (Z)-alkene can be explained by the initial 

pairwisee addition of dihydrogen, leading to the Pd-(Z)-alkene complex and the 

consequentt fast replacement of the (Z)-alkene by the much stronger coordinating alkyne. 

Thee formation of (£)-alkene and alkane as minor side products can be explained by 

isomerizationn and further hydrogenation, respectively, of the initial Pd-(Z)-alkene 

complex. . 
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Schemee 2: proposed mechanism fot the semi-hydrogenation of alkynes. 

InIn Chapter 4 our further investigations into the selective semi-hydrogenation of internal 

alkynes,, utilizing other types of ligands than the afore mentioned rigid bidentate 

(Ar-Bian)) ligands, are presented. The types of ligands that have been evaluated for this 

reactionn comprise other bidentate as well as tridentate nitrogen ligands, but also (mixed) 

P-NN ligands and bidentate phosphine ligands have been used. These have all been 

incorporatedd in zerovalent palladium complexes of the type [Pd(L)(dmfu)]. Examples of 

thee ligands L in these complexes are shown in Figure 2 

Figuree 2: Ligands used in hydrogenation. 

Thee synthesis of the ligands and the complexes and their characterisation have been 

detailed.. It is shown that the palladium complexes containing the pyridine-imine and 
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phosphine-iminee ligands shown in Figure 2 were very selective in the 

semi-hydrogenationn of 1 -phenyl-1 -propyne. Using these as catalysts resulted in a high 

selectivity,, comparable to that of the [Pd(p-An-Bian)(dmfu)] complex. However, these 

complexess appeared to be less stable than the complexes containing the rigid bidentate 

Ar-biann ligands. The P-N ligands also provided a good selectivity, together with a good 

ratee of hydrogenation, but the bidentate phosphorus ligands lack reactivity and are not 

veryy useful in this reaction. 

Inn Chapter 5 the three-component reaction of aryl iodides with amines and allenes 

catalyzedd by palladium(II) complexes is discussed. This reaction constitutes a very 

straightforwardd 'one pot' synthesis yielding specifically functionalised allylic amines 

(Schemee 3). 

Arr  A r 

33 1 I - -
AA NR2R3 B 

Schemee 3: products of three component reaction. 

Variouss ligand systems were utilized in this reaction, including bidentate nitrogen and 

phosphoruss ligands, as well as mixed P-N ligands. The catalysts containing phosphorus 

ligands,, especially bidentate phopsphorus ligands with wide bite angles, turned out to be 

thee more reactive ones. 

Concluding,, a variety of new palladium(0)-complexes has been synthesized. These 

compoundss are able to selectively hydrogenate internal alkynes to the corresponding 

(Z)-alkenes.. The best of these systems give excellent selectivity over a wide range of 

substratess without reducing other functional groups. 

Furthermore,, the three component reaction of aryl iodides with allenes and amines has 

beenn investigated and a new route to a large group of functional molecules has been 

devised. . 
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Samenvatting g 

Err is een groeiende behoefte wereldwijd aan chemische reacties die uitgevoerd worden 

mett een hoge selectiviteit en een hoge 'atoom-economie' en die tegelijkertijd minder 

energiee gebruiken. Katalyse is een van die activiteiten in het hart van die pogingen 

gerichtt op het realiseren van enkele, zoniet al dezer doelen. Een belangrijk doel is om 

optimaall  gebruik te maken van de beschikbare grondstoffen, door ervoor zorg te dragen 

datt alle reactanten in een chemische reactie eindigen in het product van die reactie 

('atoomm economie'). Wat dit betreft is de (gedeeltelijke) hydrogenering van 

onverzadigdee moleculen een interessant voorbeeld en een haalbaar doel, dat 

tegelijkertijdd toegang kan verlenen tot moleculen met een hoge toegevoegde waarde. 

Verderr is het wenselijk om reacties uit te voeren tussen verscheidene reactanten in één 

handeling,, zonder de noodzaak voor afzonderlijke reactie stappen. Wat dit betreft zijn 

drie-componentenn reacties zeer interessant en verdienen deze meer aandacht. 

