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CHAPTERCHAPTER 1 

Generall  Introduction 

1.11 Catalysis 

Onee of the most challenging problems being faced by the chemical industry nowadays is to 

meett the worldwide growing need for chemical products in a responsible and sustainable manner. 

Thee growing environmental burden that this increase in demand poses, necessitates the 

developmentt of alternative, "green" production methods. In this context, 'green chemistry' can be 

describedd as chemical conversions that consume a minimal amount of energy and resources, and 

producee the least waste. One of the key solutions to this problem is catalysis.' 

Soo far. heterogeneous catalysis has played a major role in the oil processing industry, because 

off  the general robustness of the catalysts and easy separation of the products from the catalyst.12 

Homogeneouss catalysis can in many views be regarded as being complementary to its 

heterogeneouss counterpart, since the generally better mechanistic understanding of the catalytic 

cyclee allows the catalysts to be tailored to the particular problem involved. In transition metal 

catalysis,, change of the ligand environment of the metal centre by rational fine-tuning of the sterie 

andd electronic properties of the ligands can result in the desired catalytic reactivity and selectivity. 

Forr this reason, the field of homogeneous catalysis (together with that of organometallic chemistry) 

hass been experiencing a rapid growth during the last decades. 

1.22 Catalysis in Fine-Chemical Synthesis 

Somee huge break-throughs have been accomplished in the application of homogeneous 

catalystss in large-scale chemical processes, e.g. the polymerisation and hydroformylation of 

olefins.. However, its potential also lies in the field of specialty- and fine-chemical synthesis, where 

thee production of high-value intermediates and products in high purity easily justifies the need for 

flexible,, tailor-made catalyst development. Conventional synthetic routes often consist of a large 

numberr of reaction steps, each one with its own atom economy. '' selectivity and waste production. 

Thee use of homogeneous catalysis can in many cases reduce the number of steps that is required for 

thee synthesis, lower the energy consumption and amount of resources needed, and give higher 

yieldss to the desired product. An example is the development of the Heck reaction, which is a mild 
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catalyticc method for functionalising aromatic compounds. This Heck type chemistry can replace 

thee older Friedel-Crafts alkylation. which requires harsh conditions and the presence of a large 

excesss of aluminum reagent that ultimately ends up in a large amount of salts. In the classic form of 

thee Heck reaction, only an equimolar amount of halidc side-product is formed, reducing the waste-

streamm considerably. Of course, a further reduction of this amount of waste is desirable and much 

researchh effort is being devoted to this problem. 

EnanlioselectiveEnanlioselective homogeneous catalysis undoubtedly has evolved to one of the most important 

fieldss in modem chemistry. The demand for enantiomerically pure compounds in fine-chemical 

synthesiss will continue to show rapid growth in the future. Because of the ability of a small amount 

off  designed catalyst to pass chirality to a large amount of substrate into chiral product with high 

reactivityy and (enantio)selectivity. chiral transition metal catalysts are among the most promising 

candidates.. This importance has recently been illustrated by the 2001 Nobel-prize for chemistry, 

whichh has been awarded to Knowles. Sharpless and Noyori for their work on asymmetric 

catalysis.. '4~h| 

1.33 Palladium-catalysed C-C Bond Formation Reactions; Cross-coupling Chemistry 

1.3.11 General Aspects. Catalytic transformations in which a new carbon-carbon bond is formed 

aree of huge importance in many fields of chemistry, since they allow the building of more complex 

compoundss from simple precursors. In the past 30 years, many transition metals have been found 

thatt catalyse this type of transformations. Among them, palladium is the most versatile. Examples 

off  reactions that are palladium-catalysed include the carbonylation of alkenes. the allylic alkylation. 

thee co-polymerisation of alkenes and CO. the hydroaryiation. cross-coupling reactions, the Heck 

s^s^ R-X 

\\ [oxidative 
addition n 

JJ ^ 

,R R 
Pd ' ' 

X X 

transmetallation n 
M-XX l. I 

R'-M M 

Schemee 1. Schematic representation of the generally accepted catalytic cycle in cross-coupling 

reactions. . 
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reaction,, the 1.4-addition to dienes. etc. The amount of literature that has been published within 

thesee areas is huge. A recent literature search (July 2002) in the SciFinder database for "'palladium-

catalysedd C-C bond formation" resulted in close to 10.000 hits. The actual number of papers 

involvedd is likely to be much larger. The work described in this thesis wil l mainly focus on 

palladium-catalysedd C-C bond formation reactions that occur through a cross-coupling- or closely 

relatedd mechanism. Since excellent and extensive reviews and books on these topics appear 

regularly.. s" _l this introduction wil l only cover the main aspects of the reactions of interest, 

togetherr with several important recent highlights. 

1.3.22 Cross-coupling reactions. The various cross-coupling reactions catalysed by palladium 

complexess (or the closely related nickel analogues) in most cases proceed via a similar general 

mechanisticc pathway (see Scheme 1). This catalytic cycle can be divided into three main 

elementaryy processes, which are (i) oxidative addition of an electrophile. typically an organic 

halidee or triflate to a 14 electron Pd(0) species to form the corresponding Pd(lI)(organyl) complex, 

(ii )) transmetallation of an (organometallic) nucleophilic coupling partner to this complex and (iii ) 

reductivee elimination to yield the cross-coupling product together with the staining Pd(0) complex 

thatt can re-enter the catalytic cycle. Cross-coupling reactions are usually classified according to the 

naturee of the organometallic substrate applied and often named after their discoverers. The most 

importantt examples include the Grignard cross-coupling (or Kumada coupling. M = Mg).[ |x ' the 

Suzuki-(MM = B).[1"' " ' Stille- (M = Sn)(l" " ' and the Negishi reaction (M = Zn).1'"-"-" 11 

1.3.33 Substrates. An extremely wide variety of organic electrophiles can be applied in cross-

couplingg reactions. Usually, aryl and vinyl iodides and bromides are employed, but other leaving 

groups,, e.g. triflates. can also be used. Often, the order of reactivity found for aryl substrates ArX is 

II  > OTf > Br > CI. which roughly reflects the ease of cleavage of the C-X bond. Unfortunately, the 

moree reactive aryl iodides and triflates are less widely available and more expensive than the 

correspondingg bromides and especially chlorides. Moreover, on a weight basis, chlorides are most 

attractivee in the perspective of'green' industrial chemistry. Therefore, much effort has been devoted 

too the development of catalysts that enable the conversion of chloride substrates under mild 

conditionss (vide infra). Aliphatic halidc-substrates are less suitable for cross-coupling reactions, 

sincee extensive side-reactions from the unstabilised (<7-alkyl)Pd complexes, e.g. /3-hydridc 

eliminationn or homolytic cleavage of the metal-carbon bond, usually occurs.1"4 ""' However, 

improvedd yields in the application of sp-hybridised hahdes have been reported recently by several 

researchh groups."'1""' 1 

Thee scope on the side of the organometallic substrates is also very broad. The reactivity within 

thee series of the most w idely used reactants usually follows the order V1g > Zn > Sn > B. This trend 

cann be explained in terms of decreasing polarity of the metal-carbon bond, diminishing the actual 

nucleophilicityy of the organic fragment. In addition, the decreasing thermodynamic driving force of 

thee salt formation plays a role. The less reactive nucleophiles have the advantage of a broader 
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functionall  group tolerance and higher chemoselecm ity in the reaction and are easier to handle due 

too their higher stability towards both hydrolysis and oxidation. However, because of the diminished 

reactivityy they often require relative long reaction times and high temperatures. 

1.3.44 Influence of the Metal. Palladium catalysts are generally more chemo- and 

stereoselectivee and have a wider scope in the organic substrates that can be coupled than the 

correspondingg nickel complexes. The mam advantage of nickel is its higher reactivity towards the 

organicc electrophile. enabling for example the facile activation of aryl chlorides. Combined with 

thee much lower catalysts costs, this feature makes nickel an attractive alternative for larger-scale 

industriall  applications of cross-coupling reactions. On the other hand, the much larger diversity of 

palladiumm generally more than counterbalances the advantageous properties of nickel. Hence, in 

mostt studies concerning cross-coupling reactions, palladium is applied as the metal catalyst. 

1.3.55 Ligand Effects. An extremely important factor in determining the course of the reaction 

usingg a metal catalyst are the ligands employed. With the development of tailored ligands the 

reactivity,, selectivity and stability of the catalysts have been greatly improved, although not in 

everyy case the origin of the observed effects is completely understood. Important characteristics of 

thee ligand that influence the metal centre and therefore the outcome of the reaction arc the 

electronicc and steric properties.1'1"1 For bidentate diphosphines. the bite angle (the P-M-P angle) that 

iss enforced by the ligand also can have a pronounced influence on the course of the catalytic 

reaction.11 A problem inherent to a catalytic cycle is that accelerating a specific step in the cycle 

byy adjusting the ligand properties retards one of the other elementary steps. A fast catalyst therefore 

shouldd preferentially show similar rates for each elementary step of the cycle.: Some general, 

importantt ligand effects on individual steps in the catalytic cycle of palladium-catalysed cross-

couplingg reactions wil l be discussed shortly below. 

Thee oxidative addition probably forms the most extensively studied elementary step in cross-

couplingg chemistry. A lot of mechanistic insight has been gained by investigation of stoichiometric 

reactionss of numerous organic halides and Pd(0)-precursors. From these studies, it can be 

concludedd that the rate of oxidative addition generally increases upon the use of electron-donating 

ligandss together with an electron poor organic halide fragment.'' " h| Furthermore, the bite angle 

playss an important role, as shown by Milstcin and co-workers.1, 'N They found that the oxidative 

additionn is faster with decreasing bite angle. Other factors can also have a large influence on the 

coursee of the oxidative addition by radically changing the preferred coordination modes of the 

ligand(s)) in the complex,11 '! However, it should be noted that stoichiometric studies can deliver 

incompletee pictures of the true catalytic reactions in many cases, as they often do not take into 

accountt other substrates and counterions that arc present during the catalysis. The latter, for 

instance,, can coordinate to low-ligated palladium species, giving rise to alternative reactive anionic 

complexes. . 

4 4 
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Thee next step in the catalytic cycle, the transmetallation, is more difficult to study. For 

monodentatee ligands evidence has been collected in favour of a dissociative pathway, in which a 

vacantt site for the nucleophile is created by the decomplexation of one of the ligands from the 

Pd(Il)) complex.i4" ,N' However, cases with associative'4'' or multiple pathways within one system1"" 

havee also been reported. To date, a systematic study of ligand effects on the transmetallation step 

hass not been performed. 

Thee reductive elimination can be regarded as the reverse of the oxidative addition step, which 

impliess that the ligand effects should follow opposite trends.'"'' In fact, this is what is observed for 

thee bite angle trend; the rate of reductive elimination increases with a larger P-M-P angle.'""" 

Whenn the bite angle becomes too large, the ligand coordinates in a trans fashion, and the complex 

resistss reductive elimination. It has been shown that upon addition of excess alkyl halide these 

transtrans complexes may undergo facile reductive elimination, suggesting a mechanism which involves 

Pd(IV)) species formed after oxidative addition to the starting Pd(II) complex.1" ' An alternative 

mechanismm based on intermolecular exchange of the organic groups has also been proposed. ' 

Forr different ligand systems both dissociative mechanisms15 '4| and direct elimination from a 

four-coordinatee species'65"' ' have been suggested. The course of the reductive elimination step is 

thoughtt to proceed through a migratory mechanism, as opposed to a concerted pathway in which 

bothh Pd-C bonds are simultaneously broken.'"4 6X" 

Fromm the above, it will be clear that the exact mechanism of cross-coupling reactions is not 

alwayss straightforward and may differ from case to case, depending strongly on the substrates and 

ligandss used. 

1.3.66 Recent Advances. The number of reports on ligand variations in cross-coupling reactions 

iss huge and still rapidly increasing. In the first studies, simple monodentate phosphine complexes, 

e.g.. Pd(PPl"hh or Pd(OAc): + PPh;,. were employed and these compounds still are among the first 

potentiall  catalysts to be tested in a desired conversion. Bidentate P-P. '' ' 5| P-K1 6] and N-N[77' *' 

ligandss have been applied later. The chelating properties of bidentate ligands often have beneficial 

effectss on the stability and selectivity of the catalysts. Yet. most of these catalytic procedures 

R . RR R R 

rv p \\ -x x ITVP\ -xv 
II JL  -pd ^ ^  I I /pd \/ 

RR = o-tolyl. mesityl. f-butyl cyclohexyl 

XX = halide. OAc 

Schemee 2. General structure o f Herrmann's palladacveles. 
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requiree relatively high palladium loadings to achieve good conversions and show no or poor 

reactivityy in the application of electron-rich aryl bromides or chlorides. 

AA major breakthrough concerning the scope of the substrates was the recent introduction of 

palladacycless derived from tris(o-tolyl) phosphine as catalysts by Herrmann et al. (see Scheme 

2).1""  ' These complexes were shown to be able to couple deactivated aryl bromides at 

unprecedentedd low palladium loadings. The extraordinary reactivity of this type of catalysts is 

believedd to stem from the fact that the active Pd-species only has one phosphine coordinated to the 

palladiumm centre, leaving the metal in a coordinativcly unsaturated state. Because of this 

unsaturationn the intermediate metal complexes in the catalytic cycle display increased reactivity 

towardss the substrates, resulting in high reaction rates. The palladacycles probably represent the 

stablee resting state of the catalyst. These complexes are extremely stable, both thermally and 

towardss air. enabling very high turn-over numbers to be reached. This type of catalysts represents 

Figuree 1. Examples of bulky, electron-rich phosphine ligands applied in cross-coupling reactions. 

onee of the first examples of cross-coupling catalysts that have reached industrial application.'2I' 

Later,, other groups have reported on other metalated ligand systems that show similar or even 

improvedd reactivity and stability.1"1' 83] Other related successful examples include pinccr-type 

metall  complexes.[li4,85] Still, the high temperatures required by these catalysts is a drawback. 

Moree recently, the application of electron-rich alkylphosphincs enabled the use of aryl chlorides 

ass the electrophilic reactant.' 4| The strong electron-donating properties of these ligands result in 

aa high electron-density on the metal centre, making the complex more reactive towards oxidative 

addition.. When combined with stcric bulk, thereby enforcing mono-coordination.'1'"1 these ligands 

cann give rise to catalysts that give smooth conversion of chlorides at temperatures slightly above 

roomm temperature. A disadvantage of these ligand systems is their air-sensitivity, which makes 

theirr synthesis and handling quite difficult. It should be noted that, in contrast to what is commonly 

RR R 

R''  R. 

Figuree 2. Examples of .Y-hcterocyclic carbenc ligands. 

'NN N' 
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assumed,, palladium complexes with Vciarylphosphine ligands do undergo oxidative addition of aryl 

chlorides.. The high temperatures required for this process cause rapid ligand degradation through 

P-CC bond cleavage and this makes this type of ligands unsuitable for the catalytic activation of aryl 

chlorides.-1"" 1 1 

Anotherr mile-stone in cross-coupling chemistry is the introduction of ^-heterocyclic carbenc 

ligands,, sec Figure 2. Thesee auxiliaries behave as strong rj-donors. in most cases even stronger 

thann alkylphosphincs. They show good stability towards air. are easy to prepare and can give rise to 

extremelyy high turn-over numbers (> 10'' in some cases) in the coupling of aryl bromides with 

variouss nucleophiles.1""1' ll"1 Aryl chlorides can also be applied, albeit with less impressive TON's. 

usingg both palladium'"'2" l03' and nickel. !"4 Recently, it was shown that selected carbenes even 

enablee the oxidative addition of arylfluorides (which are the least reactive within the series of aryl 

halides)) to Pd(O).'1"'"1 These catalysts are claimed to have the potential to become a turning point in 

cross-couplingg chemistry and organometallic catalysis in general. 

1.44 The Heck Reaction 

[Pd] ] 

R R HX X 

'XX base ^ " ^^ R 

Schemee 3. General reaction scheme for the Heck reaction of aryl halides. 

1.4.11 Genera] Aspects. The palladium-catalysed alkenylation of aryl- and vinyl halides. better 

knownn as the Heck (or Heck-Mizoroki) reaction (sec Scheme 3).'"" Il19' is closely related to the 

generall  cross-coupling chemistry, but it shows some important features that distinguish it from the 

otherr procedures. These characteristics will be discussed shortly here, together with the most 

importantt recent developments in this field. 

MeO O 

MeO O 

MeO O 

(S)-naproxen n 

Figuree 3. Examples of industrially important products synthesised via Heck reactions. 
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Thee most important advantage of the Heck reaction, giving it enormous application potential, is 

thee mildness of the reaction. Most functional groups remain intact under 'Heck conditions', 

whereass other methods often do not allow certain types of functionalities, e.g. in the Kumada 

couplingg where Grignard reagents are employed. Heck reactions have found industrial application 

inn the production of compounds such as a precursor to naproxen11"1' m | and of 2-ethylhexyl p-

methoxyy cinnamate. which is the most common UV-B sunscreen agent (Figure 3).[I12] 

1.4.22 Scope. Since both the cross-coupling and Heck methodologies have the initial oxidative 

additionn step in common in their mechanism (vide infra), they obey the same general rules for the 

halidcc substrates that are employed. The nucleophilic coupling partner in Heck chemistry is an 

alkene.. In most eases, electron-poor alkenes react more readily and more selectively than electron-

richh olefins. A wide variety of bases can be applied, ranging from inorganic salts to tertiary amines. 

Usuallyy polar, non-protic solvents give rise to the highest conversions. 

1.4.33 Mechanism of the Heck reaction. A generally accepted catalytic cycle of the Heck 

reactionn is shown in Scheme 4. In this mechanism, the organic halidc oxidatively adds to a Pd(0) 

speciess to give the corresponding Pd(II) complex. Next, the alkene coordinates to the palladium 

PdL44 or PdX, 

internal l 
rotation n 

- X X 

HH V X
R . 

R - P d — L L 

migratory y 
insertion n 

R R 
I I 

ff — P d — L 

Schemee 4. Schematic, simplified representation of the generally accepted 'classic' mechanism of 

thee Heck reaction. 



GenGen c rei I Introduction 

centree and subsequently inserts into the Pd-C bond to form a Pd(cr-alkyl) compound. In this step, 

thee regioselectivity of the reaction is determined. After rotation of the C-C bond, rvw /3-H 

eliminationn takes plaee to yield the product alkene which dissociates from the metal centre. The 

resultingg palladium hydride is then deprotonated by the base to give the starting Pd(0) species, 

whichh can re-enter the catalytic cycle. 

1.4.44 Insertion and Regioselectivity. The insertion step in the Heck reaction is an important 

step,, since the regioselectivity of the product is determined at this stage. For alkene coordination 

andd subsequent insertion to occur in tetracoordinated Pd(ll) complexes, ligand dissociation has to 

takee place. Depending on the nature of the dissociating group, the reaction pathway is neutral (ifa 

non-chargedd group dissociates from palladium) or cationic (or polar as suggested by some 

authors/11 if the leaving group is anionic, often the halide from the oxidative addition substrate). 

Ph h 

(1.2)-product t 

R R 

Pli i 

(1,1)-product t 

Ar r 

I—Pd-L L 

X X 
unfavouredd for 
largee bite angle 
bidentatee ligands 

- P d - L L 

Ar r 
vv I 
> - P d - L L 

Ar r 

Ar r 

-Pd -L L 

-Pd-L L 

I I 

(1.1)-product t 

Schemee 5. Origin of regioselectivity in the insertion step in the Meek reaction. 

Thiss nomenclature should be regarded as being purely formal, and does hardly reflect the actual 

electrophilicityy of the Pd fragment. '! ' The 7T-complexed alkene has to rotate to an in-plane position 

beforee the insertion step can take place. This process may be seen as a concerted reaction path\\a\ 

andd is highly dependent on the electronic and steric demands of the substrates and ligands. 

Attemptss to find a correlation between the cationic nature of the palladium complex and the 

regioselectivityy in intermolecular Heck reactions' ' ; have not resulted in simple absolute rules. 

However,, some generalisations may be made. Electron-deficient olefins preferentially give rise to 

(l,2)-arylation,, whereas electron-rich alkenes result in increased formation of the 1,1-substituted 

product.. This selectivity reflects to some extent the relative stability of the two possible 

carbocationss formed after formal electrophilic addition of cationic palladium to the double bond. 
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Thee electronic influence can nevertheless be overruled easily by steric factors. This latter aspect is 

demonstratedd by the large influence the bite angle of bidentate diphosphines has on the 

regioselectivityy of the Heck arylation. as shown by Hallberg'1181 and Akermark.11 L~ 91 Dppp and 

dppff  usually give the highest proportion of 1.1-substituted product, while ligands with smaller bite 

angless direct the outcome of the reaction towards substitution at the terminal carbon atom (see 

Schemee 5). In intramolecular Heck couplings, steric factors also prevail. In a special 

enantioselectivee case studied by Overman, both cationic and five-coordinated neutral palladium 

complexess are proposed to be involved.|IJ 'IJ Recently, a (rj-alkyl)Pd-intermediate capable of/3-11 

eliminationn formed after olefin insertion was actually isolated and characterised. 

RR H u 

Pdd Ar 

Pdd - - - H Ar 
synsyn /3-H elimination 

RR Ar 

Pdd - - - H 

RR Ar 

(E)-product t 

(Z)-product t 

Schemee 6. Stereoselectivity in the /3-H elimination in the Heck reaction. 