Inn dit proefschrift zijn de synthese en identificatie van een aantal nieuwe palladium 

verbindingenn die zulke reacties kunnen bewerkstelligen beschreven. De reactiviteit van 

eenn variëteit van zulke verbindingen, die gebruikt werden als homogene 

(pre-)katalysatoren,, is ook beschreven. Het grootste deel van dit werk (hoofdstukken 

2-4)) betreft het gebruik van palladium(0)-complexen als katalysatoren in de selectieve 

semi-hydrogeneringg van alkynen. Een klein deel (hoofdstuk 5) behandelt het gebruik 

vann palladium(II)-complexen als katalysatoren in de drie-componenten reactie van 

aromatischee jodiden, aminen en allenen tot allylaminen. De homogene 

palladium-gekatalyseerdee semi-hydrogenering van alkynen is tot dusver niet beschreven 

enn de drie-componenten reactie is nog niet goed ontwikkeld. Deze methoden en de 

hieruitt voortkomende producten zijn waardevol voor de moderne chemicus, aangezien 

zee het spectrum van te verwezenlijke reacties vergroten en ze interessante chemische 

verbindingenn opleveren. 
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Inn Hoofdstuk 1 wordt een algemene inleiding in de organometaal chemie in het 

algemeenn en de organopalladium chemie in het bijzonder gegeven. Verder wordt het 

onderzoekk naar overgangsmetaal-gekatalyseerde hydrogenering van alkynen in detail 

behandeld,, met speciale nadruk op de selective hydrogenering van (interne) alkynen 

naarr ((Z)-)alkenen. De verschillende gepostuleerde mechanismen voor deze reacties 

wordenn besproken en de reikwijdte van de verschillende katalysatoren, alsmede de 

resultatenn van de katalystische hydrogenering gebruikmakend van deze systemen, 

wordenn vergeleken. Het laatste deel van Hoofdstuk 1 behandelt de palladium 

gekatalyseerdee additie van nucleofielen aan allenen en de reeds bekende palladium 

gekatalyseerdee drie-componenten reacties. 

Inn Hoofdstuk 2 wordt de synthese en structuur van nieuwe, laagwaardige palladium 

complexenn met rigide bidentate stikstof liganden, gestabiliseerd met een extra alkeen 

molecuul;; [Pd(Ar-Bian)(dmfu)] (1; Figuur 1) beschreven. Hierna wordt hun reactiviteit 

inn de katalytische selectieve semi-hydrogenering van interne alkynen besproken 

(Schemaa 1). 

RR = = R' 1 / ^ ^ \ 
catalystt R R' 

alkynee (Z)-alkene 

Schemaa 1: Selectieve hydrogenering van interne alkynen tot (Z)-alkenen. 

Dezee palladium katalysatoren vertonen een zeer goede selectiviteit in de vorming van 

hett (Z)-alkeen; waarvan de effectiviteit onderzocht is afhankelijk van de 

stereo-electronischee eigenschappen van de R-groep bevestigd aan het jV-aryl deel van 

hett bidentate ligand. De selectiviteit van de hydrogenering lijk t toe te nemen wanneer de 

electronn donerende eigenschappen van deze R-groep (van H to OMe) toenemen. Het 

complexx Pd(p-An-Bian)(dmfu) (1) is de selectiefste prekatalysator. 

114 4 



Figuurr  1 Pd(p-An-Bian)(dmfu)] (1) 

Dezee katalysator is nuttig voor de selectieve omzetting van een brede verscheidenheid 

vann alkynen in (Z)-alkenen, waaronder alkynen die andere reduceerbare groepen 

bevattenn zoals carbonyl groepen en nitro groepen, aangezien deze functionele groepen 

niett gereduceerd worden door deze katalysatoren onder de milde condities die gebruikt 

zijn. . 

Hoofdstukk 3 behandelt de kinetiek van de selectieve semi-hydrogenering van alkynen 

gebruikmakendee van [Pd(p-An-Bian)(dmfu)] (1). Voor de semi-hydrogenering van 

1-fenyl-l-propioolzuurr gebruikmakend van 1 als pre-katalysator, tonen de verkregen 

kinetischee data aan dat de orde in waterstof, in substraat alsmede in de katalysator alle 

ongeveerr 1 bedragen. De kinetiek is gebruikt als een van de invoerparameters voor de 

besprekingg van het mechanisme van de semi-hydrogenering. Voor verdere opheldering 

vann het mechanisme is de "ParaHydrogen Induced Polarization (PHIP)" NMR techniek 

gebruikt.. Deze experimenten wijzen uit dat een mechanisme waarin waterstof 

paarsgewijss aan het alkyn geaddeerd wordt, het meest waarschijnlijk is: Dit leidde tot 

hett voorstellen van het volgende mechanisme (Schema 2). 
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Schemaa 2: Voorgesteld mechanisme voor de selectieve hydrogenering van alkynen tot 

(Z)-alkenen. . 

Dee hoge selectiviteit naar het (Z)-alkeen kan verklaard worden door de aanvankelijke 

paarsgewijzee additie van waterstof, leidende tot het Pd-(Z)-alkeen complex en de 

vervolgenss snelle vervanging van het (Z)-alkeen door het veel sterker coördinerende 

alkyn.. De vorming van het (£)-alkeen en alkaan als nevenproducten kan verklaard 

wordenn door, respectievelijk, isomerisatie en verdere hydrogenering van het initiële 

Pd-(Z)-alkeenn complex. 

Inn Hoofdstuk 4 worden onze verder onderzoekingen in de selectieve 

semi-hydrogeneringg van interne alkynen, gebruikmakend van andere type liganden dan 

dee eerder vermelde rigide (Ar-Bian) liganden, besproken. De typen liganden die 

bestudeerdd zijn voor deze reactie betreffen andere bidentate alsmede tridentate stikstof 

liganden,, maar ook (gemengde) P-N liganden en bidentate fosfor liganden. Van al deze 

ligandenn zijn nulwaardige palladium complexen van het type [Pd(L)(dmfu)] 
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gesynthetiseerd.. Voorbeelden van de liganden L in deze complexen zijn afgebeeld in 

Figuurr 2. 

Figuurr  2: Liganden gebruikt in hydrogenering. 

Dee synthese van de liganden en de complexen en hun karakterisering wordt besproken. 

Err wordt aangetoond dat de palladium complexen met de pyridine-imine en 

phosphine-iminee liganden uit Figuur 2 zeer selectief zijn in de semi-hydrogenering van 

1-fenyl-l-propyn.. Het gebruik van deze katalysatoren resulteerde in een hoge 

selectiviteit,, vergelijkbaar met die van het [Pd(/?-An-Bian)(dmfu)] complex. Echter, 

dezee complexen blijken minder stabiel dan de complexen met de rigide bidentate 

Ar-biann liganden. De P-N liganden geven ook een goede selectiviteit, samen met een 

goedee snelheid van hydrogenering, maar de bidentate fosfor liganden ontberen 

reactiviteitt en zijn niet erg bruikbaar in deze reactie. 

Inn Hoofdstuk 5 wordt de drie-componenten reactie van aryljodiden met aminen en 

allenen,, gekatalyseerd door palladium(II)-complexen, besproken. Deze reactie vormt 

eenn zeer eenvoudige 'eenpots' synthese die specifiek gefunctionaliseerde allylaminen 

oplevert.. (Schema 3). 

Arr  A r 

33 1 I , , 

AA NR2R3 B 

Schemee 3: producten van de drie-componenten reactie. 
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Verscheidenee ligand systemen werden gebruikt voor deze reactie, waaronder bidentate 

stikstoff  en fosfor liganden, alsmede gemengde P-N liganden. De katalysatoren met 

fosforr liganden, in het bijzonder bidentate fosfor liganden met grote bijthoeken, bleken 

dee reactievere katalysatoren te zijn. 

Concluderend;; een verscheidenheid van nieuwe palladium(0)-complexen is 

gesynthetiseerd.. Deze verbindingen zijn in staat om selectief interne alkynen te 

hydrogenerenn tot de overeenkomstige (Z)-alkenen. De beste van deze systemen geven 

eenn uitmuntende selectiviteit over een zeer groot bereik van substraten zonder daarbij 

anderee functionele groepen te reduceren. 

Verderr is de drie-componenten reactie van aryljodiden met allenen en aminen 

onderzochtt en is een neiuwe route naar een grote groep van functionele moleculen 

ontworpen. . 
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zeerr goed toeven met jou. Je gastvrijheid is ongeëvenaard net zoals je goede (dure) 

smaak.. Ik weet niet of 't ons ooit nog gaat lukken één biertje te drinken, maar dat we nog 

well  vaker zullen bieren staat wel vast. 