1.4.55 /3-Hydride Elimination and Stereoselectivity. In the /3-hydride elimination step the 

productt alkene is generated and. after decomplexation, the palladium is reduced to Pd(0) and able 

too react with halidc substrate to start a new catalytic cycle. Most experimental and theoretical 

studiess support a concerted vr/;-elimination of the palladium hydride species.' "' This step 

determiness the stereoselectivity of the alkene product formed, and is likely to proceed without any 

involvementt of the base present (which would mean an E2-type mechanism). In many cases, the E-

isomcrr is formed predominantly, as the Pd(alkyl) species in the transition state with the aryl group 

andd alkene substituent in anti configuration has the lowest barrier (assuming Curtin-Hammett 

conditions)) (see Scheme 6). However, several examples exist in which the strength of the base is 

shownn to have an important role in the stereoselectivity observed, implying a possible base-assisted 

hydridee elimination. A complicating factor in these discussions is the possibility of product 

isomerisationn before or after deprotonation of the Pd(H)(alkene) complex formed. Such an 

elimination/reinsertionn sequence is believed to play an important role in certain enantioselective 

Heckk arylations. ' l:8] 

1.4.66 Alternativ e Mechanisms. Both ligand-free and ligand-containing palladium complexes 

aree known to be capable of catalysing Heck reactions under the appropriate conditions. Most 

ligandss employed are phosphines, which can be monodentate " or bidentate.' 

althoughh chelating diphosphines were long regarded as poor ligands. Also tridentate pincer-type 

l() ) 
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rx4.. 85. 101. 102. complexes'"'''' ' ' and more recently even tetradentate ligands!i '_1 have been reported to 

yieldd effective Heck catalysts. This broad ligand applicability raises the question whether the same 

mechanismm is operative for all these ligands used. Especially in the ease of bidentate (or higher 

hapticity)) ligands and palladacycles it is unclear what the exact composition of the active 

palladium-speciess is. Shaw has proposed a Pd(ll) Pd(IY) mechanism to account for the observed 

activityy of some systems, see Scheme 7.'1' ' In this reaction sequence, the alkene undergoes 

nucleophilicc attack after complexation to Pd(ll). After oxidative addition of the aryl halide to give a 

Pd(lV)) complex, elimination of the nucleophile followed by insertion and subsequent ji-H 

eliminationn yields the product. An alternative Pd(II) Pd(IV) sequence was suggested by Jensen to 

accountt for the reactivity found for certain pincer-type catalysts. ' Tetravalent palladium species 

containingg phosphorus donors have been observed and isolated in some cases.1'" | !s Still, the 

evidencee in favour of a 'classic' Pd(0) Pd(ll) mechanism seems to be mounting as the mechanistic 

researchh progresses."02'139-'411 

Ass in the general palladium-catalysed cross-coupling reactions, major improvements have been 

reportedd recently in the activation of relatively unreactive substrates (e.g. aryl chlorides) and the 

deprotonation n base.HX X 
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Schemee 7. .Alternative Pd(II) Pd(IV) mechanism as proposed by Shaw. " 
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increasee in turn-o\er numbers. Many hgands that perform well in cross-coupling reactions also 

showw promising features in the Heck reaction. Thus, auxiliaries that result in much more efficient 

catalWss are for example P(rj-Tol)-. and palladacycles thereof (sec Scheme 2 ) . "' "*"" bulky 

alkvlphosphmess J' (see figure 1) and A-heterocyclic carbene complexes (Figure 2). 

1.4.77 Other  Recent Developments. Main studies have been performed thai focus on other 

aspectss of the Heck catalvsis. such as catalvst immobilisation and recycling. As in other fields of 

homogeneouss catalvsis. the use of molten salts (ionic liquids) in Heck reactions has experienced a 

rapidlyy growing popularity. *' , |4N These systems offer the advantage of easy separation of the 

productt mixture without the occurrence of metal leaching. Furthermore, the ionic nature of the 

solventt has been found to have a beneficial effect on the stability of the cataKst. This might be 

causedd by the increased polarity of the solution or the formation of anionic palladium complexes. 

Moreover,, tetraalkvlammonium salts are known to stabilise colloidal species that might also be 

presentt and function as cataly tically active species. Indeed, "hgand-lree" palladium catalysts have 

beenn shown to result in efficient Heck reactions at higher temperatures. '"*'"" The exact nature of 

thee species has not yet been completely resolved, but solutions of colloidal palladium nanoparticles 

aree likely to be involved.1'1 ''"' Other alternative media that have been applied in Heck reactions 

includee supercritical carbon dioxide. ' '^ water. - and biphasic reaction systems. '" 

Heterogemsedd catalysts have also been employed extensively. v '"4| Although the palladium-

catalvstt is immobilised onto a certain solid support in these cases, strong indications exist that 

smalll  amounts of catalytieally active metal are present in the solution, thus resulting in actual 

homogeneoushomogeneous catalysis. If redeposition onto the support occurs after the reaction or during work-

up,, no leaching of palladium is observed.'1M"' ! '1 Finally, papers have appeared recently in which the 

extensionn of "standard" Heck reactions towards less usual reactants and catalysts has been shown. 

Forr example, ruthenium ' and rhodium ' v catalysts have been applied, and several Heck type 

couplingss involving heteroatoms have been reported. "' "' 

Futuree developments wil l most likely involve further improvements on some of the themes 

mentionedd brieflv here together with many others. For example, new procedures strongly related to 

thiss type of catalytic chemistry have been reported recently, such as the palladium-catalysed C'-N 

andd ('-() bond formation reactions as introduced by Buehwald and Hartwig.'11 ss '"' ' ' ! " The 

designn of new. active, stable, and selective catalysts wil l lead to efficient catalysis that is generally 

applicablee and eventually to more processes that are economically and ecologically feasible 

12 2 



GenerulGenerul Introduction 

1.55 Allyli c Substitution Reactions 

XX = leaving group, e.g. halogen. OAc. O C 0 2 R . OPO(OR)2 etc. 

Nuu = soft nucleophile, e.g. "CH(COOR)2, NR3, "PR2 etc. 

Schemee 8. General reaction scheme for palladium-catalysed allylic substitution reactions. 

1.5.11 General Aspects. Besides the above-mentioned cross-coupling and Heck chemistry, 

transitionn metal-catalysed allylic alkylation reactions also comprise an important and mild method 

forr constructing new carbon-carbon bonds. Because of its enormous potential in synthetic organic 

chemistry,, the reaction between allylic substrates and 'soft' nucleophiles (defined as bases derived 

fromm conjugate acids with pA':l < 25) has been the subject of intensive and detailed mechanistic 

studies.. Since its first discovery by Tsuji'' "'! and Trost,'1 6' huge research efforts by many groups 

havee resulted in generally applicable procedures for forming carbon-carbon or carbon-heteroatom 

bondss at allylic positions. From this research, palladium has emerged as the most versatile metal, 

althoughh the number of alternative metals that can be employed is large. In general the rates and 

yieldss obtained using palladium catalysts exceed those obtained with other metals, although in 

somee cases beneficial regio- and stereoselectivities are found for metal catalysts other than 

palladium.1177-1811 1 

Schemee 9. General representation of the catalytic cycle in the palladium-catalysed allylic 

substitutionn using a soft nucleophile (Nu). 
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XX = S. C(CH3)2; R = H, Me R = /-Pr, f-Bu etc. 

figur ee 4. Examples of bidentate P-P and P-N ligands applied in palladium-catalysed asymmetric 

allylicc alkylation reactions. 

1.5.22 Ligand Effects. The type of ligands that can be employed in palladium-catalysed allylic 

alkylationss is virtually unlimited, with phosphorus and or nitrogen donor atoms being most 

successful.. I8" '85] The ligand properties have been shown to have an enormous effect on the rate 

andd selectivity of the reaction by altering the steric and electronic environment of the Pd-allyl 

fragmentt on which the nucleophile attacks. This becomes an even more important factor when 

asymmetricasymmetric allylic alkylation reactions are performed. Using soft nucleophilcs. the nucleophilic 

attackk takes place directly on the coordinated ally 1 species, and therefore outside the inner 

coordinationn sphere of the metal. This feature puts high demands on the crural ligand. which has to 

'transfer'' its chirality from the other face of the allyl moiety to the incoming nucleophile. In this 

respect,, it is quite surprising that so many different ligands have been reported that give high 

enantioselectiviticss in the alkylation of similar allylic substrates. Apparently, the substitution 

patternn of the allylic moiety plays an important role in determining the stereoselectivity of the 

reaction.. Steric interactions between the chiral ligands and the allyl fragment during the course of 

thee reaction cause enantiodiscrimination. This seems especially to be the case with large substrates, 

e.g.. 1,3-diphenylallyl acetate, as most ligands that are successful with this substrate, fail when the 

largee phenyl groups are replaced by smaller substituents. Excellent enantioselectivities have 

beenn obtained using C2 symmetrical bidentate diphosphines as illustrated by Trost et al. x" 

Thee observed stereoselectivities for these and other systems can often be explained by the concept 

off  a 'chiral pocket'.'1" l"' Within this model, the chiral induction stems from the selective 

clockwisee or anticlockwise rotation of the allyl moiety in this pocket upon nucleophilic attack to 

formm the product )j:-alkene complex. Alternatively, a mechanism involving an early transition state 

hass been proposed in several |g-"1''41 In this pathway, the outcome of the reaction is mainly 

determinedd by the electronic structure of the r/'-allyl complex. The distinction between an early- or 

latee transition state mechanism remains a matter of continuing debate and probably cannot be 

generalised. . 
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Moree recently, other classes of ligands ha\e been explored, with chiral phosphinooxazoline P-N 

ligandss being most successful.' "' " The different trans influences of mixed donor atom-

containingg ligands offer the possibility of directing the site of nucleophilic attack in non-

symmetrical̂^ substituted ally] substrates, and inducing enantioselectivity in the ease of chiral 

ligands. . 

AA similar influence on the selectivity can. at least in principle, be achieved by the use of 

monodentatee ligands. The dissymmetry of the ligand environment in the Pd allyl complexes is then 

formedd by coordination of the anion and the (chiral) ligand. This approach has not been explored 

oftenn so far. This probably stems from the assumption that bidentate ligands can exercise a larger 

Schemee 10. Regioselecti\ity in allylic alkylation using monodentate MOP-type ligands. 

steriee influence by embracing the metal atom than monodentates and therefore better induce 

enantioselectivityy at the face of the allyl moiety. More importantly, monocoordinated ligands lack 

thee chelate effect, and as a result the rigidity of the chiral environment that the substrate encounters 

duringg the catalytic conversion is lower. When using monosubstituted allyl compounds in Pd 

catalysis,, most systems predominantly give rise to nucleophilic attack on the less-substituted allyl 

terminus,, resulting in linear, achiral product isomer formation. Therefore, ligands arc required that 

showw both good regioselectivity and a high level of enantiocontrol. One class of ligands that show 

promisingg properties are the so-called MOP-type ligands.1202 :" ' These have been shown to induce 

excellentt regio- and enantioselectivity in the allylic alkylation and allylic reduction reaction of 

allylicc esters with formic acid (Scheme 10). ~205' 
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1.5.33 .Memory Effects. Another important aspect of Pd-allyl chemistry often observed when 

monodentatee ligands are employed, is the existence of so-called memory effects. This can be 

describedd as the effect in which the regio- and stereochemical outcome of the reaction is dependent 

onn the original structure of the allyl reactant; the product ratio formed is dependent on the substrate 

Nu u 
a a 

b b 

L''  L 

H H 

*~*~ R - ' 

Nu u 

Schemee 11. Schematic representation of the memory effect in monosubstituted substrates. 

used,, in spite of the fact that in the classical mechanism both starting compounds react through 

seeminglyy identical intermediates (see Scheme 11). 8' Hayashi described strong 

regiochemicall  memory effects when using Pd/MeO-MOP in the alkylation of 1-substituted 2-

propenyll  acetates and l-deuterio-2-cyclohexenyl acetate.'""4' 2 '' Vlore recently. Kocovsky and 

coworkerss reported stereochemical memory effects using both VIOP and MAP"" ' ligands. MAP 

wass shown to behave quite differently to MOP with respect to regioselectivity, but. surprisingly, 

bothh ligands displayed an unusual bidentate (f.Q-coordination mode (through the ipso carbon 

atom,, see Scheme 10)."I2 These complexes exist as two diastcreomeric rotamers which can 

interconvert.. The relative rate of this equilibration is thought to play an important role in the 

memoryy effects observed. 

1.66 Aim and Outline of this Thesis 

Thee research described in this thesis was sponsored by DSV1 Research and the Netherlands 

Ministryy of Economic Affairs through an EET grant. The EET project aims at developing new 

technologiess that are ecologically benign on an economically competitive basis. More in particular, 

thee goal of this research project was the development of new. sustainable catalysts for the 'green' 

productionn of fine-chemicals. To this purpose, new transition metal complexes have been 
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developedd in collaboration with DSM that serve as efficient catalysts in several selected carbon-

carbonn bond formation reactions. Mechanistic understanding of the reaction forms an important 

tooll  in this research, since a better insight into the details of the reaction mechanism can help the 

designn of better catalysts through variation of the ligand and other reaction parameters now and in 

thee future. The combination of fundamental and applied catalysis through collaboration of 

academiaa and industry can be of utmost importance for future developments. 

Inn Chapter 2. the influence of the ligand bite angle in several Pd(diphosphine)-catalysed cross-

couplingg reactions is studied systematically. To this purpose, the geometry of the corresponding (P-

P)Pd<H)-complexess has been investigated. These structures show some unexpected features, which 

cann help to explain the observed trends and differences in their catalytic behaviour. 

Focuss is shifted from bidentate diphosphme ligands to a different class of ligands in Chapter 3: 

thee bulky monodentate phosphoramidites. These show very high activity in the Heck reaction of 

aryll  iodides. Kinetic studies indicate that this originates from the tast oxidative addition of the arv i 

halidc.. caused by the mono-coordination and electronic properties of these ligands. The active state 

off  the catalyst is shown to be a monomeric species, whereas the corresponding dimeric form 

functionss as the resting state of the catalyst. 

ChapterChapter 4 deals with the extension of the promising bulky phosphoramidites to chiral 

auxiliariess in asymmetric Heck reactions. The synthesis of several ligands based on chiral BINOL 

andd TADDOL backbones is described. After ligand optimisation, good enantioselectivities can be 

obtainedd at high reaction rates in asymmetric intramolecular Heck reactions. The origin of the 

enantioselectivityy is discussed in terms of a kinetic resolution mechanism. 

AA related reaction is described in Chapter 5: the asymmetric Suzuki reaction. The application of 

bulkyy chiral phosphoramidites is shown to give rise to very smooth coupling of naphthyl-substrates 

too yield axially chiral binaphthyls. 

Inn Chapter 6 the applicability of the phosphoramidite ligands wil l be extended to another 

importantt C-C bond formation reaction: the allylic alkylation. The influence of the ligand structure 

onn regio- and stereoselectivity wil l be presented, together with mechanistic considerations that can 

explainn the observed memory effect and selectivitics. 

Inn Chapter 7 a novel catalytic reaction is described, that comprises the mild and selective 

oxidativee functionalisation of substituted aromatic amide compounds with alkenes through a C-H 

bondd activation mechanism. The reaction can be carried out in acidic media using Pd(OAc): as the 

catalyst,, while the amide group directs the reaction through selective f;/v/?^-acti\ation bv 

coordinationn to the palladium centre. This conversion brings a real waste-free Heck type coupling 

reactionn a step closer. The scope of the procedure wil l be discussed, and it wil l be shown that the 

mechanismm occurs through electrophilic aromatic substitution. 

17 7 



ChapterChapter I 

References s 

ff  I] G. Centi, P. Ciambelli. S. Perathoner. P. Russo. Cmal. Toda\ 2002. ~5. 1. 

[2]]  A. Yamamoto. in Organotransitton Metal Chemistry. Wiley-lnterscience. New York. 1986. 

[3]]  B. M. Trost. Science' 1991. 254. 1471. 

[4JJ R. Xoyon. An^eu: Chem. Int. Ed. 2002. 41. 2008. 

15]]  K B. Sharpies*. Angen. Chem. int. Ed. 2002. 41. 2024. 

[6]]  W. S. Know les. Angeu. Chem. Int. Ed. 2002. 41. 1998. 

[7JJ see for selected examples: \ . .1. Whitcombe. K. K. Ilii . S. 1-:. Gibson. Tetrahedron 2001. 5.". 7449 

andd rel'. 8-21. 

[8]]  !. P. Beletskaya. A. V. Cheprakov. Chem. Rev. 2000. 100. 3009. 

[9]]  W, Cabri. I. Candiam. Ace. Chem. Res. 1995. 2S. 2. 

[[  101 A. Suzuki../. Organomet. Chem. 1999. 5"Y>. 147. 

[11]]  N. Mix aura. A. Suzuki, Chem. Rev. 1995. <A\ 2457. 

[1-11 J- K. Stille. Angen. Chem. Int. Ed. Engl. 1986. 25. 508. 

[13]]  J. K. Stille. Pure Appl. Chem. 1985. 5^. 1771. 

[14]]  .1. P. Hartw ig. Angeu. Chem. Int. Ed. 1998. 37. 2046. 

[15]]  J. F. Hartwig. Pure Appl. Chem. 1999. 71. 1417. 

[16]]  F. Negishu.-kr. Chem. Res. 1982. 15. 340. 

[17JJ E. Xcgishi. Pure Appl. Chem. 1981. 5.*. 2333. 

[18]]  M. Kumada..-!«'. Chem. Res. 1982, 15. 77V. 

[19]]  M. Kumada. Pure Appl. Chem. 1980. 52. 669. 

[20]]  F. Diedcrich. P. J. Stang, in Metal-catalyzed Cross-coupling Reactions (Eds.: F. Diedcrich. P. J. 

Stang)) . Wiley-VCH. Weinheim. 1999. 

[21]]  W. A. Herrmann, in Applied Homogeneous Catalysis with Organometallie Compounds (Eds.: B. 

Cornils.. \V. A. Herrmann). Vol. 2. \ 'C I I . Weinheim. 1996. 

[22]]  P. Knochel. R. D. Singer. Chem. Rev. 1993. 93.21 17. 

[23]]  E. Negishi. T. Takahashi. S. Baba. D. E. Van Horn. N. Okukado. ./. Am. Chan. Soe. 1987. 109. 

2393. . 

122-4-11 T.-Y. Luh. M. Leung. K.-T. Wong. Chem. Rev. 2000. 100. 3187. 

[25]]  D. J. Cardenas. Angew. Chem. Int. Ed. 1999. 3X. 3018. 

[26]]  J. Terao. H. Watanabe. A. Ikutni. H. Kumyasu. N. Kambe. V. Am. Chem. Soe. 2002. 124. 4222. 

[27]]  A. E. Jensen. P. Knochel../. Org. Chem. 2002. 67. 79. 

[28]]  R. Giovannini. T. Studemann. G. Dussin. P. Knochel. Angew. Chem. Int. Ed. 1998. 37. 2387. 

[29]]  \ 1. R. Nethcrton. C. Dai. K. Neuschutz. G. C.. Fu.../. Am. Chem. Soe. 2001. 123. 10099. 

[30]]  C. A. Tolman. Chem. Rev. 1977. " . 313. 

[31JJ P. W. \ . M. van Leeuwen. P. C. J. Kamer. J. X. II . Reek. P. Dierkes. Chem. Rev. 2000. 100. 2741. 

[32]]  P. C. J. Kamer. P. \V. X. M. \ 'an Leeuwen.) . X. H. Reek. .-Ire. Chem. Res. 2001. 34. 895. 

[33]]  C. Amatore. A. Jutand../. Organomet. Chem. 1999. 5~6. 254, 

[34]]  J. F. Fauvarque. A. Jutand../. Organomet. Chem. 1981. 209. 109. 

18 8 



(icncral(icncral Introduction 

[35]] A. Jutand. A. \\o*\<:\\.()riiiinomctallics 1995. 14. INK). 

[36]] C'. Amatore. E. Cane. A. Jutund. M. A. M'Barki. Or^momchillh^ 1995. 14. ISIS. 

[3" jj M. Portnoy. D. Mtlstem. Or^momchi/lics 1993. 12. 1665. 

[5X]] M. Portmn. D. Milsioin. Or^anomcto/ius 1993. 12. 1655. 

[39)) J. F. Hartwig. F. Paul../. Am. Chcm. Soc 1995, / / ~. 53^3. 

[4(1]] F. Galardon. S. Ramdeehul. J. M. Broun. A. Cowkw. K. K. Hii. A. Jutand. An^cw. Chcm. Int. F.J. 

2002.7/.. T60. 

(411 ] A. Jutand. K.. K. Hii. M. Thornton-Pott. J. M. Brown. Or^momchillics 1999. is. 536". 

|42]] C'. Amatore. A. Jutand. Coord. ( hem. Rev. 1998. / 7V-/,w. 5 t I. 

[43]] C. Amatore. A. Jutand. Ace. Chcm. Res 2000. j\>\ 314. 

[44]] C. Amatore. A. Jutand. A. Thuil l ie/. O/^unomcia/lics 2001. 20. 3241. 

(45)) J. Louie. J. F. Hartwig../. Am. Chcm. Soc. 1995. 11'. \ 159X. 

|46|| F. O/aua. T. Hidaka. T. Vamamoto. A. Vamamnto.,/. Ornithinic!. Chcm. 1987. 330, 253. 

[47]] F. F. Goodson. T. 1. Wallow. B. M. No\ak.../. Am. Chcm. Soc. 1997. 119. 12441. 

[4S]] V. Farina. B. Krishnan../. Am. Chcm. Soc. 1991. 113. 95X5. 

[49]] A. L. Casado. P. Fspinet../. Am. Chcm. Soc. 1998. 120. X97X. 

[50]] A. Rieei. F. Angelucei. M. Bassetti. C. Lo Ster/o.,/. Am. Chcm. Soc 2002. /27. 1060. 

[51]] M.-D. Su. S.-Y. Cliu. hum». Chcm. 1998. 37. 3400. 

[52]] J. E. Marcone. K. G. Moloy,./. Am. Chcm. Soc. 1998. 120. S527. 

[53\[53\ J. M. Brown. P. J. Guiry. / w ; ^ . CV?//». Ada 1994. JJW, 249. 

[54]] M. J. CaShorda. J. M. Brown. N. A. Cooley. Or^momciullics 1991. /0. 1431. 

|55]] T. Kohara. T. Yamamoto. A. Yamamoto../. Or^cmomd. Chcm. 1980. 192. 265. 

[56]] G. Mann. D. Baranano. J. F. Hartwig. A. L. Rhemgold. F A. Gu/ei.,/. .!/;?. Chcm. Soc. 1998. /2^ . 

9205. . 

(57]] A. Gillie. J. K. Stille../. Am. Chcm. Soc. 1980. 102. 4933. 

[5X|| F. Ozawa. M. Fujimori. T. Yamamoto. A. Yamamoto. Orgaiiomctallics 1986. 5. 2144. 

[59]] F. \egishi. T. Takahashi. K. Aknoshi.. / . Or^aiiomd. Chcm. 1987. ,<37. 1X1. 

[60]] F. O/aua. T. Ito, Y. Nakamura. A. Yamamoto. Bull. Chcm. Soc. ,1/m. 1981. 57. IX6S. 

[61]] K. Tatsumi. R. Hoffmann. A. Yamamoto. J. K. Stille. Bull. Chcm. Soc. .Ipn 1981. 57. 1X5"7. 

[62]] R. A. Stoekland Jr.. G. K. Anderson. N. P. Rath../. Am. Chcm. Soe. 1999. / ; / . "945. 

[63]] S \ 1 . Reid.J.T. Mague. M. .1. Fink../. Am. Chcm. Soc. 2001. / .V. 40X1. 

[64]] M. S. Driver. J. F. Hartwig../. Am. Chcm. Soc 1995. / / " . 4"0X. 

[65]] J. M. Brown. \ . A. Cooley. Or^anomdallics 1990. 9. 353. 

[66]] D. A. Culkin. J. F. Hartwig../, ,4m. Chcm. Soc. 2001. /23. 5X16. 

|67]] \ 1 . S. Driver. J. F. Hartwig.,/ Am Chcm. Soc. 1997. 119. X232. 

[6X]] J. Huang. C. \ 1 . Haar. S. P. Nolan. .1. F. Marcone. K G. Molov. ()rc-imm>ietuliic\ 1999, IS. 29". 

[69]] R. A. Widenhoeter. H. A. Zhong. S. L. Buchwald.,/. Am. Chcm. Soc 1997. 119. 67X^. 

["()[[ R. A. Widenhoeter. S. L. Buchwald../. Am. Chcm Soc 1998. 120. 6504. 

[71]] >ee for example: T. Havashi. M. Konishi. Y. Kobori. M. Kumada. T Higuchi. K.. Hirotsu. ,/ Am. 

Chcm.Chcm. Soc. 1984. 106. I5X and references 72-75. 

19 9 

file:///egishi


C'luipfcrr I 

(~2[[ S. D o h e r n . F. Ci. Robms. M . N i e u w e n h u w e n . J. ( i . Kn igh t . P. A. Cbampkm. \\". Clegg. 

()r»anomelallie^()r»anomelallie^ 2002. 21. I3S3. 

[~3JJ .1. V i n . M . P. Rainka. \ . - . \ . / .hany. S. L. B u c h u a l d . , / 1»/ (hem. . W 2002. /_V. I 162, 

[74]] M . Ogasawara. K. Yoshida. T. I laxashi . Or»anomctatlics 2000. / 'A 1567. 

[75]] M . Kranenburg. P. C. J. Kamer. P. \V. \ . M. \an Leeuwen. Em: .1. Inor». Chcm. 1998. 155. 

[76]] see for example: ( i . I le lmehen. A. Pt'altz. . k r Chcm. Ree 2000. 33. 336. 

|77]] see tbr example; C J. h k e \ ior. Cr«;n/. Chcm. Rcv. 1999. I,\.*-I\6. S09 and references therein. 

] "N]] ( i . A. Grasa. A . C. Ih l l i e r . S. P. Nolan, Or». Let! 2001 , 3. K T " . 

[""9]] \V. A . Her rmann, C. Brossmer. K. Öfe le. C'.-P. Reisinger. T. Priermeier. \ 1 . Bel ler. I I . Lischcr. 

An»cu.An»cu. Chcm lm. lul. En»/. 1995. 37. 1 S44. 

[S0]] W. A. Her rmann. V. P. W. Böhm. C'.-P. Reismger.. / . Or»anomci. Chcm. 1999. "6. 23. 

[SII | see for example: L Bole l la . C'. Najera. Anttcu: Chcm. lm. . 2002. 41. 179. 

[S2]] R. B. Bedford . C'. S. .1. ( ' a / i n . C7?<w. Commim. 2001 . 154(1. 

|S311 R. B. Bedford . S. I.. We lch . Chcm. Commim. 2001 . 129. 

|S4jj M . O h f f . M . L. Oh ff. M . I w i n d e r Boom. D, M i l s t em. . / . Am. (hem. Soc. 1997. //<A I 16S". 

[<S5|| D. Mora les-Mora les. C. drause. K. Kasaoka. R. Redon. R. I Cramer. C. M . Jensen. Inor». Chim. 

l7( /2000.. 300-102. 958. 

|S6]] A. L. L inke . Ci. C, Lu. Ai^cw. Chcm. lm. Ed. 1998. 3 " . 33S7. 

[87]] J. P. W o l f e . H. T o m o n . J. P. Sadiszhi. .1. J. Y i n . S. L. Buchwa ld . . / . Or»,. Chcm. 2000. 6.\ I I5S. 

|SS|| CL Mann . C. Inearvi to. A. L. Rbemgold. J. L. Ha r tw ig . . / . Am. Chcm. Soc. 1999. 121. 3224. 

[89]] J. P. Wo l f e . S. L. B u c h n a l d . An»cu. Chcm. Int. Ed. 1999. 3S. 2413. 

[90]] A , Aranvos, D. W. O ld . A. K i \ o m o r i . J. P. W o l f e . ,1. P. Sadiszhi. S. L. Buehua ld . . / . Am. Chcm. Soc. 

1999.. 7 2 / . 4369. 

[911 ] A. L. L i nke . Ci. C. Lu . . / . Or». Chcm. 1999. 64. 10. 

[92]] ( i . Y . L i . CJ. / .heng. A. L. Noonan. . / . Or». Chcm. 2001 . M. S 6 7 T . 

|93[[ Ci. Y . L i . An»c\e Chcm. lm. Ed. 2001 . 40. 1513. 

|94JJ lo r recent r e \ i e \ \ s see: R. Stunner. An»c\\. Chcm lul lul. 1999. 3 * . 3307 and re l . 7. 

[95]] hemi lab i l i t y has been proposed, see: VI . L. Clarke, I ) . .1. Cole- I l am i l ton . J. D. Woo l l i ns . ./ Chcm. 

Soc..Soc.. Dalton Frans. 2 0 0 1 . 2 7 2 1 . 

[96]] \Y. A. Herrmann. C. Brossmer. K. Öfele. M. Bel ler. I I I ischer. ./. Mol. Cal A: Chcm 1995. 10). 

133. . 

|9"" || \ \ ' . A . Herrmann. M. Lhson. I I . Lischer. C. Kocher . ( i . R. .1. A m i s . An»c\e Chcm lm. lui En»l. 

1995.. 34. 2 3 " I. 

[9S|| W . A. Her rmann. An»c\v. (hem. lm. Ed. 2002. 41. 1290. 

[99]] C. \V. K. ( i s l ö t t m a \ r . \ ' . P. W. Böhm. L. Herd tueck . M . d rosche . W. A . Herrmann. An»c\ (hem. 

lm.lm. Ed. 2002 . -7 / . 1163. 

|| 100] I). S. M c d u m n c s s . K. .1. Cavc l l . ()r»anomcia/lie^ 2000. !</. " 4 1 . 

[[ 101 ] [-.. Pens. .1. A. I.och. .1. Mata. R. IL C rabtree. Chcm. Commim. 2001 . 201 . 

[[ 102] J A I.och. M Alhrccht . I . Peris. J. Mata. .1. W . I aller. R. 11. C rabtree. ()r»annmchilin . 2002. 21. 

"Oil l 



GeneralGeneral Introduction 

[103]]  C. Zhang. J. Huang. M. L. Trudcll. S. P. Nolan. 7. Org. Chcm. 1999. 64. 3804. 

[104]]  V. P. \V. Bölim. T. W'cskamp. C. YV. K. Gstöttmayr. \\'. A, Herrmann. Angew. Chan. Int. Ed. 

2000.. 39. 1602. 

[105]]  V. P. \V. Bühm. C'. \V. K. Gstonmayr. T. W'cskamp. \Y. A. Herrmann, Angeu. Chem. Int. Ed. 

2001.. 4(1. 3387. 

[106JJ T. Mizoroki. K. Mori. A. Ozaki. Bull. Chem. Soc. Jpn. 1971. 44. 581. 

[107]]  R. F. Heck. J, P. Nollcy../. Org. Chcm. 1972. 3". 2320. 

[108]]  R. F. Heck. Ace. Chcm. Res. 1979. 12. 146. 

[109]]  R. F. Heck. PnrcAppl. Chcm. 1978. 50. 691. 

[11 10] S. C. Stinson. Chcm Eng AVn s 1999. January IS. 81. 

[ I l l ]]  J. G. de Vries. Can. J. Chcm. 2001. 79. 1086. 

[112]]  A. Eiscnstadt. in ditalvsis nf Organic Reactions (Ed.: F. E. Herkesl. Marcel Dekker. New York, 

1998.. Chapter 33. 

[113]]  C. Amatore. E. Carre. A. Jutand. M. M'Barki. G. Meyer. Organomctatlics 1995. 14. 5605. 

[11 14] K. S. A. Vallin. M. L.arhed. A. Hallberg../. Org. Chcm. 2001. 66. 4340. 

[115]]  M. Ludwig, S. Stromberg. YE Svensson. B. Akermark. Organonictallics 1999. IS. 970. 

[116]]  W. Cabri. 1. Candiam, A. Bedescln. R. Santi.,/ Org. Chcm. 1993. 5S. 7421. 

[117]]  W. Cabri. I. Candiani. A. Bedeselu, R. Santi../. 0 #. Chcm. 1992. 57. 3558. 

[118]]  M. Larhed. C.-M. Andersson. A. Hallberg. Tetrahedron 1994. 50. 285. 

[119]]  IE von Sehenck. B. Akermark. YE Svamson. Organometu/lics 2002. 2/. 2248. 

[120]]  A. Ashimori. B. Bachand. YE A. Calter. S. P. Govek. L. E. Overman, D. J. Poon. J. Am. Chem. 

Soc.Soc. 1998. /20. 6488. 

[121]]  A. Ashimori. B. Bachand. L... E. Overman. D. J. Poon../. Am. Chcm. Soc. 1998. 120. 6477. 

[122]]  YE Östreich. P. R. Dennison. .1. J. Kodanko. L. E. Overman. Angeu. Chem. Int. Ed. 2001. 40. 

1439. . 

[123]]  K. K. Hii. T, D. YV. Claridge. J. VI. Broun. Angew. Chcm. Int. Ed. Engl. 1997. 36. 984. 

[124]]  R. J. Deeth. A. Smith. K. K. Hii. J. VI. Brown. Tetrahedron Lett. 1998. 39. 3229. 

[125]]  For examples of proposed /ra/i\-elimination see: K. Maeda. E. J, Farnngton. E. Galardon. B. D. 

John.. J. YE Brown. Adv. Synili. dual. 2002. 344. 104. 

[126]]  see for example: M. Beller. T. IE Riermeier. Eur. J. J. Inorg. Chem. 1998. 29. 

[127]]  see for example: YE Shibasaki. E. YE Vogl../. Orgatwmet. Chem. 1999. 5"6. 1 and ref. 128. 

[128]]  chapter 4 in this thesis. 

[129]]  A. Zapf. M. Beller. Chem. Eur. ./. 2001. 7. 2908. 

[130]]  B. E. Shaw. S. D. Perera. Chcm. Com/mm. 1998. 1863. 

[131]]  D. E. Bergbreiter. P. L. Osburn. Y.-S. Liu.../ Am. Chem. Soc. 1999. 121. 9531. 

[132]]  M. Feuerstem. H. Doucet. M. Santelli../ Org. Chem. 2001. 66. 5923. 

[133]]  B. L. Shaw. S. D. Perera. E. A. Staley. Chem. Cummim. 1998. 1361. 

[134]]  B. E. Shavs. W-w J. Chem. 1998. 77. 

[135]]  D. Morales-Morales. R. Redon. C. Yung. C. \E Jensen. Chem. Cnmmim. 2000. 1619. 

[136]]  see for example: J. M. Brunei. H. M.-H.. A. Neumann. G. Buono. Chem. dmumin. 2000. 1 869. 

21 1 



('luipfcrr  1 

[13"]]  A. Ba\ler. A. J. Cant), P. (.1. Edwards. B. \Y. Skelton. A. II . While. ./. Chcm. Soc. Dalton Trans. 

2000.. 3325 

[[  13N] Pii(IY | species containing nitrogen donors arc well known. >ec: A. J. C'ant\. Ace. Chcm. Re-.. 1992. 

25.. S3. 

[139]]  V. P. \\ . Böhm. \V. A. Herrmann. Chcm. Em: .1 2001. " .4141. 

[140]]  A. Sundermann. <). I ' /an. J. M. L. Martin. Chcm. Em: .1. 2001. ". P 0 3. 

[141]]  J. Louie. .1. F. Hartwig. An^cu. Chcm. Int. Ed. Engl. 1996. 35. 2354. 

[142]]  A. .1. Spencer,./. Organomct. Chcm. 1983.25V 101. 

[143]]  A F. Littkc. G ('. In../. Am. Chcm. So,. 2001. /23. 69N9. 

1144]]  C. Yang. II . M. I ce. S. P. Nolan. Org. Lett. 2001. 3. 1511. 

[145]]  K. Albert. P. Gisdakis. \ , Rocsch. Organometallies 1998. r . 1608. 

|| 146] D. E. Kaufmann. M. Nouroo/ian. II . Hcn/e. Syn/ctt. 1996. 1091. 

[147)) \V. A. Herrmann. V. P. \\. Böhm.,/, Oeganomct. (hem. 1999. 5 "2. 141. 

]]  148] V. P. VV. Böhm, \V. A. Herrmann. Chcm. Em:./. 2000. 6. | ( ) p. 

[[  149] A. C. Albeni/. P. I.spinet. B. Martin-Rni/. I). Milstcm../. Am. Chcm. Sue 2001. 12J. 1 1504. 

[150]]  \ 1. T. Reet/. (i . l.nhmer. R. Schw ickardi.. -Ingcu. (hem. Int. Ed. 1998. 3 ~. 48] 

|| 151] M. T. Reet/. P.. W'estermann. .J /^cu, Chcm. int. Ed 2000. 39. 165. 

1152]]  M. S. Stephan. A. ,1. .1. M. Teunissen, ( i . K. M. Ver/ijl . J, G. de Vries. Angeu: Chcm. Int. Ed 

1998.. 3 ". 662. 

[153]]  C". Guertler. S. L. Buehuald. Chcm. Ent: ./. 1999. 5. 3107. 

[154]]  I-, Zhao. B. \ l . Bhanage. M. Shirai. M. Arai. Chcm. Em:./. 2000. 6. S43. 

[155]]  phosphonium salts ha\c been used, see Tor an early example: M. Sakamoto. I. Shimi/u. A. 

Vamamoto,, Chcm. Lelt 1995. 1 101. 

1156]]  M Nowotny. 1.'. Haneleld. II . \an Koningsveld. 'I". Ylaschmeyer. Chcm. Commitn. 2000. 1877. 

| I 5 7|| T. R. Parly. R. S. Gordon. M. A. Carroll. A. B. Holmes. R. E. Shutc, I. . \1cCon\ey. Chcm. 

Cnmmtm.Cnmmtm. 2001. 1966. 

[158]]  D, K. \1orita. f), R. Pesiri. S. A. Da\id. \V II , Gla/e. \V. 'Pumas. Chcm. Comnnm. 1998. 1397. 

[159]]  N. A. Bumagm. P. G. More. I. P. Beletskava../. Organomet. Chcm. 1989. _n. Mr. 

[loll ]]  L. L'. (iron, .1. F I.aCroiv C'. J. Higgms. K. I., Steeiman. A. S. Tmsley. Tetrahedron Lett. 2001. 

42.42. S555. 

[[  1611 P. Reardon. S. Metis. C . Cnttendon. P. Daughent>. P. J. Parsons. Orgammiciallns 1995. 14. 3810. 

|| 162] .1. Kiji . T. Okano. 'I'. Hascgaua.,/. \U>I. Cat. A: Chcm. 1995. 9". 73. 

[163]]  M. Beller. .1. G. P. Krauter. A. Zapl'. Angcn Chcm int. Ed. Engl. 1997. 36. 772. 

[164]]  A. Bitïis. M. Zecca. VI. Basato../. Mol. Cat. A: Chcm. 2001. / "3. 249. 

[[  165] see for recent examples: K. Kohier. R. G. Ileidcmeieh. .1. G. E. Krauter. .1. Pietsch. Chcm. Em: J. 

2002.. V 622. 

[[  166| F. Zhao. M. Shirai. V. Ikushima. M. Arai../. Mol. (at. A: Chcm. 2002. 1st). 211. 

[167]]  F. J. Farrmgton. .1. M. Brown. C. I . .1. Barnard. P.. Row sell. Angew. (hem. int. Ed. 2002. 41. 169. 

116S|| A. Mori. Y. Danda. T. Fuji. K. Hirabay ashi. K. Osakada../. Am. Chcm. So,: 2001. 12j. 10774. 

[169]]  T. Ishivama, .1. I'. Hartwig../. Am. Chcm Sue. 2000. 122. 12043. 

file:///1cCon/ey
file:///1orita


GeneralGeneral Introduction 

[170]]  J. Helaja. R. Gottlieb. Chcm. Commun. 2002. 720. 

[17|| ] J. Yin. S. L. Buchwald.,/. Am. Chcm. Soc. 2002. 124. 6043. 

[172]]  F. Paul. J. Pan. J. F. Hartwig. Organometallics 1995. 14. 3030. 

[173]]  L. M. Alcazar-Roman. J. F. Hartwig../. Am. Chcm. St>c. 2001. 123. 12W5. 

[174]]  Y. Guari. G. P. F. van Strijdonck. YF D. K. Boele. J. N. H. Reck. P. C. J. Kamer. P. W. N. M. van 

Leeuwen.. Chcm. Em: J. 2001, ".475. 

[175]]  J. Tsuji. .-fir. Chcm. Res 1969.2. 144. 

[176]]  B. M. Trost. T. R. Yerhoeven../. Am. Chcm. Sac. 1976. 9A'. 630. 

[177]]  R. Prétót. G. C'. Lloyd-Jones. A. Pfaltz, Pure Appl. Chcm. 1998. ?0. 1035. 

[178]]  P. A. Evans. J. D. Nelson../ Am. Chcm. Sac. 1998. 120. 5581. 

[179]]  B. Bands. G. Hdmchen, Chcm. Commun. 1999. 741. 

[180]]  B. YF Trost. K. Dogra. F llachiya. T. Emura, D. F. Hughes. S. Krska. R. A. Reamer. M. Palucki. 

N.. Yasuda. P. J. Reider, Angew. Chcm. Int. Ed. 2002. 41. 1929. 

[181]]  B. M. Trost. P. L. Fraissc. Z. T. Ball. Angew. Chcm. int. Ed. 2002, 41. 1059. 

[182]]  B. YF Trost. D. F. van Yranken. Chcm. Rev. 1996. 96. 395 and references herein. 

[1833 | B. M. Trost. C. Fee. in Catalytic Asymmetric Synthesis. 2nd ed. (Ed.: 1. Ojima). Wiley-YCH. New 

York.. 2000. pp. 593. 

[184]]  J. Tsuji. in Palladium Reagents and Catalysts. Wiley. New York. 1995. p. 290. 

[185]]  C. G. Frost. J. Howarth. J. M. J. Williams. Tetrahedron: A.symni. 1992. 3. 1089. 

[186]]  B. YF Trost. Ace. Chcm. Res. 1996. 29. 355. 

[187]]  L'. Nettekoven. M. Widhalm. P. C. J. Kamer. P. W. N. M. van Leeuwen. YF Futz. A. F. Spek. J. 

Org.Org. Chem. 2001. 66.159. 

[188]]  B. M. Trost, YF G. Organ. G. A. O'Doherty../. Am. Chcm. Soc. 1995. 17. 9662. 

[II  89] P. K. Blöchl. A. Togni. Organometallics 1996. 15. 4125. 

[190]]  P. Dierkes. S. Ramdeehul. F. Barloy. A. de Cian. J. Fischer. P. C. J. Kamer. P. W. N. M. van 

Leeuwen.. J. A. Osbom. Angew. Chcm. Int. Ed. 1998. 37. 3116. 

[191]]  B. M. Trost. R. C. Bunt. J. Am. Chem. Soc. 1998. 120. 70. 

[192]]  P. B. Mackenzie. J. Whelan. B. Bosnieh. J. Am. Chem. Soc. 1985. HP. 2046. 

[193]]  J. Spnnz. \F Kiefer. (J. Helmchen. M. Reggelin. G. Huttner. O. Walter. L. Zsolnai. Tetrahedron 

Lett.Lett. 1994. 35. 1523. 

[194]]  A. Togni. L'. Burckhardt. V. Gramlicb. P. S. Pregosin. R. Salzmann. J. Am. Chem. Soc. 1996. 1IX. 

1031. . 

[195]]  A. Pfaltz. M. Fautens. in Comprehensive Asymmetric Catalysis. Vol. 2 (Eds.: F. N. Jaeobsen. A. 

Pfaltz,, H. Yamamoto). Springer. New York. 1999. pp. 833. 

[196]]  P. von Matt. A. Pfaltz. Angew. Chem.. Int. Ed. Engl. 1993. 32. 566. 

[197]]  P. \on Matt. G. C. Floyd-Jones. A. B. F. Minidis. A. Pfaltz. F. Ylacko. M. Ncuburger. M. Zehnder. 

H.. Ruegger. P. S. Pregosin. Hek. Chim. Acta 1995. 7Y 265. 

[198]]  R. Prétót. A. Pfaltz. Angew. Chcm. Int. Ed. 1998. 3\ 323. 

[199]]  S. Kudis. G. Helmchen. Angew. Chem. Int. Ed 1998. 3". 3047. 

[200]]  J. M. Brown. D. I. Hulmes. P. J. Guiry. Tetrahedron 1994. 50.4493. 

23 3 



ChapterChapter I 

[2(111 ] M. kollniar. B. (joldtliss. M. Reggelin. i'. Rominger. ( i . Hclmchen. Chan. Eur. ./. 2001. ". 491 .V 

[2(12]]  T. Ilavashi../. Or^umnna. {'hem. 1999, >Y>, 145. 

]203]]  T. lla>a>hi. .!<(. Chan. Ra. 2000. 33. 354 and references herein, 

[204]]  T. Hayashi. M, kauatsi ira. Y. l 'o/omi. Chan. Cominnn. 1997. 561. 

|205]]  K. I up. M. Sakurai. 'I'. Kmoshita. T. kauabata, Taruhalnm Lett. 1998. 39. 6323. 

[206]]  H. M. Trost. R. C . Hunt../. Am. Chan. S<H. 1996. //.v. 235. 

[2()~]]  .1. (.'. I land. .1. [.. Malleron. Earaha/r<m t.at. 1981. 22. 1349. 

[20N]]  L Acemoglu. .1. M. .1. Williams. Adv. Synth. Cutal. 2001. 343. "5. 

209]]  (i . t". IJovd-Jones. S. ('. Slephen. Chan. Eur. ./. 1998. 4. 2539. 

210]]  J. Ha\ashi. M. kauaisi ira. Y. 1'o/omi../. Am. Chan. Sna 1998. 12ti. I6N1. 

'211]]  S. \ 'yskoeil. M. Smrema. P. koeo\sk>, ./ Onj. Chan. 1998. 63. ""3N. 

212]]  P. Koeo\sk\. S. Vyskocil. I. t ' isaro\a. .1. Sejbal. I. Tislero\a. M. Smreina. G. t . Uo>d-Jones. S. C'. 

Slephen.. ('. P. Bulls. M. Murra>. V. Langer.,/. Am. Chan. Sue: 1999, 12E ""14. 

213]]  (i . C'. Lloul-Jones. S. ('. Slephen. \ l . \h i r ra \. t '. P. Bulls. S. \ \ skoc i l. P. Kocmsky. Chan. Eur. 