Dorette,, om woorden zitje nooit verlegen, ook ji j hebt bijgedragen aan de goede sfeer 

inn de groep. 

Veell  lol was er ook altijd te beleven met Jeroen Diederen, hoewel er wel af en toe wat 

sneuvelde.. Veel plezier was er ook op de dansavondjes in Winstons, vooral wanneer ji j 

sjanss had. 

Jeroenn Sprengers is wel de laatste die nog bij het groepje is gekomen en die de beste 

tijdenn van de 7e nog heeft meegemaakt. Je neemt nu de wacht over in het schrijfhok. 

Marcell  Duin, de man van de seizoensgroenten en andere volkswijsheden, vroeger een 

ferventt bierdrinker maar tegenwoordig helemaal tot rust gekomen. Het was een ware 

openbaringg te ervaren welk effect een vreemd dieet op skivakantie op jouw gestel heeft. 

Mett Marcel van Engelen ben ik heen en weer verhuisd door de UvA en samen op 

congress geweest in Stockholm. Ook ji j was een meer dan uitstekende en prettige collega 

mett als bonus datje ook nog eens de plaatselijke computerwizzard was. 

Natuurlijkk is er nog Sander (Bokkie) Kluwer, een waar feestbeest. Ook met jou was het 

goedd drinken en je grote zwarte pruik tijdens skivakantie heeft me misschien wel een 

enkeltjee richting ravijn bespaard tijdens een sneeuwstorm. Legendarisch waren de 

dansavondjess (nachtjes) met jou in de Winstons. 

Tenslottee dan nog Wim, tegelijkertijd begonnen we en samen hebben we ook nog een 

congress bijgewoond in Versaille. Wat me daar van het meest bijgebleven is, is dat de 

altijdd beheerste Wim opeens na een avondje drinken in de stad zijn geduld verloor toen 

dee deur van het hotel niet openging. Het hierop volgende kabaal leverde een boze 

eigenaarr op die met de gendarmerie dreigde. Gelukkig bleef het daar bij. 

Dann hebben we nog twee oude studenten van de groep die nu zelf aan het promoveren 

zijn,, Rene Sinkeldam en Eric Zijp. Veel succes met julli e promotie. 
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Restt mij nog een heleboel andere collega's van de 7e verdieping te bedanken, Jeroen de 

Pater,, Erica, David, Alexandre, Chaode, FrankV, Ron, Basak, Anthony, Steve, CeesB, 

Piotr,, Hans Mol, Dick Stufkens, Franti natuurlijk, ReneW en alle andere die ik eventueel 

vergetenn ben. 

Verderr veel dank aan de collega's van de 9e, het zijn er in de loop der jaren teveel 

gewordenn om op te noemen. 

Mij nn grote dank voor mijn vrienden, altijd goed voor een hoop plezier, een goed gesprek 

off  een goede vakantie. 

Mij nn familie, bedankt voor al julli e steun in goede en in slechte tijden. 

Ookk dank aan Miriam, we hebben samen al een tumultueuze geschiedenis achter de rug. 

Bedanktt voor al je steun! 

Tenslottee wil ik mijn ouders bedanken, helaas zijn julli e er niet meer bij. In het bijzonder 

dankk aan mijn moeder, wier steun en aanmoedigingen altijd zo belangrijk voor me zijn 

geweest.. Je hebt me altijd voorgehouden verder te leren en vooral alles af te maken 

waaraann je begint. Op die manier ben ji j zeer belangrijk geweest in de totstandkoming 

vann dit proefschrift. 

Martijj  n 

122 2 








	Cover
	Titlepage
	Table of Contents
	Chapter 1 Introduction
	Chapter 2 Selective Hydrogenation of Alkynes using PdO(Ar-bian)(dmfu) complexes; Synthesis and Catalysis
	Chapter 3 Selective Hydrogenation of Alkynes using Pd(0)(Ar-bian)(dmfu) complexes; Mechanism and Kinetics
	Chapter 4 Palladium(0) Complexes with Bidentate Nitrogen and Phosphorus Ligands for the Stereoselective Hydrogenation of 1-Phenyl-1-propyne to (Z)-1-phenyl1-1propene
	Chapter 5 Palladium-catalyzed three-component reaction of 1,2-dienes, Iodobenzene and amines
	Summary
	Samenvatting
	Dankwoord
	Cover