./../. 2000. 6. 434S 

24 4 

file:////skocil


CHAPTERCHAPTER 2 

Largee Natural Bite Angle Diphosphine Ligands in Palladium and 

Nickel-Catalysedd Cross-Coupling Reactions' 

Abstract t 

AA scries of (P-P)Pd(4-C„H.,CN)(X) complexes (P-P = a,c-f. X = Br. CK.,SO.0. containing 

bidentatcc diphosphine ligands based on a xanthene-type backbone, has been prepared and 

characterisedd in both the soiid state and in solution. Although the ligands differ only slightly in 

theirr natural bite angle ((5n = 102-1 1 1°), the complexes showed large variations in the coordination 

modee of the diphosphine. For ligands c-f, an unexpected trans geometry was observed in the solid 

statee structures obtained from X-ray diffraction. The P-Pd-P angles for these ligands were found to 

bee in the range of 150-165°. which is well beyond the calculated flexibilit y range. The trans 

coordinationn was confirmed by NMR spectroscopy, demonstrating that these trans complexes are 

alsoo the major species present in solution. Variable temperature NMR spectroscopy showed that 

exchangee with the cis isomer occurs. DPEiphos (a), having a slightly smaller calculated bite angle, 

adoptss a cis coordination, both in solution and the solid state. The ligands have been employed as 

auxiliariess in several palladium and nickel-catalysed cross-coupling reactions. The coordination 

modee of the ligands appeared to have a dramatic influence on the catalytic performance. In the 

Kumadaa coupling between bromobenzene and alkyl Grignard reagents, a strong effect of the bite 

anglee on the reactivity and selectivity was observed. Kinetic studies using Pd(a)CL showed that for 

thee coupling reaction with vt't-butylmagnesium chloride the oxidative addition is the slowest step 

inn the catalytic cycle. The obtained selectivitics could be explained by the different rates of the 

competitivee reductive elimination and J3-H elimination from the intermediate Pd(aryi)(alkyl) 

complexes.. In the Heck reaction between iodobenzene and styrene using tnethyl amine as the base 

andd complexes 1 as the catalyst, no clear trend between the bite angle and the selectivity reactivity 

couldd be observed. Probably, the trans complexes Ic-f are not active intermediates in the Heck 

coupling,, but need to undergo dissociation of at least one of the diphenylphosphino moieties before 

gainingg activ ity. Mechanisms for this decomplexation can proceed via phosphonium salt formation 

orr phosphine oxidation, which are both feasible proccssscs under the reaction conditions applied. 

Partt of this work has been published: Martin A. Zuideveld. Ben H. G. Suennenhms. Maarten D, K. 

Boele.. Yannick Guari. Ciino P. F. van Smjdonck. Joost \ . 11. Reek. Paul C. J. Kamer. Kees Goubitz. Jan 

Fraanje.. Martin Lutz. Anthonv L Spek. and Piet YV. N. M. van Leeuwen../. Chcm. Srtc. Da/ton Trans. 2002. 

230X-2317. . 
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2.11 Introductio n 

Bidentatee diphosphine ligands have proven to be versatile ligands in many palladium-catalvsed 

carbon-carbonn bond forming reactions.1 " Although many studies have been devoted to gaining 

knowledgee on the mechanism of palladium-catalysed cross-coupling reactions, the exact origin of 

ligandd effects observed is often not clear. The factors influencing the individual steps from the 

catalyticc cycle, i.e. oxidative addition to a (P-P)Pd(O) complex, transmetalation and reductive 

eliminationn from Pd(ll) in the cross-coupling reaction, are better understood, but these cannot in all 

casess be extrapolated to the real catalytic system/1' Furthermore, changing the ligand properties to 

enhancee the reaction rate of one of the steps of the catalytic cycle is likely to retard another reaction 

inn the sequence. Under optimal conditions, a catalyst should have consecutive steps with similar 

rates.. 4 Therefore, mechanistic insight is an important tool for the rational design of ligands that 

fulfil ll  these requirements. The steric and electronic parameters of the diphosphine play an 

importantt role herein by influencing the coordination environment of the metal centre and thus the 

activity,, selectivity and stability of the catalyst. Different parameters have been introduced to 

describee these factors in a quantitative manner.'"" ' Among these, the bite angle (the phosphorus-

metal-phosphoruss angle) preferred by the ligand has recently been recognised as an important 

property.. v s' 

Recently,, a series of diphosphine ligands based on xanthene-type backbones has been developed 

inn our group (Figure 1  "' These ligands were designed to enforce large bite angles, and have 

provenn to be successful in tuning the activity and selectivity in several catalytic reactions, such as 

thee rhodium catalysed hydroformylation.'1'1 palladium catalysed allyli c alkylation,'"1" '" 

carbonylationn of ethylene.""' and the nickel catalysed hydrocyanation of alkenes."" The crystal 

structuress of Pd(0)(tetracyanoethvlenej complexes containing the DPFphos (a). Sixantphos (d) and 

Xantphoss (c) ligands have been determined.'u' The widest phosphorus-palladium-phosphorus angle 

inn these zerovalent palladium complexes containing bidentate ligands was found to be 104.6°. 

Inn the present study, we have systematically investigated neutral and cationic 4-

cyanophenylpalladiumdl}}  complexes in solution and in the solid state. 'N These complexes are 

likelyy to be intermediates in different palladium-catalysed coupling reactions. "'' The effects of the 

diphosphinee ligand and the counterion on the structural properties of the palladium complexes is 

discussed.. Furthermore, its implications for the cross-coupling and the related Heck reaction wil l 

bee addressed. Preliminary results of this investigation have been communicated earlier." ' 
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PPh, , PPr r 

PPrr PPho 

L-L( l igand) ) 

a:: DPEphos 

102 2 

b:: Homoxantphos 

102 2 

Xantphos s 

111 1 

PPh?? PPh2 
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108 8 

PPh? ? PPh, , 

PPh, , 

PPh? ? 

L-L( l igand) ) 

Thixantphos s 

109 9 

Thioxantphos s 

110 0 

dppf f 

96 6 

Figur ee 1. Large bite angle bidentate diphosphine ligands used in these studies, with their preferred bite 

anglee (in degrees), taken from ref. 7. 

2.22 Results and Discussion 

2.2.11 Complex Synthesis and Structure. The syntheses of the xanthene-based arylphosphine 

ligandss a-e have been reported previously (a-e. Figure 1).' 

Thee neutral complexes (L-L)Pd(4-C,Tl4CN)(Br) (L-L = diphosphine ligand, la-g) could be 

readilyy synthesised by reaction of [[(o-tolyl) 3P]Pd(4-C6H4CN)(,u-Br)}2 with two equivalents of the 

appropriatee diphosphine ligand (Scheme 1). Crystals suitable for X-ray analysis could in general 

bee obtained by slow diffusion of hexanes in a dichloromethane solution of the complexes. 

Thee ionic compounds [(L-L)Pd(4-CV,H4CN)]~ [CF3S03] " (2) were synthesised by salt metathesis 

(o-tolyl)3PNN Br 
Pd,, /-

NC C 

AgY Y 
CH2CI22 CH2CI2 /CH3CN [(L-L)Pd(Ar)]+Y 

++ L-L  (L-L)Pd(Ar)(X) ^ r r 
'' [(L-L)Pd(Ar)(CH3CN)]+ Y" 

AgX X 

Arr = p-C6H4-CN. X = Br (1) Ar = p-C6H4-CN, Y = CF3SO3 (2) 

Schemee 1. Synthesis of (L-L)Pd(4-C6H4CN)(Br) and [(L-L)Pd(4-C6H4CN)][(CF3S03)] complexes 

((L-L )) represents bidentate diphosphines a.c-f). 
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ry\ ry\ P-Pd-p p 

R R 

trans trans 
neutral l 

NCCH3 3 

P-Pd-R R 

.. p 
Z-Pd-R R 

> p p 

^ ^ 
H3CCN-Pd-R) ) 

pp _ 

ciscis trans trans 
ionicc ionic ionic 

RR = p-C6H4-CN 
XX = anion 
ZZ = 0 or S 

(nott observed) 

Figuree 2. Possible geometries for complexes 1-2. 

off  1 in dichloromethane with silver triflate. Compounds 2a and 2g are not stable under these 

conditionss and even in the presence of potentially coordinating solvents like acetonitrile these 

complexess rapidly decompose at room temperature. Similar instability for c;.s-Pd(P-P)(aryl) 

complexess has been reported earlier.1""1 Complexes 2c-2f did not need the stabilisation of a 

coordinatingg solvent. 

Inn view of the flexible ligand properties a variety of coordination geometries can be envisaged 

forr complexes 1-2 (Figure 2). To elucidate the structures of the newly synthesised complexes both 

inn the solid state and in solution. 'H, ' 'C. 'lP NMR spectroscopy. X-ray crystallography and 

conductivityy measurements were performed. 

Complexx (DPEphos)Pd(4-C6H4CN)(Br) la displays an AB system in the '!IP NMR spectrum 

(~./rPP = 26.7 Hz) which implies that the ligand coordinates in a cis fashion to palladium in 

solution,, similar to previously reported (L-L)Pd(Ar)(Br) compounds (cis, neutral. Figure 2).'"' 
11 In the solid state, the metal complex has a square planar geometry and the DPEphos ligand 

C"7 7 

Figuree 3. Molecular structure of la. The ellipsoids are drawn at the 50% probability level. The 

hydrogenn atoms have been omitted for clarity. 

2N N 
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inn this complex is chelated in a cis fashion with a P-Pd-P angle of 100.82(6)c (Figure 3. Table 

1).. A ;r-7r interaction seems to be present between one of the aryl groups of the diphenyl phosphino 

moietyy of the ligand and the 4-cyanophenyl ligand. Such n-K interactions have been observed in 

otherr Pd(aryl)(diphosphine) complexes. 

Figuree 4. Molecular structure of lc. The ellipsoids are drawn at the 50% probability level. The 

solventt molecule in lc and the hydrogen atoms have been omitted for clarity. 

Theree is no bonding interaction present between palladium and the oxygen atom of the 

backbonee (d(Pd-0)=3.441(4) A). The analogous ionic [Pd(P-P)(aryl)]"[CF3S03]" complex 

containingg the DPEphos ligand (2a) also shows an AB system in the "P NMR spectrum which 

reflectss the cw-coordination. However, the latter complex decomposes readily, even in the 

presencee of acetonitrile, with formation of palladium metal, thereby preventing its isolation. 

Thee isolated corresponding [Pd(DPEphos)(Me)]~[CF3S03]" complex exhibits a cis coordination 

modee of the diphosphate.^'1 

AA broadened singlet in the P NMR spectra was observed for compounds Ic-le. containing the 

otherr Xantphos type ligands. at room temperature. An AB system (minor compound) and a 

sharpp singlet (major compound) appeared at low temperatures (-40 °C). Apparently, in solution a 

cis-transcis-trans isomerisation takes place at room temperature on the NMR time-scale. The cis-trans 

equilibriumm lies at the side of the rra/7.v-compound for lc-e. Conductivity measurements in 

dichloromethanee solution showed that these complexes are neutral (see the experimental section 
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forr details). Crystals of Ic-I e were obtained and the solid state structure was determined by X-

rayy analysis. Selected data are presented in Table 1. 

Tablee 1. Selected bond lenghts (A) and bond angles (") for (L-L)Pd(4-C„HXN)Br (la,c-e) and 

[(Xantphos)Pd(4-C,HXN)TT [CF.sSO,J" (2c) 

ïaa ïc Id ~ 2c 

Pd-Pl l 

Pd-P2 2 

Pd-Br r 

Pd-Cl l 

Pd-0 0 

C l -Pd-P2 2 

C I - P d - P l l 

PP 1-IM-P2 

C1-Pd-Br r 

P2-Pd-Br r 

P l -Pd -Br r 

C I - P d - 0 0 

C)-Pd-P2 2 

0 -Pd -P l l 

2.4141(16) ) 

2.2959(17) ) 

2.4709(9) ) 

2.0166(6) ) 

3.441(4) ) 

88.82(17) ) 

169.81(17) ) 

100.82(6) ) 

83.24(16) ) 

164.03(5) ) 

88.53(4) ) 

2.3037(7) ) 

2.3167(7) ) 

2.5339(3) ) 

2.010(3) ) 

2.698(2) ) 

89.73(8) ) 

90.37(8) ) 

150.35(3) ) 

176.12(9) ) 

89.76(2) ) 

92.076(19) ) 

2.2861(16) ) 

2.2916(16) ) 

2.5443(7) ) 

2.006(4) ) 

2.714(3) ) 

89.81(14) ) 

89.94(14) ) 

152.15(5) ) 

178.20(15) ) 

91.18(4) ) 

89.89(4) ) 

2.2794(5) ) 

2.2794(5) ) 

2.5580(3) ) 

2.006(3) ) 

2.6957(19) ) 

91.96(2) ) 

91.96(2) ) 

155.05(2) ) 

179.67(10) ) 

87.97(1) ) 

87.97(1) ) 

2.2912(6) ) 

2.2816(6) ) 

1.966(2) ) 

2.1537(14) ) 

96.26(7) ) 

96.50(7) ) 

165.15(2) ) 

177.63(8) ) 

84.69 9 

83.47(5) ) 

""  Complex le has crystallographic mirror symmetry 

Inn the solid state, complexes Ic-e show /ra//.v-eoordination modes (trans, neutral. Figure 2) with 

P-Pd-PP angles that are in the range of 150.4-155.0' (sec lc as a typical example. Figure 3). The Pd-

PP distances are similar (2.28-2.32 A) and the Pd-0 distances (= 2.7 A) fall within the same range as 

foundd for five-coordinate palladium complexes reported by Cavell et a/. This is indicative of a 

weakk Pd-0 bonding interaction. Al l complexes have a distorted square planar geometry. The 

complexess are neutral and contain a coordinating bromide anion. The oxygen atom of the ligand 

backbonee is forced into the apical position but the coordinating ability of the oxygen atom is 

apparentlyy not strong enough to displace the bromide anion to yield an ionic complex. The 

structuress show a slightly elongated Pd-Br bond (2.53-2.56 A) as compared to the cis compounds 

(Pd-Brr - 2.46-2.47 A). The dihedral angle between the P-O-P plane and the distorted Pd square 

planee is around 77 ' in all complexes. 

Thee addition of silver trillate to the cis-trans mixtures resulted in the appearance of one singlet 

inn the -IP NMR spectrum, with a chemical shift different from that of the neutral /r<//?\-eomplexes 

lc-ee described above. The new complexes 2 are ionic as proven by conductivity measurements in 
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dichloromethanee of the isolated complexes (molar conducth ities were typically in the range of 50-

800 S cm" mof' in dichloromethane). Unlike the synthesis of ionic (DPEphos)palladium complexes, 

thee addition of acetonitrile was not necessary to stabilise the cations. The 'H and -IP NMR spectra 

off  the ionic complexes 2 did not change when a more polar solvent such as acetonitrile was added 

too a CDC13 solution of these compounds. In the solid state, complex 2c shows a square planar 

geometryy (Figure 5). In this ionic complex the Xantphos ligand coordinates in a similar fashion as 

1.8-bis(diphenylphosphino)anthracene.'"'1'' The phosphorus atoms are //'^/«-coordinated (P-Pd-P 

anglee = 165.15(2)°) and the Pd-P distances of both phosphorus atoms are similar (Pd-Pl 

2.2912(6)) and Pd-P2 = 2.2816(6) A). The oxygen atom of the Xantphos ligand is coordinated to the 

metall  centre (Pd-O distance = 2.1537(14) A).[12] 

Palladiumm complexes containing the Thioxantphos ligand. f are different from the ligands 

containingg oxygen in their ligand backbone. Compound If' shows a singlet in the "P NMR 

spectrumm both at 25 DC and -60 °C. The addition of silver triflatc to If did not lead to a significant 

changee in chemical shift of the singlet, which suggests that the bromide complex is already ionic. 

Thee corrsponding methylpalladium complexes have been shown to behave in a similar manner.'291 

Thee Thioxantphos complex If has a molar conductivity in the same range as the ionic complexes 

(555 S enr mol" ). showing that the bromide and chloride anion are substituted by the sulphur donor 

atomm in the ligand backbone. 

Figuree 5. Molecular structure of 2c. The ellipsoids are drawn at the 50% probability level. The 

triflatcc anion, the solvent molecule and the hydrogen atoms have been omitted for clarity. 
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neutrall  / cis cationic / trans neutral / trans 

Schemee 2. Possible cis trans isomerisation pathway through Pd-0 interaction. 

Thee trans coordination observed for ligands c-f is rather surprising, since the difference in 

naturalnatural bite angle between these ligands and DPEphos (a), which coordinates in a cis fashion, is 

small.. Furthermore, the P-M-P angles observed in the solid state structures are beyond the limits of 

thee calculated flexibilit y range of the ligands c-f (93-135°). ' The rigidity of the backbones of 

thesee ligands was believed to prevent complex geometries in which the ligands adopt larger or 

smallerr bite angles. Obviously, this assumption is incorrect. A few factors could be responsible for 

thiss unexpected flexibility towards larger coordination angles. 

Ass shown in the X-ray structures, the oxygen atom of the P-O-P ligand backbone in the trans 

complexess is located at the apical position of the {quasi-) square pyramidal geometries. This weak 

palladium-oxygenn interaction can stabilise the trans complex relative to the cis isomer, which lacks 

suchh a bonding interaction. Equilibrium mixtures of the arylpalladium complexes (lc-le) in 

solutionn also consist mainly of the fr-<ms-complex. In contrast, the corresponding methylpalladium 

complexess are mainly cw-coordinated complexes in solution. " This difference may be caused by 

thee stronger trans influence of the phenyl group compared to that of the methyl group. In addition, 

thee more electron-withdrawing properties of an aryl group compared to an alkyl moiety can play a 

role.. The aryl group renders the palladium centre more electron-poor, and therefore the apical 

oxygenn atom will coordinate more strongly in the arylpalladium complex 1 than in the more 

electron-richh methylpalladium complex. Furthermore, n-n interactions between the phenyl groups 

onn phosphorus and the aryl group attached to the palladium centre can stabilise the trans geometry 

relativee to the cis complex. Such an interaction is absent in methylpalladium complexes.1""'1 In ris 

complexess of ligands c-f the phenyl rings bonded to phosphorus cannot be oriented in such a way 

thatt a n-n interaction with the 4-cyanophenyl group is possible due to the rigidity of the ligand 

backbone. . 

Thee proximity of the oxygen atom to the metal centre may also play a role in the cis train 

isomerisationn of the complexes. Upon coordination of the backbone oxygen, a dissociative pathway 

cann be envisaged, in which the anion stabilises the formed cationic Pd-intermediate (Scheme 2). 

However,, the NMR spectra and molar conductivities of solutions of complexes 1 do not indicate 

thee presence of these ionic species, probably because the cationic intermediates are present in very 
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loww concentrations. The feasibility of a dissociative mechanism is supported by the observation that 

thee molar conductivity of complex If is of the same magnitude as that of ionic complex 2f. 

Apparently,, the soft sulphur atom in the backbone is capable of replacing the halide from the 

neutrall  complex.1'"1 

2.2.22 Catalysis; Kumada Cross-coupling. The bite-angle of bidentate diphosphine ligands is 

knownn to be an important parameter in cross-coupling reactions. Hayashi has shown earlier that in 

thee Kumada coupling of bromobenzene with .vtr-butyhnagnesium chloride the selectivity towards 

thee desired 2-phenyl butane within a series of P-P ligands increases with increasing bite angle (dppf 

>> dppp > dppe), see Scheme 3.[33' '4| More recently, this reaction has been studied in our group 

usingg larger bite angle diphosphines.1' ' From these studies we concluded that the optimum value 

forr both the selectivity and the activity were reached when the natural bite angle of the diposphinc 

iss ca. 100°. This was explained by the stabilising effect of the large bite angle diphosphine of 

intermediatee trigonal bipyrimidal complexes. We decided to re-address the correlation between the 

selectivityy and bite angle in light of the complex geometries observed in palladium-complexes with 

ligandss based on xanthene-type backbones (see above). The results obtained for the catalytic 

reactionss using I mol"o of the different (diphosphine)PdCl2 complexes1';1 as precursor at room 

temperaturee are summarised in Table 2. 

Thee results indeed show- an optimum in reaction rate and selectivity towards the branched 

productt 5 for ligands with a bite angle around 100°. as observed before.1'1 The ligand 

11 lomoxantphos (b), with a calculated bite angle very close to that of DPEphos (a), shows a slightly 

lowerr selectivity and activity compared to DPEphos. Since the backbone of the former ligand is 

somewhatt more rigid due to the presence of the ethylene bridge.'IS| it can be concluded that the 

flexibilit yy apparently plays a minor role in the outcome of the reaction. Therefore it can be 

concludedd that within the Xantphos-type ligand series, the ligand effects observed for this model 

reactionn mainly originate from the difference in bite angle. 

Dohertyy and co-workers recently reported the application of novel Nuphos-type bidentate 

diphosphinee ligands in the Kumada coupling.'351 These ligands have natural bite angles around 90°. 

pp R = = aryl. alkyl 

Figuree 6. Examples of diphosphine ligands with smaller bite angles giving highly selective cross-

coupling:: Nuphos (left) and 2.2'-bis(diphenylphosphino)-l.l'-biphenyl) (right). 
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(P-P)PdCI2 2 

Br r MgCI I 
.Phh + P h - P h 

5 5 

Schemee 3. Kumada cross-coupling of bromobenzene with ur-butvlmagnesium chloride 

Tablee 2. Cross-coupling of bromobenzene with sec-butylmagnesium chloride in diethyl ether' 

Ligand d 

dppe' ' 

dppp' ' 

dppb' ' 

dppf f 

Homoxant.. (b) 

DPEphos(a) ) 

Sixantphoss (d) 

Thixantphoss (e) 

Xantphoss (c) 

Bite e 

angle e 

(°) ) 

85 5 

91 1 

ox x 

96 6 

102s s 

102 2 

108 8 

109 9 

11 ! 1 

Coord. . 

mode' ' 

cis s 

CIS S 

eis'trans' ' 

CIS S 

CIS S 

trans s 

trans s 

trans s 

trans s 

I d ] ] 

(moll  mol 

hr) ) 

n.d. . 

n.d. . 

n.d. . 

99 9 

141 1 

220 0 

54 4 

36 6 

36 6 

Reaction n 

time e 

4N N 

24 4 

8 8 

2 2 

2 2 

2 2 

16 6 

16 6 

16 6 

hr) ) 

Conver--

sion n 

(%)" " 

4 4 

67 7 

OS S 

100 0 

100 0 

10(1 1 

59 9 

37 7 

24 4 

5(%) ) 

0 0 

69 9 

51 1 

95 5 

Oh h 

98 8 

67 7 

51 1 

41 1 

6 (% % 

0 0 

31 1 

25 5 

2 2 

i i 

1 1 

17 7 

17 7 

19 9 

77 (%) 

n.d. . 

UA\. UA\. 

n.d. . 

3 3 

2 2 

1 1 

16 6 

33 2 

40 0 

""  conditions: 0.03 mmol (P-P)PdCl2, 6 mmol sec-BuMgCl, 3 mmol PhBr in 10 mL diethyl ether. 

TT = 20 °C. For details see experimental section. '' taken from ref 7. ' initial turnover frequency, 

determinedd after 5 minutes of reaction time. ' determined by GLC. based on 3. ' results taken from 

reff  34. dinuclear structures are also possible, see for example ref. 40. ' taken from ref 18. 

proposedd or determined geometry of the diphosphine in (P-P)Pd(Ar)(Br) complexes. 

closee to that of dppp. but nevertheless showed higher rates and selectivities than the ligands studied 

heree in the reaction between 3 and 4. No formation of isomerised coupling product (6) and 

biphenyll  (7) was observed. Hayashi recently showed that smaller bite angle ligand 2.2'-

bis(diphenylphosphino)-l.I'-biphenyl.. with a bite angle of around 92°, also results in higher 

selectivityy than dppf (5 6 99.2 0.8). Unfortunately, no additional data on formation oi' 

biphenyll  or reaction rate were reported. The reason for these remarkable selecth ities is unclear, but 

possiblyy sleric factors influenced by the rigidity of the ligands pla\ a role herein. Other ligand 

parameters,, such as the pocket angle'"' ' or the solid angle. '*' might give better correlations in these 

cases. . 
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Thee question which step of the catalytic cycle is rate-limiting has already been a topic of debate 

forr a long lime. It is likely that for different catalyst systems and substrates the rate-determining 

stepp is different.1''1 To obtain more mechanistic insight, we investigated the kinetics of the model 

reactionn using (DPEphos)PdCl: as the catalyst through determination of the initial reaction rates. 

Thee results are shown in figure 7. From the observed, first order dependence of the reaction rate on 

thee concentration in palladium and bromobenzene and zero-order dependence on the Grignard 

concentrationn (not shown), we conclude that the oxidative addition is rate-determining for this 

z z 

66 I 

---- ~ 
V V 

1.25 5 

1.00 0 

0.75 5 

0.50 0 

0,25 5 

0.000
00 0.01 0.02 0.03 

[Pd](mM"') ) 

Figuree 7. Kinetics of the cross-coupling reaction of bromobenzene with sec-butylmagnesium 

chloridee catalysed by (DPbphos)PdCk showing the first-order dependence of the reaction rate on 

[Pd]]  (left) and [bromobenzene] (right). 

system.. This result is in agreement with the bite angle trend observed for ligands possessing larger 

bitee angles ('fable 2). since the oxidative addition is known to proceed faster with decreasing P-Pd-

pp angle.' ! Apparently, the energy barrier for oxidative addition reaches an optimum for 

ligandss having a bite angle of around 100°. 

Thee isomerisation in cross-coupling reactions using substrates that do not contain proximal 

unsaturationss is an important cause for the formation of side-products, as can also be seen from 

'fablee 2.r"1' To gain more insight into the factors influencing this side-reaction, we also studied the 

reactionn of bromobenzene with n-butylmagnesium chloride for several ligands. The results are 

presentedd in Table 3. 

Remarkably,, in this reaction only trace amounts of products arising from homocoupling or 

isomerisationn are observed. In addition, the bite angle trend found concerning the rate has changed 

dramaticallyy when compared to the case where sec-butylmagnesium chloride is applied. Whereas 

forr the secondary alkyl Grignard reagent (4) the optimum bile angle value for activity is around 

1000 . application of 8 as the nucleophile results in a maximum rate found for ligands with larger 

bitee angles. Since both model reactions have the oxidative addition in common as the initial step in 
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Br r 
MgCI I 

(P-P)PdCI2 2 
Ph h ++ P h - P h 

Schemee 4. Kumada cross-coupling of bromobenzene with /7-butylmagnesium chloride 

Tablee 3. Cross-coupling of bromobenzene with rc-butylmagnesium chloride in diethyl ether" 

Ligand d Bitee anale TOF (mol mol Reaction time Conversion 6(1 1 

(( ) 

dppf(g)cc 96 

Homoxantphoss (b) 102 

DPEphos(a)) 102 

Thixantphoss (e) 109 

I'dd hr) 

n.d. . 

77 7 

(hr) ) 

r r 

IS S 

92 2 

S2 2 

loo o 

100 0 

94 4 

>99 9 

>99 9 

>99 9 

'' conditions: 0.03 mmol (P-P)PdCk 3 mmol n-BuMgCl, 3 mmol PhBr in 10 mL diethyl ether. I 

== 20 °C. For details see experimental section. taken from ret'7. ' initial turnover frequency, 

determinedd after 15 minutes of reaction time." determined by GLC, based on 3.' results taken from 

ref.. 34. ' taken from ret' IS. 

thee catalytic cycle, this suggests that the rate-determining step has shifted from the oxidative 

additionn to a different reaction step upon changing the Grignard reagent from 4 to 8. probably the 

transmetalationn (vide infra). 

Thee fact that only traces of 2-phenylbutane were found for all ligands indicates that /j-l I 

eliminationn from the initially formed (P-P)Pd(/;-alkyl)(Ph) complex is relatively slow compared to 

directt reductive elimination from this complex. This is not the ease when the secondary substrate is 

applied.. This can be explained as follows. Statistically, the /3-H elimination from the linear Pd(w-

butyl)) species will be less likely, since the number of hydrogen atoms available to eliminate is 

smallerr than in the case of Pd(.sec-butyl) species (2 II vs. 5 H). Thus, an intrinsic preference for 

formationn of the linear product exists, regardless of the (di)phosphine employed. Furthermore, 

becausee of steric reasons it can be expected that reductive elimination from the linear alky] species 

\\\ ill be faster than from the branched alk\ 1 complex. 

II  he use of DPEphos results in highly selective product formation towards the branched and the 

linearr product when employing sec-butylmagncsium chloride and «-butylmagnesium chloride 

respectively.. This indicates that in both cases the /i-l l elimination is relatively slow. Apparently, 

thee c/.v-coordination o\' DPEphos with a P-Pd-P angle that is significantly larger than 90 (see 
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trans s 

rr  r 
p \\ / p 

Pdd A 

P h * " " 

reductive e 
elimination n 

Ph--

somerisation n 
favouredd when 
bitee angle is large 

reductive e 
elimination n 

Ph' ' 

Schemee 5. Possible explanation for the observed selectivity for rigid large bite angle diphosphines 

basedd on the xanthenc backbone (Y = Si. S. C(CFF);)-

sectionn 2.1. la) enforces rapid reductive elimination. This is in agreement with other studies, where 

itt was found that larger bite angles result in higher rates of reductive elimination.'42'431 In contrast, 

forr ligands containing even larger bite angles (ligands c-e). only the linear substrate does not 

isomerisc.. This suggests that reductive elimination from the linear alkyl complex towards linear 

productt 6 is more favoured than it is in the branched intermediate to yield 5. For both substrates. 

thee trans type coordination of the large bite angle ligands will inhibit the reductive elimination, 

becausee the prerequisite cis coordination of the two organic fragments is less likely to occur. 

However,, for the branched alkyl fragment the cis coordination will be even less favorable than for 

thee linear alkyl moiety, since the large bite angle ligands will show more steric interference with 

thee more bulky sec-alkyl group. This will result in a shift of the linear/branched equilibrium 

towardss the linear Pd(alkyl) complex. Therefore, preferential reductive elimination through the cis-

(P-P)Pd(/;-butyi)(Ph)) intermediate for both substrates takes place, leading to the linear product (6) 

(seee Scheme 5). 

Thus,, summarising, the (P-P)Pd(«-Bu)(Ph)(Br) complexes will be more stable than the branched 

isomerss for steric reasons. In the case of DPEphos, high 'retention of regiochemistry' is obtained 

usingg both the secondary and the primary alkyl Grignard reagents, since cis coordination favours 

reductivee elimination over ji-\\  elimination for both substrates. For the rnmj-spanning ligands. 
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reductivee elimination is slow and the /3-hydride elimination can compete with reductive 

elimination.. This opens the pathway of equilibration towards the more stable linear palladium alkyl 

complex,, which upon reductive elimination yields the rc-alkyl product (6). Therefore, significant 

formationn of the linear product 6 is observed using ligands having too large bite angles. 

Ph-Ph h 

7 7 

Schemee 6. Possible mechanism for homocoupling through a Pd(IV) intermediate. 

Besidess isomerisation of the alkyl chain, homocoupling (forming biphenyl 7) is an important 

side-reaction.. It has been proposed that the oxidative addition of a second molecule of 

bromobenzenee can occur to the initially formed (P-P)Pd(II)(alkyl)(phenyl) complex to yield the 

correspondingg tetravalent species [(P-P)Pd(Bu)(Ph)2][Br ] (sec Scheme 6).|r 441 Reductive 

eliminationn from this Pd(IV) species will result in the formation of cross-coupling product 5 or 

biphenyll  7. Remarkably, significant homocoupling is observed only when seobutylmagnesium (4) 

iss employed. Since for electronic reasons the nucleophilicity of «-butylmagnesium chloride 8 is 

lowerr than for .vec-butyhnagnesium chloride, the transmetalation step could be relatively slow 

whenn employing 8. Therefore, the concentration of (P-P)Pd(Bu)(Ph) complex will be low. retarding 

thee second oxidative addition step. This can explain the absence of homocoupled product when n-

butylmagnesiumm chloride is applied as the organometallic reagent. Steric factors probably also play 

ann important role in the rate of transmetalation. but these effects are difficult to predict in the 

complicatedd transmetalation mechanism. 

Thee application of 4-bromotoluene in the reaction with sec-butylmagnesium chloride using 

(Thixantphos)PdCkk as the catalyst resulted in the formation of only trace amounts of 4-

methylbiphenyl.. the major part of the homocoupled product (> 97 %) consisting of 4.4'-

dimethylbiphenyl.. This indicates that P-C bond cleavage'19 45] does not play an important role as a 

sourcee of homocoupling under these reaction conditions. The stoichiometric reaction of 

(Sixantphos)Pd(4-C6H4CN)(Br)) (Id) with two equivalents of seobutylmagnesium chloride in the 

presencee of an excess of iodobenzene resulted in the formation of both biphenyl and 4-

cyanobiphenyll  in approximately equal amounts. No formation of 4,4'dicyanobiphenyl was 
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detected.. These results do not contradict the Pd(II) Pd(IV) mechanism, but they cannot distinguish 

betweenn this mechanism or simple transmetalation between the Grignard reagent and the (P-

P)Pd(Ar)(Br)) complex 1. Other intermolecular mechanisms|4,', can not be completely excluded 

either,, and additional research is required to elucidate the origin of the homocoupled products. 

Inn addition to the studies on palladium-catalysed cross-coupling reactions, we decided to test the 

viabilityy of large bite angle diphosphines in the analogous nickel-catalysed reactions.'4 ' 

Applicationss based on this metal might be more attractive due to the low price of nickel. 

Furthermore,, nickel-complexes are in general more capable of activating aryl chlorides.'4S '' The 

(P-P)NiCFF complexes were prepared by reaction of NiCl:'6PFO with the appropriate diphosphine 

inn hot toluene or. alternatively, in an chloroform/ethanol mixture.150' Both methods yielded the 

complexess in nearly quantitative yields. 

^ , P hh + P h - P h 
CI I 

100 4 5 6 7 

Schemee 7. Nickel-catalysed Kumada cross-coupling of chlorobenzcnc with .ver-butylmagnesium 

chloride. . 

Tablee 4. Nickel-catalysed cross-coupling of chlorobenzene with .vet-butylmagncsium chloride in 
diethyll  ether" 

Ligandd Bite TOF Reaction Conversion 5 (%) 6 (%) 7 (%) 

angle!0)""  (mol mol time (hr) (%)'' 

Pd/hr)' ' 

dpp e e 

dpp p p 

dpp b b 

dppf(g ) ) 

Flomoxant ..  (b ) 

DPEphoss  (a ) 

Sixantpho ss  (d ) 

Thixantpho ss  (e ) 

Xantpho ss  (c ) 

85 5 

91 1 

98 8 

96 6 

102' ' 

in : : 

108 8 

109 9 

111 1 

62 2 

322 2 

n.d . . 

21 1 

50 0 

n.d . . 

n.d . . 

248 8 

222 2 

18 8 

18 8 

18 8 

i n n 

4N N 

19 9 

17 7 

18 8 

17 7 

48 8 

>99 9 

29 9 

75 5 

66 6 

77 7 

75 5 

63 3 

78 8 

92 2 

94 4 

83 3 

93 3 

41 1 

48 8 

13 3 

11 1 

9 9 

7 7 

5 5 

16 6 

6 6 

43 3 

42 2 

70 0 

69 9 

71 1 

1 1 

<1 1 

<1 1 

<1 1 

16 6 

i n n 

r r 
20 0 

20 0 

""  conditions: 0.03 mmol (P-P)NiCF. 6 mmol sec-BuMgCl, 3 mmol PhCl in 10 ml diethyl ether. 

TT = 20 °C. For details sec experimental section. ' taken from ref 7. ' initial turnover frequency. 

determinedd after 15 minutes of reaction time. '' determined by GLC, based on PhCl.' taken from ref 

18. . 
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Thee results of the niekel-catahsed cross-coupling of ,wi-butylmagnesiuin chloride with 

ehlorobcn/enee using the complexes under identical conditions as those in the palladium-catalvsed 

reactionss are shown in Table 4. 

Thee Kumada coupling of chloroben/ene with an alk\l (irignard reagent using (bidentate 

diphosphme)Nii  complexes is feasible, and proceeds with reasonable rates. Remarkabb. the bite 

anglee optimum observed with respect to the activity in the palladium-catalysed coupling reactions 

hass shitted towards smaller values in the case of nickel-catalysts. This can be explained by the fact 

thatt for a smaller metal (nickel) the actual bite angle of a ligand wil l be larger compared to a larger 

metall  centre (palladium) using the same ligand. ' \ loreo\er. the use of a smaller halide atom wil l 

alloww the diphosphine to adopt a larger P-M-P angle because of steric reasons. In addition. 

nickel(Il)) complexes show a greater tendency towards tetrahedral geometries due to the smaller 

ligandd field present compared to palladium*II). A similar change in bite angle optimum is observed 

concerningg the seleclivitv. Dppp pro\ ides the optimal cataKst for both the acti\n\ and selectivity 

too 5. The rate of large bite angle ligand Thi.xantphos is obscured by incomplete conversion, 

probablyy caused by cataKst decomposition. The amount of isomerised 1-phenyibutane (6) and 

biphenyll  (7) increases with increasing bite angle, as in the case of palladium, but the absolute 

fractionn of 6 is significantly larger for ligands a-e (cf. Table 2). 

Thesee trends can be explained using the same arguments as in the case of the palladium 

complexes.. Since the larger P-Ni-P angles wil l enhance the equilibration towards the (P-P)N'i(/;-

Bu)(Ph)) complexes (similar to the mechanism shown in Scheme >). a larger amount of linear 

productt wil l be formed. The homocoupling may be somewhat suppressed by the diminished 

propensityy of nickel(II) complexes to undergo oxidative addition of aryl halides to form Ni(IV ) 

speciess compared to the other group 10 meta ls/ It should be noted, however, that alternative 

mechanisms,, for example those involving radical-processes with Nil I) and Nil III ) intermediates. 

""'""  ' cannot be excluded based on these results alone. 

2.2.3.. Catalysis, Heck Reactions. ( i i \en its importance in modern organic chemistry "' " the 

Heckk reaction was also selected as subject of study. Although a tremendous amount of research has 

beenn devoted to catalyst development and optimisation, not many studies have been reported that 

svstematicallvv address the catalytic properties of bidentate diphosphine ligands in the Heck 

reaction.. One reason for this may be the initial observation that bidentate diphosphines give rise 

too inferior catalyst performance compared to their monodentatc analogues. " ' Nevertheless, 

studiess emploving a sWematicalh varied series of bidentate diphosphines ma\ provide important 

mechanisticc information. 

Ass a model reaction we chose the coupling of iodoben/ene with styrene in the presence of 

triethylaminee as the base in acetomtrile (Scheme S). Since it is known that simph mixing PdlO) 
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precursorss like Pd:(dba);, with phosphine ligands gives rise to complex equilibria of different 

Pd(L)NN (dbaX compounds,162 we decided to employ the isolated complexes 1 as catalyst precursors. 

Thesee complexes are assumed to be intermediates in the catalytic cycle formed after oxidative 

additionn of the aryl halide to the Pd(0) precursor, and therefore allow a better comparison of 

catalyticc performance of the complexes bearing the different ligands. 

Thee catalytic results of the model reaction with several large bite angle bidentate diphosphines 

aree shown in "fable 5. 

[Pd(P-P)] ] 

Et3N N 

CH3CN N 

8nn c 

111 12 13 

Schemee 8. Heck reaction of iodobenzene and styrene. 

14 4 15 5 

Tablee 5. Heck reaction of iodobenzene with styrene at 80 °C using complexes 1" 

entryy ligand (catalyst) bite angle TOF conversion 13 (%) 

,,, (mol mol (%)'' 

144 (%)d 15 (%)d 

11 DPEphos(la) 102 

22 DPEphos(la)' 102 

33 Sixantphos(ld)' 108 

44 Thixantphos(le) 109 

55 Xantphos(lc) 111 

66 Sixantphos (2df 108 

Pd/hr) ' ' 

110 0 

11 1 2 

<2 2 

7 7 

58 8 

<< -} 

70 0 

96 6 

89 9 

50 0 

48 8 

n.d . . 

90 0 

90 0 

92 2 

87 7 

89 9 

75 5 

;0.5 5 

=0.5 5 

9 9 

9 9 

8 8 

12 2 

10 0 

?*S S 

""  conditions: 0.025 mmol (P-P)Pd(4-C6H4)(Br), 5 mmol iodobenzene. 6 mmol styrene. 6 mmol 

trii  ethyl amine in 5 mL acetonitrile. T = 80 °C. For details see experimental section. '' taken from rcf 

7.. ' initial turnover frequency, determined after 30 minutes of reaction time. '' determined by GLC, 

basedd on Phi after 24 hrs. ' reaction run in NMP ((.V-methylpyrrolidone) as the solvent using 

0.01255 mmol of catalyst, 'experiment performed using 0.05 mmol of catalyst (1.0 mol%). s 

phenyltriflatee instead of iodobenzene applied as the substrate. 

Fromm these results, no clear correlation with the bite angle can be derived, neither for the 

reactivityy nor for the selectivity of the catalysts. For all ligands used, approximately the same 

selectivityy is observed, with a strong preference for the (£")-stilbene 13. A minor amount of the 1.1-

substitutedd product 15 is formed (8-12 %), together with trace amounts of the (Z)-stilbenc (14) and 
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biphenyll  (7. < 0.5% . not shown in the Table). The reaction rate is the highest when DPEphos is 

employedd (entry 1 |, while the highest conversion is reached using Sixantphos (entry 3). At the final 

stagee of the reaction, palladium metal precipitate was observed in all cases. Performing the 

reactionss in NMP did not change the activity or selectivity significantly, but the yield increased to 

moree than 96% with la as the catalyst (entry 2). To gain more detailed insight into the course of the 

reaction,, we performed kinetic studies b\ varying the initial concentrations of the various reactants. 

Thee reaction exhibited complex kinetic behaviour, showing a small positive order (< 1) in all 

reactants.. Furthermore, upon following the reactions in time, we unexpectedly observed incubation 

timess of various length for the different ligands (sec Figure 8). These results indicate that the (P-

P)Pd(Ar)(Br)) complexes (1) are not the dominating intermediates in the catalytic process. 

2,5 5 

22 0 

EE 1.5 

A A 
O O 

O O 

 O 

o o 
0.55 A 

O O 

*b*b  i 
0.00

1500 200 250 

reactionn time (hr') 

Figuree 8. Reaction profile for the initial stage of the reaction between iodobenzene and styrene at 

800 °C using catalyst la (A). Id . le ) and le (O) (for details see experimental section). 

Akermarkk and co-workers recently reported a study on the regioeontrol in Heck reactions using 

smalll  bite angle dppe and dppp-type ligands."" ' The selectivity in stoichiometric reactions of (P-

P)Pd(Ph)(X)) complexes with styrene was found to be highly dependent on the ligand structure, the 

counterionn and the polarity of the solvent. Farger amounts of l,l-diphenylethene were obtained 

withh an increasing cationic character of the Pd(phenyl) species and an increase m bite angle or 

basicityy of the ligand. Similar observations were made in earlier studies by Cabri using electron-

richh alkenes. They proposed that, using aryl halides, one of the phosphine-moieties has to 

dissociatee prior to alkene coordination while with, non-coordinating, triflate as the counterion the 
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reactionn occurs through a polar intermediate with the ligand acting as a chelate.|h4"" ' Our results 

cann be explained follow ing similar mechanistic arguments. 

Forr the //-(//«-chelating xanthene-based diphosphines. the dissociation of one of the phosphorus 

atomss seems unlikely, especially when oxygen-coordination can stabilise this rigid trans 

configurationn and therefore favour the dissociation of the halide (see Scheme 2). Similar 

observationss have been made in C-N bond formation reactions using this type of ,| This 

impliess that direct alkene coordination cannot occur easily to the complexes 1. and therefore littl e 

orr no catalytic activity is found when these compounds are applied as the catalysts. When the (P-

P)Pd(Ar)(/]:-CH;CHPh)) complex is formed, the subsequent insertion step is likely to be hampered 

byy the trans coordination of the diphosphine. similar to the reductive elimination (see paragraph 

2.2.2)) For la. which, is more flexible than the other complexes and preferrably adopts a cis 

geometry,, this dissociation insertion process is more likely to occur. Indeed, the use of DPEphos 

resultedd in the most active catalyst at the initial stage of the reaction within this series of ligands. 

Wee propose that the inactive complexes lb,c,e only acquire significant activity after one of the 

phosphinee moieties has undergone reaction towards a species that has considerably less chelating 

ability.. Possible reactions are quaternisation of the phosphine to a phosphonium salr ' or 

oxidationn to yield the corresponding monophosphine oxide (see Figure 8 and below).[ ' ' Both 

resultt in a ligand that can coordinate in a monodentate fashion, thus enabling alkene coordination 

andd insertion, as described for other diphosphines (see above). 

Uponn application of cationic complex 2d as the catalyst in the reaction between phenyl triflate 

andd styrene. the selectivity obtained changed significantly to a 75/25 ratio of 13/15 (entry 6. Table 

5).. The same trend has been observed for dppp and related diphosphines. for which the effects arc 

r \\ „X 
P d ' ' 

p'' NAr 

oxidant t 

(sloww or 
absent) ) 

Heckk products 

Pd d 
Ar77 X 

PPh7Ar r 

P-CC reductive p^ -
eliminationn x^ 

P-CC oxidative 
addition n 

Heckk products 

Heckk products 

RR . X 
Pdd _ 

p'' Ph , , 
~\~\ (slow or 
Arr absent) 

Heckk products 

Fi«uree 8. Mechanisms of decomposition of large bite angle bidentate diphosphines to mono-

coordinatinaa ligands. 
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evenn more "  in addition, an incubation time was still observed using 2d, but it 

wass shorter than that of Id. Moreover, the selectivity towards 1.1 -diphenylethenc decreases during 

thee course of the reaction. Apparently, the absence of a coordinating anion increases the strength of 

coordinationn of the Sixantphos ligand. resulting in increased formation of the 1.1-substituted 

productt for steric reasons. The observation of the activation period and change in selectivity, 

however,, illustrates that processes producing alternative catalytieally active species are also 

present. . 

Too gain more insight into the reaction, we tested the stoichiometric reaction of (P-P)Pd(4-

C„H4CN)(Br)) complexes la and 1c with a 20-fold excess of styrene in the presence of 

triethylaminee as the base in DMF (Y.A-dimethylformamide). Complex la reacted smoothly at 

roomm temperature within two hours to yield the Heck products (£)-4-eyanostilbene and l-phcnyl-

r-(4-cyanophenyl)ethenee in a 10:1 ratio. In addition, a small amount of stilbene was detected (10 

"o).. together with traces of (Z)-4-eyanostilbene. When the same reaction was performed using the 

complexx containing Xantphos as the ligand (1c). no reaction was observed at room temperature 

afterr 96 hours. However, upon heating to 80 °C. reaction occurred readily and was completed 

withinn two hours. The product ratio obtained from this mixture was approximately the same as for 

thee DPEphos-catalyst (£-1.2 1,1 -substituted product = 71 ). Also in this case the formation of 

stilbenee was detected, in a similar amount as observed for l a at room temperature (10 %). When la 

wass subjected to the same reaction conditions as lc. the amount of (£)-stilbcnc formed increased 

considerablyy to 31 % (£-1.2 1.1-substituted product = 2 1). Analysis of the reaction mixtures 

duringg the reaction by 'H NMR and "V NMR revealed a complex mixture consisting of many 

differentt phosphorus-containing species, which we could not identify. This confirms that it is 

doubtfull  whether the diphosphine ligands remain coordinated in a bidentate fashion in the 

catalytieallyy active species. The presence of stilbcne after the stoichiometric reactions indicates that 

aryll  scrambling can occur under catalytic conditions. This aryl-aryl exchange has been proposed to 

takee place through reductive elimination of a phosphonium salt followed by oxidative re-

addition.1" '' "' Similar P-C bond cleavage has been reported under Heck conditions at higher 

temperatures.'' '' In a test reaction, we found that DPEphos (a) is indeed readily converted into 

severall  phosphonium salts (8 21-23 ppm in CDCh) when reacted at 80 °C with an excess of an aryl 

iodidee in the presence of a catalytic amount of Pd(dba):. This indicates that aryl-aryl scrambling 

andd phosphonium salt formation during the catalysis is a feasible decomposition pathway for the 

diphosphinee ligands studied. From the larger amount of stilbene observed when employing 

DPFphoss compared to Xantphos we conclude that this decomposition is faster for the catalyst 

containingg DPFphos. The catalytic Heck reactions for the DPFphos-complcx la are also faster, and 

thesee observations may be related. 

Too test whether oxidation of one of the diphenylphosphino groups can provide an alternative 

pathwayy for dissociation of this phosphinc from palladium, we performed the catalysic reaction 
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withh (DPFphos)Pd(4-C„l-LCN)(Br) under air atmosphere. This resulted in slightly lower activity 

andd conversion. However, the addition of water (1 10 v v to acetonitrile) to the reaction mixture 

gavee rise to a large increase in activity (TOF ^219 mol mol Pd hr) and a final conversion of 86°o. 

whichh is significantly higher than observed under anhydrous conditions (el*, entry 1. Table 5). It has 

beenn reported that under basic conditions in the presence of tertiary amines hydroxide anions 

formedd can readily oxidise phosphines.1'1 '',s' "' Thus an oxidation mechanism is also likely to play a 

rolee under the catalytic conditions using complexes 1. 

Ann alternative explanation for the observation of an induction period using 1 as catalysts might 

bee the reaction occurs from anionic five-coordinated species, formed by complexation of halide 

anionss to 1.4 *  4| Since at the initial stage of the reaction the halide-concentration is very low and 

wil ll  only increase when the aryl halide is converted, a sigmoidal reaction curve can be expected. 

However,, upon addition of an excess of Lil or tetraalkylammonium salts to the reaction using Id. 

noo disappearance of the induction period was observed. 

Fromm the above, we conclude that the //Y/».s-eomplexes 1 are most likely not the intermediates of 

thee productive pathway of the Heck reaction, but are transformed into other, more active species 

duringg the catalytic reaction. This process may involve mono-coordinated ligands through 

oxidationn (giving the mono-oxide P-P(O)) or phosphonium salt formation of one of the phosphine 

moietiess of the ligands. This implies that, under these conditions, the ligand effects observed 

originatee from the differences in the rate and pathway of decomposition of the (P-P)Pd(4-

C(1H4CN)(Br)) complexes. It cannot be excluded that eventually complete degradation of the 

diphosphincc occurs, resulting in 'naked* palladium species that still can act as catalysts. Thus, 

multiplee catalytically active compounds can be envisaged that are present simultaneously, 

hamperingg the elucidation of the intrinsic properties of the ligands under the conditions employed. 

2.3.. Conclusions 

Bidentatee diphosphinc ligands containing large bite angles can adopt an unexpectedly large 

rangee of P-M-P angles in the (P-P)Pd(Ar)(Br) and corresponding ionic complexes. These angles 

evenn considerably exceed the calculated flexibilit y range for the ligands.! 'f | This demonstrates that 

minorr changes in the steric and electronic properties of the diphosphinc and or the remaining 

ligandss can have a dramatic influence on the structure of the complexes. This behaviour has a very 

largee impact on the catalytic performance of palladium- and related nickel-complexes of the 

ligands.. even when these complexes are not real intermediates in the catalytic cycle. 
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2.4.. Experimental Section 

Generall  Remarks. All reactions were earned out using standard Schlenk techniques under an 

atmospheree of purified argon or nitrogen. Benzene and toluene were distilled from sodium. 

diethvIctherr was distilled from sodium benzophenone and hexane and pentane were distilled from 

sodiumm benzophenone triglyme. Dichloromethane. methyl amine and aeetonitrile were distilled 

fromm CaH:. DV1F was vacuum-distilled from C'aH:. NMP was degassed by a freeze-thaw cycle and 

storedd on molsieves (4A) for at least a week. Alkenes were purified prior to use by filtration o\er a 

plugg ol basic alumina (150 mesh. Aldrich Chemical Co.). Chemicals were purchased from Aldnch 

andd Acros Chimica. DPLphos.M Thixantphos.1" Sixantphos/'1 Xantphos.1"1 Thioxantphos."1"1 \[{o-

tolvl).,P]Pd(4-C()H4CN)Br!:
|1'11 and the complexes (P-P)PdCL  n were synthesised according to 

literaturee procedures. NMR spectra were recorded on a Bruker AMX 300. a Varian Mercury 300. 

andd a Bruker DRX 300. "'P and 'X' spectra were measured H decoupled (unless stated otherwise). 

Deuteratedd solvents were first degassed and then \acuum transferred from a drying agent. CDX'L 

andd CDX'N were distilled from CaH:. TMS was used as a standard for lH and 'X NMR 

spectroscopyy and H,P04 for 'P NMR spectroscopy. Conductivities were measured in dry. 

degassedd CH;C1; solutions (1.1-1.6 niM) using a Consort K.720 Digital Conductometer. M„ 

determinationss were performed on a Hewlett-Packard vapour pressure osmometer model 301 A. 

usingg benzil as the reference compound. Elemental analyses were performed on a Hereaus 

Elementarr Vario EL. GC measurements were performed on a Shimadzu GC-17A apparatus 

(split,, splitless. equipped with a F.I.D. detector and a BPX35 column (internal diameter of 0.22 mm. 

111mm thickness 0.25 jam. carrier gas 70 kPa He)) and an Interscience HR GC Mega 2 apparatus 

(J&WW Scientific. DB-1 column. 30 m inner diameter 0.32 mm fil m thickness 3.0 urn. carrier gas 

700 kPa He. F.I.D. detector). GC MS measurements (E.I. detection) were performed on a HP 

58900 5971 apparatus, equipped with a ZB-5 column (5"n cross-linked phenyl polysiloxane) with an 

internall  diameter of 0.25 mm and fil m thickness of 0.25 urn. 

Complexx synthesis 

Generall  Procedure for  the Synthesis of (L-L)Pd(4-C<,H 4C\)Br  (1). A solution of \[{o-

tolyl).P]Pd(4-C„H4CN)(Ju-Br)! :: (300 mg: 0.25 mmol) and diphosphine (0.50 mmol. 2.0 cquiv.) 

inn dichloromethane (10 mL) was allowed to react overnight at room temperature. The solution 

wass concentrated /// vacuo to ca. 5 mL. Then. 10 mL of dicthylether was added which resulted in 

thee formation of orange crystals. The suspension was filtered and the crystals were dried in 

vacuo. vacuo. 

(DPEphos)Pd{4-C(,H4C.\)Brr  ( la) Yield : 75 V 'H NMR (300 MHz. CDCL. 25 C): Ö6.H-

7.66 (Ph. m. 32H). ; ;P NMR (121.5 MHz. C D Ck 25 C): 514.X (d. V,.,. = 26.7 Hz). 5.9 (d. :JPP 
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== 26.7 Hz). X NMR (75.4 MHz. C D Ck 25 X ) : 5 170.2 ( d . . /- 124.7 Hz). 159.0. 137.1. 135.4. 

133.1.. 130.5. 129.6. 128.4. 128.3. 125.4. 123.6 </>/?. m) 120.8 (C'N). 119.0 {Ph. m). Anal. Calcd. 

forr ( C j ; H ; : B r N O P : P d ): C. 62.45: H. 3.90; N. 1.69. Found: C. 61.86: H. 3.97: N. 1.64. 

Crystall  structur e determination of la: 

C4,H: :BrNOP:Pd.. F\v - 826.95. yellow needle. 0.25 x 0.13 x 0.13 111111' monoclinic. P2, e (No. 

14).. a = 20.308(2). b - 10.5695( 19). e = 16.309(2) A. |3 - 90.245(9)". V - 3500.6(8) A'. Z = 4. p -

1.5699 gem'. 6387 reflections were measured on an Lnraf-Nonius CAD4T diffraetometer with 

rotatingg anode (X = 0.71073 A) at a temperature of 150(2) K. 6143 reflections were unique (R,„, = 

0.0401).. Absorption correction with PLATON1"" 1 (DLLABS. u - 1.799 mm1. 0.57-0.87 

transmission).. Structure solved with Patterson methods (D1RDIF971 ') and retlned with 

SHELXL97'' S| against F" of all reflections. Non-hydrogen atoms were refined freely with 

anisotropicc displacement parameters. Hydrogen atoms were refined as rigid groups. 442 refined 

parameters,, no restraints. R-values [1 > 2G(1) ]: R l - 0.0508. wR2 = 0.0840. R-values fall rcfl.] : Rl = 

0.1006.. wR2 = 0.0988. Molecular illustration, structure checking and calculations were performed 

withh the PLATON package. r H 

(Xantphos)Pd(4-C6H4CN)Brr (1c). Yield: ca. 81 %. ' l l NMR (300 MHz. C D Ck 25 °C): S 

7.64,, 7.23. 6.75. 6.33 (Ph, m. 30H). 1.80 (CFL. br. m. 6H). '] P NMR (121.5 MHz. C D Ck 25 °C): S 

9.377 1s). 'X NMR (75.4 MHz. C D Ck 25 X ) : 5170.4, 155.6. 135.0, 132.0, 13 1.0 (t. J= 23.1 Hz). 

130.2.. 128.6. 128.3. 127.6. 124.7 (Ph, m). 121.6 (Ph, t , . /= 22.1 Hz) 120.6 (CN). 104.0 (Ph. m). 

36.44 (C(CIL)X 28.7 (CH,). Molar conductivity: 4.2 S enr mol1 Anal. Calcd. for 

C4 hH.,( ,BrNOP2Pd-- 0 . 5 8 ( C H X k ): C. 61.95: H. 3.92; N. 1.49. Found: C. 62.20; H. 4.18; N. 

1.49. . 

Crystall  structur e determination of lc: 

CsH,„BrNOP2Pdd  0.58 C H X k Fw - 916.27. red-brown plate. 0.28 x 0.22 x 0.08 m m\ 

monoclinic,, P2, c (No. 14). a = 21.8648(2). b = 10.0742( 1), c = 22.7549(2) A.(3 = 1 19.142( 1)". V = 

4377.76(7)) A', Z = 4. p = 1.390 g cm'. 78748 reflections were measured on a Nonius KappaCXD 

diffraetometerr with rotating anode (X = 0.71073 A) at a temperature of 150(2) K. 10040 reflections 

weree unique (R,,,, = 0.0517). Analytical absorption correction with PLATON1 fl' (u. = 1.515 mm"1. 

0.67-0.899 transmission). Structure solved with Patterson methods (D1RDIF97' ') and refined with 

SHELXL9711 Xl against F: of all reflections. Non-hydrogen atoms were refined freely with 

anisotropicc displacement parameters. Hydrogen atoms were refined as rigid groups. 525 refined 

parameters.. 7 restraints. R-values [I > 2o(I)]: Rl= 0.0357. wR2 - 0.1201. Rvalues fall refl.]: Rl = 

0.0396.. wR2 = 0.1233. Molecular illustration, structure checking and calculations were performed 

withh the PLATON package. r" ! 

(Sixantphos)Pd(4X(,H4CN)Brr (Id). Yield: ca. K2 V H NMR (300 MHz. CDCÏ-,. 25 X ) : S 

7.80.. 7.0-7.6. 6.45 (Ph. m. 3011). 0.61 (CH,. s. 611). ' P NMR (121.5 MHz. CDCk 25 X ) : S 11.1 
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(br.s).. ' T NMR (75.4 MHz. C'DC'I-.. 25 'T): 5170.4. 155.6. 135.0. 1 32.0 (Ph. m). 131.0 (Ph. t. .7 = 

23.11 Hz). 130.2. 128.6. 128.3. 127.6. 124.7 (Ph. m). 121.6 (Ph. t. V f T = 22.1 Hz). 120.6 (CN). 

104.00 I/5/;, m). 36.4 <C(CH,):). 28.7 (Of,). Molar conducm it>: 6.0 S cnr mol '. 

Crystall  structure determination of Id: 

C4,H,hBrNOP:PdSii  2CHTL. Fw = 1052.94. colourless plate. 0.50 \ 0.38 x 0.13 mm', 

monoclmic.. P2; c ( \ o. 14). a - 21.781 (3). b - 10.5595( 13). e = 22.522(4) A. p1 =  119.206( 13 )". V = 

4521.5(12)) A'. Z - 4. p = 1.547 g cm'. 18205 reflections were measured on an Enraf-N'onius 

CAD4TT diffraetometer with rotating anode (X=0.71073 A) at a temperature of 150(2) K. 10315 

reflectionss were unique (R„„  - 0.0544). Absorption correction with PLATON:"" ' (DELABS. u = 

1.6655 mm"1. 0.55-0.86 transmission). Structure solved with direct methods (S1R97 l)|) and refined 

withh SHELXL971 s against F" of all reflections. Non-hydrogen atoms were refined freely with 

anisotropicc displacement parameters. Hydrogen atoms were refined as rigid groups. 523 refined 

parameters,, no restraints. R-valucs f I > 2o(I)]: Rl= 0.0527. wR2 - 0.1021. R-values fall retl.J: Rl = 

0.1077.. \vR2 = 0.1256. Molecular illustration, structure checking and calculations were performed 

withh the PLATON package. r h | 

(Thixantphos)Pd(4-C„H4CN)Brr ( le) Yield: ca. 68 %. 'H NMR {300 MHz. CDCL. 25 T ) : S 

8.244 (Ph. br m, 4H). 7.6-6.2 (Ph, br m. 24H). 2.16 (C(H)CV7„ s. 6H). " P NMR (121.5 MHz. 

CDCL.. 25 °C): <S 1 1.7 (s). 

Crystall  structur e determination of le: 

C4.,H,4BrNOP:PdSS  CHTL. Fw - 969.97. yellow plate. 0.27 x 0.27 x 0.09 mm. orthorhombic, 

Pnmaa (No. 62). a - 18,4791(1). b =15.1534(1). c = 14.9257(1) A. V = 4179.51(5) A\ Z = 4. p = 

1.5411 gem'. 75073 reflections were measured on a Nonius KappaCCD diffraetometer with rotating 

anodee (A - 0.71073 A) at a temperature of 150(2) K. 4971 reflections were unique (Km = 0.0591 ). 

Absorptionn correction with PLATON1 "' (MULABS. |i - 1.691 mm"1. 0.77-0.86 transmission). 

Structuree solved with Patterson methods (D]RDlF97r~') and refined with SHELXL97 _N' against F; 

off  all reflections. Non-hydrogen atoms were refined freely with anisotropic displacement 

parameters.. Hydrogen atoms were refined as rigid groups. 523 refined parameters, no restraints. R-

valucss [I > 2o(I)]: Rl= 0.0267. wR2 = 0.0675. Rvalues [all refl.]: R l - 0.0307. wR2 = 0.0693. 

Molecularr illustration, structure checking and calculations were performed with the PLATON 

package. . 

|(Thio\antphos)Pd{4-C( ,HJCN)||Br]]  (If ) Yield: ca. 72 V !I I NMR (300 MHz. CDCL. 25 T ) : 

8.1-6.77 (Ph. m. 30H). 2.17 (C(C7/-,):. s. 3H). 1.65 (C'(C7A):. s. 3H) "P NMR (121.5 MHz. CDCL.. 

255 T j : 37.0 (s). Molar conductn ity: 55.2 S cnr mof' 

|<DPEphos)Pd(4-C6H 4C\)<CH,CN)|| |CF. ,SO.,p2a). In situ''? NMR (121.5 MHz. CDCL.. 

255 T ) : S 18.1 (d). 7.6(d). 
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|(Xantphos)Pd(4-ChH 4CN)rr  |C"F,SO,|"  (2c) Yield: ca. 66 V H W1R (300 MHz. CDCI,. 

255 C): £7.84. 7.6-7.4. 7.OS [Ph. m. 30H). 1.84 (CH,. br. s. 6H). ' P NMR (121.5 MHz. CDCF. 

255 C): <S IS.2 (s). T NMR (75.4 MHz. CDCI-.. 25 C): S 152.4 (Ph. d. J - 125.4 Hz). 135.2. 

134.77 (Ph. ml. 133.S (Ph. t. ./ 6.6 Hz). 133.2. 132.S. 130.0. 128.0 (Ph. m). 126.5 <ƒ>/;. t. .7 = 

26.44 Hz). I 19.5 (CM. 1 19.0 (Ph. t. ./ - 19.7 Hz). ION.3 (Ph. m). 35.2 ((/(CH,):). 33.S (CH,). 

Molarr conductivity: 79,8 S enr mol"1. Anal. Calcd. for C4 H ;„ F ; N 0 4 P : S P d: C. 60.30; H. 3.88: 

N.. 1.50; S. 3.42. Found: C. 59.87; H. 3.89; N. 1.45; S. 3.89. 

Crystall  structur e determination of 2c: 

C4„H ;<>BrN()P:Pd'' CP\SO,  CITCF. Fw - 1021.09. colourless block. 0.33 x 0.33 x 0.24 mm. 

monoclinic.. P2 n ( \ o. 14). a - 13.2554( 10). b = 22.341 3( 10). c = I 5.0667( 10) A. [3 = 91.984( 10)". 

\ '' 4459.2(10) A\ Z - 4. p - 1.521 gem'. 82840 reflections were measured on an Nonius 

KappaCCDD difflactometer with rotating anode 0. = 0.71073 A) at a temperature of 150(2) K. The 

crystall  appeared to be non-meroliedncallv twinned with a 2-fold rotation around a as the twin 

operation.. 1 he evaluation of the data was performed with the program FYAL14"" and the 

reflectionss were not merged. No absorption correction was applied. The structure was solved with 

Pattersonn methods (DIRDIF97 ') and the non-overlapping reflections. The twin refinement was 

performedd with SHFLXL97 s against F: of all reflections using the HKLF5 option. M Non-

hvdrogenn atoms were refined freelv with anisotropic displacement parameters. Hydrogen atoms 

weree refined as rigid groups. 555 refined parameters. 62 restraints. R-values [1 > 2c(I)]: Rl = 

0.0749.. wR2 - 0.1941. Rvalues [all refl.]: Rl= 0.0956. wR2 = 0.2163. Molecular illustration, 

structuree checking and calculations were performed with the PLATON package. "J 

| (Si\antphos)Pd(4-ChH 4C\)rr  |CF,SO.,|"  (2d). Yield: 70 V 'H NMR (300 MHz. CDCI,. 25 

C"):: SIM). 7.6-7.3. 7.02 (Ph. m. 30H). 0.63 (CH-.. s. 6H). ' P NMR: S 17.4 (s). 

[( ïhi \antphos)Pd(4-C„H 4C\)|| |CF.,SO,]'  (2e). Yield: 68 'V H NMR (300 MHz. CDCF. 25 

:: £7.6-6.9 (Ph. m. 28H). 2.24 (C(H)C//.. s. 6H). :P NMR: Ö 17.8 (s). 

| (Thio\antphos)Pd<4-C( 1H,C\)rr |CF,SO.i|" (4f). Yield: 72 V H NMR (300 MHz. CDCI,. 25 

C):: ÖS.2-6.S (/'/;. m. 30H). 2.22 (C(C7/;) :. s. 6H). P NMR: ó37.2<>) 

Phosphoniumm salt formation . DPFphos (a. 50 mg. 0.093 mmol) and 4-iodotokiene (500 mg) 

weree dissohed in 6 ml. of CH-,CN and subsequently heated to 80 C. After 1 hour, the unlocked 

PP NMR spectrum did not indicate reaction had taken place. Then. Pd(dba): was added at room 

temperature,, and the mixture was heated again to 80 C and stirred overnight. Unlocked P 

NMRR measurement indicated complete consumption of the ligand and formation of several 

productss between 21 and 23 ppm. The solvent was evaporated, and the resulting solids washed 

withh 4 x 5 nil. of dietln I ether to give a green-white powder which was not purified further. H 
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NMRR (CDCL): Ö 7»S-6»1 (m>. 2.53 (s). 2.4N (s). 2.42 (s). 2.29 (s). ' P N'MR (CDCL.): 0 21.94. 

22.022 (major signal). 22.20. 

Generall  procedure for  the synthesis of the complexes (P-P)\iCI 2. Method A: A Schlenk-

vessell  was charged with diphosphine ligand (0.5 mmol) and NiCL hexahydrate (0.5 mmol). 

Toluenee was added ( 10 nil.) and the resulting green suspension was relluxed for two hours. The 

solventt was e\aporated in vacuo, and the resulting solids were washed with water, ethanol and 

diethyll  ether (5 ml. each). The resulting powders were dried under vacuum. Method B:'""  A 

round-bottom-flaskk was charged with diphosphinc ligand (0.5 mmol) and 2 mL of chloroform was 

added.. A solution of NiCI; hexahydrate in 5 mL ethanol was added quickly wile stirring, resulting 

inn the formation of a precipitate. Filtration and similar work-up as for Method A yielded the 

products.. These were used in catalysis without further purification. The NMR spectra of the 

complexess were extremely broad, indicating the presence of paramagnetic species. It is unclear 

whetherr this arises from impurities present in the isolated products or that the desired complexes 

aree paramagnetic due to large distortion from the square planar geometry towards more tetrahedral-

likee structures. 

Catalysis s 

Generall  procedure for  Kumada cross-couplin«s. A flame-dried Schlenk-\essel was charged 

withh the catalyst (0.03 mmol). followed by the aryl hahde (3.0 mmol) and 0.50 ml. of /7-decane as 

internall  standard for GLC. Diethyl ether was added (7 mL) and the Sehlenk was cooled in a water 

bathh to keep it at room temperature. The reaction was started by addition of the Grignard reagent 

(3.00 mL of a 2.0 VI solution in diethyl ether. 6.0 mmol) and monitored by sampling at regular 

intervals.. The samples were hydrolvsed by addition of dilute hydrochloric acid, extracted with 

diethyll  ether, dried over MgSOi and analysed by GLC. 

Stoichiometricc reaction of Id with .vcobutylmagncsium chloride. A flame-dried Sehlenk-

vessell  was charged with 0.025 mmol of' complex Id. iodoben/ene (0.2X mL. 2.5 mmol) and 

suspendedd in diethylether (2 mL). The reaction was started by addition of the Grignard (1.0 mL of 

aa 0.05 VI solution in diethyl ether. After 16 hrs. the mixture was quenched with a saturated 

ammoniumm chloride solution, and the organic phase was dried over VlgSÔ  and analysed by GLC. 

Generall  procedure for  Heck couplings. A flame-dried Schlenk-vessel was charged with the 

catalystt (0.025 mmol). followed by acetonitnle (5.0 mL). iodoben/ene (0.56 mL. 5.0 mmol). 

triethyll  amine (0.76 mL. 5.5 mmol) and decane (0.25 mL) as internal standard for GLC. I he 

reactionn mixture was heated to SO C and styrene (0.63 mL. 5.5 mmol) was added. Samples were 

takenn at regular intervals, diluted with dichloromethane and washed with dilute HCI-solution. The 

organicc phase was dried over MgSO: and analysed by GLC. 

Stoichiometricc reaction of la.c with styrene. A flame-dried Schtenk-xessel was charged with 

0.0255 mmol of complex 1. triethylamine (0.25 ml.) and DM F (2.0 mL) The mixture was heated to 
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thee desired temperature and styrene (0.20 mL. 1.75 mmol) was added. Samples were taken from 

thee react ion mix ture and after standard work -up ana lysed by G LC and GC MS. 
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CHAPTERCHAPTER 3 

Fastt Palladium-Catalysed Arylation of Alkenes using Bulky Monodentate 

Phosphoruss Ligands; Kinetics and Mechanism' 

Abstract t 

Thee application of bulky monodentate phosphoramidite ligands such as 2b {.Y,.Y-

diisopropylamino-2.2"-di-^j/v-butyl-4.4*-dimcthoxybisphenoxyy phosphite) gives rise to highly 

activee palladium catalysts for the Heck reaction of aryl iodides with styrencs or acrylates under 

mildd conditions. The complex [Pd(2b)(Ph)(,U-Br)]2 (9a) was synthesised and isolated as a possible 

intermediatee of the catalytic reaction and it was shown to exist mainly as a dimer. both in solution 

andd in the solid state. From kinetic studies performed by the initial-rate method on the model 

reactionn of iodobenzene with styrene. it followed that the reaction shows a first order dependence 

onn the styrene concentration and a half order dependence on the catalyst concentration. These 

resultss indicate a mechanism in which the dimeric complex functions as the resting state of the 

catalyst,, which is in rapid equilibrium with its monomeric form. The monomer, which is present in 

onlyy very low concentrations, subsequently reacts in the rate-determining step of the catalytic 

reactionn with styrene. Based on the electronic dependence of the reaction, i.e. application of 

electron-richh styrenes and electron-poor aryl iodides results in a decreased reaction rate, it is 

proposedd that the migratory insertion of the alkene into the Pd-aryl bond is the slow step of the 

catalyticc cycle. A wide variety of aryl iodides and aryl bromides can be coupled with electron-poor 

alkeness in polar, aprotic solvents in good yields. In apolar non-coordinating solvents the reaction is 

extremelyy fast, but the stability of the catalyst under these conditions is lower. 

Partt of this work has been published: Gmo P. F. van Strijdonck. Maarten D. K. Boele. Paul C. 

J.. Kamer. Johannes G. de Vries. Piet \\ . N. M. van Leeuwen. FAIV. J. Inovg. Chem. 1999. 1073-

1076. . 
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3.11 Introductio n 

Thee palladium-catalysed arylation of alkenes. also known as the Heck-Mizoroki reaction, has 

emergedd as an extremely powerful and versatile tool for the construction of new carbon-carbon 

bonds.'""  ' The mam advantage of the Heck reaction is its compatibility with a broad range of 

substituentss in the substrates. Nevertheless, it also suffers from some drawbacks. Among these are 

catalystt instability, the reluctance of the cheap and abundant aryl chlorides to react, the high 

temperaturess that are required m many cases and the waste stream that is created by the formation 

off  the equimolar amount of salt in the reaction. During recent years, enormous progress has been 

reportedd within these areas by the development of new procedures and novel catalysts. ""' 

Phosphmee ligands are the most frequently employed auxiliaries in Heck coupling reactions. 

Variationn of the metal environment is often accomplished by change of the phosphines applied. 

Bellerr and Herrmann reported on the use of fj/7/70-palladated complexes derived from rri-ortho-

tolyiphosphine.. M " ' These systems have been shown to give rise to high activities towards electron-

richh bromides and aryl chlorides in polar solvents at elevated temperatures. The palladacycles 

exhibitt high stability and turn-over numbers exceeding 10'' have been achieved. More recently, the 

usee of bulky monodentate alkylphosphines. e.g. P(/-Bu),, has been demonstrated to yield catalysts 

thatt are capable of converting aryl chlorides under milder conditions. '' '"' 

Thee application of non-phosphine containing catalysts has been less-widely studied. In a limited 

amountt of papers the use of bidentate nitrogen ligands has been described1'4"" " and mixed 

phosphorus-nitrogenn ligands have been successfully applied in enantioselective Heck reactions.'' 

; ' '' Recently. .V-heterocyclic carbenes have emerged as a promising class of auxiliaries for Heck 

reactions.. v "" C'yclopalladated complexes with donor moieties other than those stemming from 

P(fj-Tol);,, are also capable of catalysing the Heck coupling, such as imines. phosphites and 

phosphonites.'""  However, the nature of the catalytically active species in these systems has not 

beenn unambiguously determined vet. and probably does not involve active species in which the 

palladacyclee remains intact. ' 'v '"' '' Recently, the use of monodentate phosphites in the 

activationn of aryl chlorides has been reported.'"," " but high temperatures and high ligand-to-

palladiumm ratios are required in this procedure. 

Phosphoramiditess form a unique class of ligands. that have proven their usefulness in several 

catalyticc reactions. '4" Their electronic properties, expressed in ^-values.' s are in between those 

off  phosphines and phosphites, while the substituents on nitrogen enable the steering of the stenc 

bulkk in proximity of the phosphorus ' ! From the previous chapter in this thesis it can be 

concludedd that large bite angle bidentate diphosphine ligands do not give ver\ active catalysts for 

applicationn in palladium-catalysed Heck reactions, and that monodentate ligands are likely to be 

involvedd in the cataUticaily more active species. Therefore, phosphoramidites and other 

monodentatee phosphorus ligands are interesting candidates as ligands in the Heck reaction. In this 
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chapter,, we present the results we obtained from our studies in this field, including unprecedented 

kineticc studies that give important insight into the mechanism of the Heck reaction using these 

catalysts. . 

3.22 Results and Discussion 

3.2.11 Li«and screening. As a model reaction to study the electronic and steric ligand properties 

2bb 2c 

3aa 3b 3c 

Figuree 1. Monodentate ligands used for initial screening experiments. 

thatt play a role in the Heck reaction, we selected the reaction of iodobenzene with styrene in 

acetonitrilee and triethylamine as the base at 80 °C, using 1 mol % of palladium catalyst (see 

Schemee 1). This model reaction can give rise to three different Heck-type products: (£)-stilbene 

(6).. (Z)-stilbene (7) and 1.1-diphenylethene (8). The ligands tested are depicted in Figure 1 and 

differr systematically in their electronic and steric properties, following the order e > b > a in 
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decreasingg steric bulk and 3 > 2 > 1 in decreasing basicity. For initial screening, we applied 

Pd(dba);; together with 2 equivalents of the appropriate ligand and allowed a short incubation time 

(155 minutes) to form the catalyst.""'"""1 The results obtained after 45 minutes reaction time are 

presentedd in Tabic 1. 

Thee use of Pd(dba); and Pd(OAc); without an additional ligand resulted in low conversion and 

thee formation of palladium black under these reaction conditions (entries 1-2). In most cases, the 

applicationn of non-bulky ligands l-3a did not result in significantly higher yields. Use of the very 

bulkyy ligands l-3c also did not result in good conversions. However, upon employing ligands b. 

veryy fast reaction occurred, even resulting in complete conversion within the reaction time for 

ligandd 2b. The main product obtained was (£>stilbene (90 %), together with a minor amount of the 

1,1-substitutedd product (9 %) and traces of (Z)-stilbene. In most eases, the formation of a trace of 

biphenyll  as a side-product was also detected (< 0.5 %). The selectivity is relatively insensitive 

towardss the nature of the ligand used, and only a slight increase in the formation of 1,1-

diphenylethenee was observed when the most bulky ligands (l-3c) were used. Within a series of 

ligandss with comparable steric bulk the order of reactivity found was phosphoramidites (2) > 

phosphitess (3) > phosphincs (1). For the phosphoramidite-based systems, the catalyst containing 

ligandd 2b gave the fastest reaction. In the phosphine and phosphite series a similar trend could be 

observed,, viz. b > a > c (see Table 1). 

Pd(dba)2/22 L 

800 C 

44 5 6 7 8 

Schemee 1. Model reaction of iodobenzenc with styrene. 

Applicationn of more equivalents of ligand had a detrimental effect on the reactivity, except for 

ligandd 2b. In this case, the addition of extra ligand did not change the reaction profile. This result 

suggestss that the active species contains only one ligand coordinated to palladium, and that the 

formationn of this catalyst is relatively fast under the conditions employed (vide infra). Palladacycle 

100 (see Figure 2) was also tested, but it appeared to be only moderately effective. Probably the 

formationn of the active species from the dimeric precursor is slow under these conditions.' '4I' 
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Tabicc 1. Heck reaction between iodobenzenc and styrene in acetonitrile at 80 °C" 

entryy catalyst conversion (%) (E)-stilbene (6) (Z)-stilbene (7) 1,1-

(%)) (%) diphenylethene 

(8)) (%) 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

0 0 

10 0 

11 1 

12 2 

Pd(OAc): : 

Pd(dba)2 2 

Pd(dba);; la 

Pd(dba);; l b 

Pd(dba)2// l c 

Pd(dba)ww 2a 

Pd(dba)2/2b b 

Pd(dba)2/2c c 

Pd(dba)2/3a a 

Pd(dba)2/3b b 

Pd(dba)2/3c c 

Pd(dba)22 / 10 

5 5 

7 7 

6 6 

12 2 

1 1 

IS S 

>99 9 

6 6 

8 8 

4S S 

6 6 

8 8 

90 0 

oo o 

00 0 

00 0 

89 9 

90 0 

0! ! 

88 8 

90 0 

90 0 

85 5 

00 0 

1 1 

<< 1 

<< 1 

<< 1 

<< 1 

<< 1 

<< 1 

 1 

'' 1 

 1 

'' 1 

<< 1 

0 0 

9 9 

9 9 

9 9 

10 0 

0 0 

8 8 

11 1 

9 9 

9 9 

14 4 

9 9 

""  conditions: Pd(dba)2 < ligand / 4 / 5 / triethylamine = 1 /2 / 100 110 110. for further details 

seee experimental section. " based on 4. determined after 45 minutes by GLC. 

3.2.22 Complex Synthesis and Characterisation. Since palladium(II)(aryl) complexes arc 

likelyy to be intermediates in the catalytic cycle, we prepared palladium complex 9a containing 

phosphoramiditee 2b as the ligand. Reaction of Pd(dba)2 with two equivalents of 2b in the presence 

off  an excess of bromobenzene in toluene resulted in the formation of 9a in food vield 'Scheme 2; 

Thee elemental composition of 9a, together with the integration in the 'H NMR spectrum, suggests 

thatt it consists of a palladium centre surrounded by one aryl. one halide anion and one 

phosphoramiditee ligand. Osmometric molecular mass determination in dichloromethane indicated 

thatt compound 9a mainly exists as a dimeric species in solution (M„ = 1400  200). Solid state 

XAFSS measurements also suggested a dimeric structure. The P NMR spectrum of 9a showed only 

Pd(dba)22 + 2b + PhBr - ^ / " - p d ' P d 

toluenee f Br 

9a::  L = 2b (81 %) 

Schemee 2. Synthesis of complex [Pd(2b)(Ph)(Ju-Br)]2. 

T) ) 
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onee broad resonance at 5 1 18.3 (CDCli) at room temperature. This suggests the existence of a fast 

equilibrium,, presumabl) between the trans and cis isomers of complex 9a. Similar equilibria have 

beenn observed for other dimeric palladium complexes containing monodentate ligands. ~ Upon 

coolingg to 240 K decoalescence occurred, resulting in two signals at 8 1 19.X and 117.5 in an 

approximatee 4:3 ratio. Based on steric arguments and in analogy with the literature.4"' -l we 

proposee that the major species has a trans geometry with respect to the two bulky phosphoramidite 

ligands.. In acetonitrile, only one sharp singlet was observed at ó 122.3 in a temperature range of 

255-3355 K. Apparently, the cis trans isomcrisation is faster in solutions containing polar solvents. 

Possibly,, the ability of acetonitrile to coordinate to palladium also plays a role herein. Complex 9a 

showss good stability in the solid state, but in solutions of non-polar solvents the compound 

decomposess slowb to gi\e palladium metal and several unidentified phosphorus-containing 

products.. In polar, coordinating solvents like DMF (.Y,.Y-dimethylfonriamide) or NMP (.V-

methylpyrrolidinone),, this decomposition process was found to be slower. 

3.2.33 Kinetic Studies. Despite its importance, very few detailed kinetic studies on the Heck 

reactionn have been reported that include the entire catalytic process. l''~ ' To obtain further insight 

intoo the mechanistic details of the Heck reaction catalysed by palladium and phosphoramidite 2b. 

wee performed a kinetic study. Since it is known that the presence of coordinating ligands from the 

pre-eatalvstt (e.g. dba when Pd(dba); is used as the palladium precursor) can interfere with the 

intermediatess involved in the catalytic cycle,'39' lu| we employed complex 9a as the catalyst. For 

comparison,, we also included [Pd((o-Tol)3P)(Ph)(^-Br)]2
[42'48] (9b) in this in study. It has been 

proposedd that these dimeric species are formed after oxidative addition of the aryl halide to 

monophosphinee palladium(O) species [R3P-PdX„]"~ during the catalytic reaction when 

^ \\ (p-Tolfe I 

\ ^^ I (o-Tol)2 

9a:LL = 2b 10 
9b:: L = 1b 

Figuree 2. Dimeric Pd(ll) complexes 9 containing bulky ligands and Herrmann's catalyst (10) 

phosphapalladacycless are employed as the catalyst. ' ' I o obtain the dependency of the 

reactionn rate on the reactant concentrations, we studied the initial rate in the reaction of 

iodobenzenee with styrene catalysed by complexes 9 at 65 °C while systematically varying the 

initiall  concentrations of the reactants. The results are presented in Figures 3 and 4. 
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Thee initial rate of the reaction was found to be independent of the concentration of iodobenzene 

(overr the range of 0.10 2.0 M studied) and the concentration of triethylaminc (0.16 - 2.5 VI) (not 

shown).. A linear dependence was found for the initial reaction rate (expressed in the initial turn-

oxerr frequency TOFmi determined after 5 minutes) on the styrenc concentration (0 - 4.0 M. see 

Figuree 3). Remarkably, the reaction rate increased linearly with the square root of the palladium 

concentrationn (0 - 4.0 mVI. see Figure 4). When using palladium concentrations below 4.0 mM for 

9aa and conversions that do not exceed 70 %, no decomposition of the catalyst is observed, resulting 

inn well-defined pseudo first order kinetics during a large part of the reaction. This is illustrated by 

thee linear correlation between the logarithm of the conversion and the reaction time (Figure 5). 

17500 r 

15000 E 

T -- 1250 

|| 1000 
73 3 
ÊÊ 750 

OO 500 
h--

250 0 

0 0 

00 1 2 3 4 5 
[styrene]] (M) 

Figur ee 3. Plot of initial rate (TOFlnl: amount of products formed per mol palladium per hour 

determinedd after 5 minutes) vs. the styrene concentration for the reaction of iodobenzene with 

styrenee in CFFCN at 65 °C catalysed by complex 9a ) and complex 9b . 
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10.0 0 

22 3 
[Pd ] 1 2 (mM 11 2" 

Figur ee 4. Plot of the initial reaction rate ((/[products] la\ determined after 5 minutes) vs. the square 

roott of the palladium concentration for the reaction of iodobenzene with styrene in CIIX'N at 65 °C 

catalysedd by complex 9a ) and complex 9b ) (D denotes the observed formation of palladium 

metal). . 

timee (s" ) 

20000 4000 6000 8000 

Figur ee 5. Logarithmic plot of the conversion of iodobenzene vs. tunc in a typical experiment using 

9aa as the catalyst in the reaction with styrene in C'lfX'N at 65 °C. 
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base-HX X 

Schemee 3. Postulated catalytic cycle for the Heck reaction using bulky monodentate liaands. 

Thee kinetic results can be rationalised as follows. The zero-order dependence in iodobenzene 

indicatess a catalytic reaction in which the oxidative addition is fast under the conditions employed. 

Thiss is in contrast to the common belief that the oxidative addition is the rate-determining step in 

thee Heck reaction.'41"'" ' Assuming that the elimination reduction step is base-assisted (vide infra). 

thee independence of the observed reaction rate on the concentration of triethylamine implies that 

thiss elementary reaction is also fast in our model system. The observed first-order rate-dependence 

onn the alkene concentration clearly shows that styrene is involved in the turn-over limiting step of 

thee cycle. This implies that either the alkene coordination to palladium or the subsequent insertion 

off  the alkene into the Pd-aryl bond is slow. Since the latter process is likely to be reversible, these 

twoo steps cannot be distinguished based on the present kinetic results. The observed linear 

correlationn between the reaction rate and the square root of the catalyst concentration is indicative 

off  an equilibrium between a dimeric form of the complex and the monomeric isomer. This 

monomerr is the catalytically active species. When it is assumed that the equilibrium is shifted 

mainlyy towards the side of the dimer (k.\ » A:. Scheme 3), and that the rate of equilibration is 

muchh higher than the rate of reaction of the monomer with the alkene (A; [alkene] " A;). the overall 

reactionn rate is expected to show a half order dependence on the catalyst concentration (rate -

A:A''' ~[alkene][Pd]" with K = k, A\|). This is indeed what is observed in the kinetic experiments. 

Thee data obtained with NMR spectroscopy (vide supra), that show that the dimer is the main 

speciess present and that the cis trans isomerisation (that might proceed through a monomelic 

complex)) is rapid, support the feasibility of the conditions necessary for a square root dependence 
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onn the eatalvst concentration. From the kinetic results it can he concluded that the same 

mechanisticc arguments hold for the [Pd((o-TolhP)<Ph)(;/-Br)]: (9b) catalyst. Recently. Pfaltz and 

Blackmondd reported kinetic studies involving more sophisticated kinetic modeling methods using 

palladacveless as the catalyst .̂  ' Their results confirmed our conclusions, i.e. the oxidative 

additionn product acts as a dimenc resting state from which the monomerie complex is formed in 

smalll  quantities and reacts relatively slowly with the alkene. The traditional catalytic cycle of the 

Heckk reaction should therefore be adjusted for the svstems applied in our studies as depicted in 

Schemee 3. In the new mechanism, the oxidative addition takes place to a coordinate elv unsaturated 

palladiumm intermediate. The resulting monomerie Pdlarv IMhalide(-complex is in rapid equilibrium 

withh the corresponding dimer. Alter coordination of the alkene to the monomer, followed by slow 

insertion,, the mechanism can proceed through the commonly accepted reaction sequence. Rotation 

aroundd the carbon-carbon bond takes place to form a complex with a syn arrangement between 

palladiumm and the h\drogen atom that is eliminated. This p-\\ elimination is possibly assisted by 

thee base, and Yields the product and a coordinatively unsaturated palladium!I)I species that can 

activatee a new aryl iodide molecule. 

Extensionn of the kinetic studies towards other substrates, e.g. aryl bromides, proved to be less 

straightforward.. For example, the determination of the initial rates in the reaction of bromobenzene 

andd stvrene under the same conditions applied for iodobenzene was hampered by the fact that the 

formationn of palladium precipitate occurred before reliable data could be obtained, 'the same 

observationss were made when the more reactive «-butyl acrylate was applied as the alkene with 

bromobenzenee in NMP. However, the addition of one extra equivalent of ligand to the reaction 

mixturee inhibited the rapid catalyst decomposition sufficiently to determine initial rates in this case. 

Fromm the results of the experiments carried out with additional ligand at SO C'. it followed that in 

thee reaction of bromobenzene with //-buty! acrylate the conversion followed an approximate first 

orderr in the palladium concentration emploved (not shown). This is in contrast to the order half 

foundd when iodobenzene and stvrene were used as the substrates. Furthermore, the reaction 

exhibitedd a small positive order I 0.3) in bromobenzene at low bromobenzene concentrations, 

togetherr with a small, non-constant negative order in the alkene. More importantly, when high 

concentrationss of the aryl halide were applied (> 1.0 M). the overall reaction profile followed a 

zerothh order dependence, i.e. the rate of reaction remained constant over a large part of the reaction 

stagee (Figure 6). These results support a catalytic cycle in which the oxidative addition is involved 

inn the slow steps of the reaction. A shift m the rate-determining step from the insertion step towards 

thee oxidative addition is not unexpected, since bromobenzene is less activated tor oxidative 

additionn than iodobenzene. while electron-poor acrv kites give faster insertion than stvrene. 

However,, from the observed broken order in bromobenzene and the (small) mversed dependence 

onn the alkene concentration it is clear that more processes are involved in this case, such as 
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competingg equilibria between the alkene and the ligand in coordinating to the metal centre before 

oxidativee addition occurs. Similar interference of the nucleophile in the oxidative addition has been 

observedd by Amatore and Jutand et al.'M' 

00 5 10 15 20 

tt (min.) 

Figuree 6. Reaction profile for the initial stage of the reaction of bromobenzene (  0.17 M;  0.47 

M;; O 1.01 M) with «-butyl acrylate (0.30 M) at 80 °C in NMP. 

Fromm the initial screening and kinetic study it can be concluded that both the steric and 

electronicc properties of the ligands employed in the Heck reaction play a crucial role in 

determiningg the activity of the catalyst. When the steric bulk is large enough, mono-coordination is 

enforced,, since the steric crowding does not allow the coordination of a second ligand during 

catalysis.. This renders the metal centre coordinatively unsaturated, resulting in rapid overall 

reaction.. Recently. Brown and coworkers studied the influence of the steric bulk of phosphines on 

thee oxidative addition reaction.52] They found, similar to the earlier work of Hartwig.- '' that 

differentt reaction pathways exist, yielding mononuclear and. or dimeric species, and that the exact 

outcomee of the reaction exhibits extreme sensitivity to the steric environment of the metal 

centre. . 

Withinn our model studies, ligand 2b apparently possesses the optimal steric and electronic 

ligandd properties for fast reaction. The use of bulkier ligands (lc) retards the reaction (see section 

3.2.1.),, while the use of smaller ligands also results in slower catalytic reaction. When an excess 

(moree than two equivalents) of the relatively small phosphoramidite la is reacted with Pd(dba); in 

acetonitrile,, a singlet for the free ligand together with two doublets (8 161.9 and 163.9. ~J?.? = 84 

Hz)) are observed. Wc assign this to a L;Pd(dba) complex, in which two phosphoramidite ligands 

aree coordinated to the metal centre. The formation of similar species is well known for non-bulky 

monodentatee triaryl phosphine ligands. "' "51 Addition of iodobenzene to this complex resulted in 

sloww reaction, with the formation of several unidentified species. In contrast, after the reaction of 
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ann excess of 2b with Pd(dba); under similar conditions, no signals could be observed in the P 

N'MRR spectrum. Probably, the resonances are too broad to observe at room temperature. The 

resultingg complex decomposes slowly in solution to palladium metal, with the concomitant 

formationn of uncoordinated ligand and several unidentified phosphorus-containing species. 

Additionn of iodoben/ene to the Pd(0) complex results in the rapid formation of the anticipated 

iodide-bridgedd palladium(ll) dimer with the structure analogous to 9a. as indicated by the 

appearancee of a signal at a 1 19.4 in the P NMR spectrum. This demonstrates the importance of 

thee steric bulk of the ligand in enforcing mono-coordination and therefore resulting in fast 

oxidativee addition. 

Itt is clear from Figures 3 and 4 that the catalyst containing the bulky phosphine (9b) reacts at a 

lowerr rate than the complex modified with the bulkv phosphoramidite (9a). From this we can 

concludee that also the electronic properties of the ligand are important for a fast reaction. Since the 

oxidativee addition ts not the slow step of the cycle, the use of ligands having larger basicity does 

nott result in faster overall reaction. The observed ligand trend suggests that the alkene coordination 

orr insertion is faster when the palladium centre is less electron-rich. i.e. when catalyst 9a is used 

insteadd of 9b. When phosphites are employed, the reaction is less efficient again, which might be 

causedd by the fact that the oxidative addition in this case has become the slowest step. 

3.2.44 Electronic Dependence. Since the results of the kinetic study do not allow us to 

distinguishh between a rate-determining step involving the alkene coordination and the subsequent 

insertion,, we determined the influence of electronically modified aryl halides and styrenc 

derivativess on the outcome of the catalytic reaction. To this purpose, we tested the reaction of para-

substitutedd lodoben/enes 4 (/;-RG,H4l : R - CI. H. Me. OMc) and /7c//Y/-substituted styrenes 5 (p-

R'CJI.iCIICH;:: R' = OMc. Me. H. CF\) using phosphoramidite complex 9a as the catalvst in NMP 

att 50 ( . see Figures ~! and X. 

Thee rate of the Heck reaction shows a clear electronic dependence. Application of styrenc 

derivativess w ith increasing electron density on the olefmic double bond results in a slower reaction. 

Thus,, the observed order of reactivity is />-OMe-5 - />-Me-5 '' 5 -'  / '-CF.-5. The Hammett plot 

showss an approximately linear correlation between the Hammett (7-parameter and the relative 

reactionn rates, with p = 0.9. As commonly found in Heck reactions, the use of more electron-rich 

alkeness results in a decrease in the regioselectivity towards the (/T)-a!kene product in favour of the 

1.1-substitutedd product, but the effect is small within the series studied ((/:") (1.1 ) -  8K : 12 for/>-

MeO-5).. ' In addition, the use of iodoben/enes containing electron-withdrawing stibstitucnts 

alsoo results in lower reaction rates, exhibiting the order /;-C'l-4 ' 4 - />-Me-4 " ;>-OMe-4. No linear 

Hammettt plot is obtained in this case (figure X). 
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Figuree 7. Hammett-Brown plot of the Heck reaction of iodobenzene with /;<:/ra-substituted styrene 

derivativess at 50 °C in NMP (tr-values were taken from reference 58). 
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Figuree 8. Hammett-Brown plot of the Heck reaction of/«//'«-substituted iodobenzene derivatives 

withh styrene at 50 °C in NMP (rj-values were taken from reference 58). 

Iff  the alkene coordination were the slowest step in the catalytic cycle, an increasing electron-

densityy on the alkene moiety would enhance the overall reaction rate. This is because a more 

electron-richh alkene is better capable of coordinating to the electron-deficient palladium centre 

throughh the well-known donation back-donation mechanism of ^-electrons. ~M' However, this is 

nott in accordance with the electronic dependence of the reaction rate observed. This could imply 

thatt the migratory insertion is involved in the rate-determining step in the catalytic reaction 

sequence.. It has been suggested that the insertion process is best described as a concerted process, 

inn which the actual charge separation is very low.'11 This assumption is supported by theoretical 

calculations.'60'' '' Brookhart and coworkers have reported a systematic study on the electronic 
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effectss in the /3-alkyl migratory insertion reaction of styrene in metln lpalladium complexes."'1 

Theyy found that styrenes bearing electron-withdrawing substituents accelerated the migratorv 

insertion,, caused by destabilisation of the ground-state of the preceeding (rpstvrene(palladium 

complex.. Similar results were found in theoretical studies performed by Svensson et al. ', : In earlier 

studies.. Cabri reported the higher reactivity of/?t/ra-substituted aryl tri Hates containing electron-

donatingg groups in the Heck reaction with vinyl butyl ether using Pd(OAc): dppp as the catalyst.:"' : 

Thee tact that the electronic dependence of the iodobenzenes in our studv does not vield a linear 

Hammettt correlation can be explained by assuming that changing the electronic properties of the 

aryll  halidc does not only change the rate of insertion, but also the equilibrium value of the 

monomerr dimer equilibrium. Therefore, both the amount of active catalyst and its intrinsic 

reactivityy is affected by the electron-density in the aryl halidc substrate. In addition, it is possible 

thatt the oxidative addition step becomes involved in the overall reaction rate when using electron-

richh aryl halides. 

3.2.55 Scope of'th e Catalyst. To explore the potential of the new catalyst system 9a in the Heck 

reaction,, we varied several of the reaction parameters. The influence of the solvent on the catalyst 

performancee is represented in Table 2. 

Tabicc 2. Solvent effect on the Heck reaction ofiodobenzene with styrene catalysed by 9a at 80 °C 

entryy solvent TOFm/' yield' (E)-stilbene (Z)-stilbene l. l -

(mofmol/hr.)) (%) (6) <%) (7)(%) diphenylethene 

(8){%) ) 

<< 0.5 10 

<< 0.5 8 

 0.5 X 

<< 0.5 8 

<< 0.5 8 

<< 0.5 9 

<< 0.5 8 

<< 0.5 7 

<  0.5 8 

"Conditions:: as for Table 1. but with 9a (0.25 mol "») as the catalyst, see also the experimental 

section.. '' initial turn-over frequency, determined after 5 minutes. based on all products, 

determinedd after 3 hours by (il.C. ' 0.1 25 mol "o of 9a used. 1:1 ratio (v v ). ' 10:1 ratio (\ v ), "' not 

determined. . 

Thee solvent used for the Heck coupling between iodobenzene and styrene has an important 

influencee on the outcome of the reaction. Good conversions can be obtained when polar, non-protic 

1 1 

1 1 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

CHX'N N 

NMP P 

DMM F 

DMA A 

LtOAc c 

Toluene' ' 

Toluene e 

i-PrOH H 

CHX'N N 

NMP' ' 

HX) ' ' 

315 5 

605 5 

400 0 

340 0 

760 0 

1900 0 

685 5 

480 480 

n.dr n.dr 

85 5 

96 6 

89 9 

90 0 

T~> > 

61 1 

58 8 

39 9 

11 1 

90 0 

92 2 

92 2 

92 2 

92 2 

91 1 

92 2 

93 3 

92 2 

6K K 



FastFast Heck Reactions using Phosphoramidites 

solventss are employed, as illustrated for acetonitrile, NMP. DMF and DMA (.V..Y-

dimethylacetamide),, see entries 1-4. The initial reaction rates within this series are of the same 

orderr of magnitude. The application of ethyl acetate results in low yields. Apparently, the 

coordinatingg ability of the solvent plays an important role in the catalyst stability and therefore the 

totall  turn-over number. When toluene is used as an apolar solvent (entry 6). a huge increase in 

reactionn rate is observed. This rate-improvement is accompanied by a moderate yield. This 

indicatess that the less coordinating ability the solvent has. the faster the resulting catalyst system is. 

Possibly,, competition between the solvent and substrates occurs when the solvent can coordinate, 

therebyy rendering the catalyst less active, but more stable. It is not clear at which stage of the 

catalyticc cycle this effect is most important. Attempts to combine high activity and stability by 

employingg mixtures of toluene and NMP were not successful (entry 7). The use of polar protic 

solventss also resulted in low yields. Especially the presence of water (10 % v/v in acetonitrile) had 

aa large detrimental effect on the stability of the catalyst. Apparently some of the intermediate 

complexess arc not stable towards protic species. The observed selectivitics in all catalytic runs arc 

nearlyy the same. This is in contrast to other systems, containing two coordinated phosphorus 

ligandss or cyclopalladated catalysts, where increasing polarity of the solvent was found to have a 

negativee effect on the selectivity towards the (£>alkene product.'50'64"661 

Wee also investigated the scope of the aromatic and olefinic substrates using the bulky 

phosphoramiditee complex as a catalyst. The results hereof are summarised in Table 3. 

Applicationn of the phosphoramiditc-based catalyst results in good conversions when aryl 

iodidess are applied, especially in combination with electron-poor alkenes. Thus, the reaction 

betweenn iodobenzene and n-butylacrylate resulted in quantitative conversion to the expected 

cinnamyll  ester (entry I). In accordance with general observations.1I] the selectivity towards the (£")-

alkenee product is very high (> 99.5 %) when aerylates are employed. At 80 °C. this reaction was 

completedd within live minutes, which corresponds to an average turn-over frequency exceeding 

48000 mol mol nr. When the reaction was run at room temperature, longer reaction times were 

required,, resulting in high yields after 16 hours (entry 2). Increasing the steric bulk of the aryl 

iodidee by introducing an ortAo-substituent did not affect the conversion (entry 3). Aryl triflates are 

nott compatible with the catalyst system, see entry 4. The reason for this observation is unclear, but 

Schemee 4. Heck reaction of aryl halidcs with alkenes using 9a as the catalyst. 
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Tablee 3. Heck reaction with different substrates usine 9a as the cataKst at 80 C' 

entry y 

1 1 

^' ' 

3' ' 

4 4 

5 5 

6' ' 

7-' ' 

S" " 

9' ' 

10' ' 

11 1 

12 2 

ii  y' 

aryll  halide 

Phi i 

Phi i 

2-McC„H4l l 

PhOTf f 

Phi i 

Phi i 

Phi i 

Phi i 

PhBr r 

PhBr r 

4-\leOC„H H 

l-naphthylb b 

PhC'1 1 

Br r 

romide e 

alkene e 

77-butyy lacry 

77-butylacry y 

77-butylacry y 

77-butylacry y 

styrene e 

styrene e 

styrene e 

styrene e 

styrene e 

/7-butylacry y 

/7-butylacry y 

/7-butylacry y 

/7-butvv lacrv 

ate e 

ate e 

ate e 

ate e 

ate e 

ate e 

ate e 

ate e 

solvent t 

NMP P 

NMP P 

NMP P 

NMP P 

ClfC'N N 

CC 11 XN 

NMP P 

NMP P 

NMP P 

NMP P 

NMP P 

NMP P 

NMP P 

yield d 

-- 99 

9> > 

>> 99 

<-- 1 

S5 5 

S3 3 

0 0 

0 0 

5 5 

X9 9 

30 0 

 99 

0 0 

""  Conditions as described for Table 2. " based on conversion of aryl halide. determined after 16 

hours,, selectivity for stilbene in all cases approx. as in Tables 1 and 2. '' reaction run at room 

temperature.. ' reaction run with one equivalent of ligand (2b) added. 20 equivalents (to Pd) of 

N(/?-Bu).,Brr added, "pyridine applied as the base. '' KOAc applied as the base. ' reaction run at 110 

CC using A'.A'-diisopropv lethy lamme as the base. 

probablyy the intermediate cationic complexes formed do not give oxidative addition under the 

appliedd conditions. Attempts to isolate cationic complexes by reaction of 9a with halide-abstracting 

reagentss (e.g. AgOTf. Off = trifluoromethane sulfonate) in acetomtnle resulted in the rapid 

formationn of palladium metal. As already shown in Table 2. application of acetonitrile as the 

solventt results in slightly lower yields. The addition of tetraalkylammonium salts does not have a 

beneficiall  effect on the conversion or the selectivity (entry 6). This is in contrast to other studies, 

wheree it was reported that the presence of halide salts can accelerate the reaction, caused by the 

formationn of anionic palladium species.'' '' '''^ Changing the nature of the base by using pyridine or 

inorganicc salts, e.g. KOAc. docs not result in any conversion (entries 7 and X). Both the strength of 

thee base and its solubility (in the case of salts) can play a role herein. No evidence for the operation 

off  a so-called "leakage cycle" is observed. ' ' It is important to note that these results leave the 

possibilityy of a base-assisted elimination mechanism open. The stabilitv of the catalyst is 

significantlyy lower when an. I bromides arc applied, as was alreadv discussed in the kinetic studies. 

However,, the addition of an extra equivalent of ligand to the palladium catalyst, thereby increasing 

itss stability, results in good yields when the more reactive /i-butyl aervlate is used as the alkene 

(entriess 9. 10). As expected when the oxidative addition is relatively slow, the use of electron-rich 

70 0 



FastFast Heck Reactions using Phosphoramidites 

arvll  bromides such as /;t/ra-bromoanisol leads to only moderate conversion (entry 10), 

Electronicallyy activated l-bromonaphthalene gives smooth conversion, while aryi chlorides are not 

reactive.. Probably the activation of the C-CI bond does not take place under the mild conditions 

employedd here using a relatively electron-deficient palladium catalyst like 9a. Beller reported the 

usee of even more electron-withdrawing phosphites in the Heck reaction of arvl chlorides, but high 

temperaturess (160 °C) and large amounts of ligand were required to achieve good yields. '̂  

Electron-richh alkylphosphincs have been shown to be better candidates for the activation of aryi 

chloridess under mild conditions.'""'" "' ' 

Thee results presented in this section demonstrate that, apart from the basicity and the steric 

propertiess of the ligands. other factors, e.g. the solvent, the temperature and additives, can also 

havee influence on the catalytic performance of the catalytic systems used. Studies have been 

reportedd in which these factors were shown to be of decisive importance.'4| This implies that the 

trendd in catalyst efficiency we observed during the ligand screening (see section 3.2.1) may very 

welll  change upon variation of the conditions and nature of the model reaction. Extrapolation of the 

resultss obtained in our study towards other catalytic systems should therefore be done with caution. 

Nevertheless,, we have demonstrated that bulky phosporamidite-based palladium catalysts in the 

Heckk reaction can show very high activity and allow several important, unprecedented mechanistic 

observationss to be made. 

3.33 Conclusions 

Thee use of bulky monodentate electron-poor ligands can give rise to highly active catalysts in 

thee palladium-catalysed Heck reaction of arvl iodides and aryi bromides. The steric and electronic 

propertiess of the ligands play an important role herein. Sufficient steric bulk is required to enforce 

thee catalytic reaction to proceed through mono-coordinated palladium species, thereby increasing 

itss reactivity. The electronic properties determine the concentration of active species from the 

monomer-dimerr equilibrium and their intrinsic reactivity. Phosphoramidite 2b provides an 

optimumm in both properties within the systems studied. The kinetic studies presented here deliver 

uniquee mechanistic insight into the catalytic cycle that is operative using this catalyst. It is to be 

expectedd that similar principles can be applied to other palladium-catalysed cross-coupling 

reactionss using bulky phosphoramidites as auxiliaries. 

3.44 Experimental Section 

Generall  Remarks. All reactions were carried out using standard Schlenk techniques under an 

atmospheree of purified argon or nitrogen. Benzene and toluene were distilled from sodium. 
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dicthyletherr was distilled from sodium bcnzophenone and hexane and pentane were distilled from 

sodiumm bcnzophenone triglyme. Dichloromethane. ethyl acetate, triethylamine and aeetonitrile 

weree distilled from Cafk DMF was vacuum-distilled from CaH:. NMP and DMA were degassed 

byy a freeze-thaw cycle and stored on molsieves (4A) for at least a week. Alkenes were purified 

priorr to use by filtration through a plug of basic alumina (150 mesh. Aldrich Chemical Co.). 

Chemicalss were purchased from Aldrich and Acros Chimiea. Ligands la-c.'  4' 3a-c. " 

[Pd{2b)(Ph|(u-Br)l:: (9b) ' ^ and palktdacycle 10<! were prepared according to literature methods. 

NY1RR spectra were recorded on a Bruker AMX 300. a Yanan Mercury 300. and a Bruker DRX 

300.. ' P and 'C spectra were measured 'H decoupled (unless stated otherwise). Deuterated 

solventss were first degassed and then vacuum transferred from a drying agent. CD:C1; and CD.CN 

weree distilled from CaH;. TMS was used as an external standard for 'H and " T NMR spectroscopy 

andd H,P04 for ' P NMR spectroscopy. Molecular weight determinations were performed on a 

Hewlett-Packardd vapour pressure osmometer model 301 A. using benzil as the reference compound, 

elementall  analyses were performed on a Hereaus Flementar Vano F.L. GC measurements were 

performedd on a Shimadzu GC-17A apparatus (split splitlcss. equipped with a F.l.D. detector and a 

BPX355 column (internal diameter of 0.22 mm. film thickness 0.25 jjm, carrier gas 70 kPa He)) and 

ann Interscience HR GC Mega 2 apparatus (J&W Scientific. DB-1 column. 30 m inner diameter 

0.322 mm film thickness 3.0 (im, earner gas 70 kPa He. F.l.D. detector). GC MS measurements 

(F.I.. detection) were performed on a HP 5K90 5971 apparatus, equipped with a ZB-5 column (5% 

cross-linkedd phenyl polysiloxane) with a 0.25 mm internal diameter and 0.25 (im film thickness. 

Preparationn of complex 9a. This compound was prepared analogously as described for the 

synthesiss of 9b. H NMR (CDCL. 298 K): 5 6.94 (m. 411. Ar-//) . 6.81 (m. 4H. \x-lf). 6.62 (m. 

1011.. Ar-//|. 4.45 (m. 411. NC/ACÏF);). 3.81 (s. 12H.C7/.0). 1.41 (s. 36H. C(C// ,)0. 1.25 (s. 12H. 

NCÏKCV/-,):).. 1.23 (s. I 2H. NCH(C7/,):):
 ; 'P NMR (CDCL. 298 K): <5M8.3(s): 'C NMR (CDCL. 

2988 K): a 155.0. 143.0 (d. :./(.,. - 14 Hz). 141.9. 135.2. 131.3. 126.7. 122.7. 117.1. 114.5. 113.2. 

55.4.. 50.0. 49.9 (d. 2J(.,, = 18 Hz). 35.6. 31.7. 25.0. Analysis calculated for C,.JL,.,Br:N:04Pd;: C. 

54.38:: H. 6.31: N. 1.86: found: C. 54.86: H. 6.38: N. 1.69. 

Catalysiss with in situ prepared catalysts. A Schlenk \essel was charged with Pd(dba): (26.1 

mg.. 0.05 mmol) and hgand (0.10 mmol). Subsequently. 5.0 inL of aeetonitrile. decane (250 LiL. 

1.288 mmol) as internal standard for (jFC. iodobenzene (0.56 mL. 5.0 mmol) and triethylamine 

(0.766 mL. 5.5 mmol) were added. The reaction mixture was heated to 80 C and stvrene (0.63 ml.. 

5.55 mmol I was added. Samples were taken at regular interwils. diluted with dichloromethane and 

washedd with dilute 1 ICl->olution. The organic phase was dried over MgSCL and anaksed bv (iLC. 

i i i 
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Catalysiss vvith Complexes 9a. A Schlenk vessel was charged with complex 9a (9.4 mg, 6.25 

|imol).. Subsequently, solvent (10.0 niL). decane (500 uL. 2.56 mmol) as internal standard for 

GLC,, iodobenzene (0.56 tnL. 5.0 mmol) and triethylamine (0.76 mL. 5.5 mmol) were added. The 

reactionn mixture was heated to 65 °C and styrene (0.63 mL. 5.5 mmol) was added. Samples were 

takenn at regular intervals, diluted with dichloromethane and washed with dilute HCI-solution. The 

organicc phase was dried over y igS04 and analysed by GLC'. 

Kineti cc Studies. In a representative procedure, a Schlenk vessel was charged with complex 9. 

Subsequently,, acetonitrile (to a total volume of 10 mL). decane (500 uL. 2.56 mmol) as internal 

standardd for GLC. iodobenzene and triethylamine were added. The reaction mixture was heated to 

655 °C and styrene (0.63 mL, 5.5 mmol) was added. Samples were taken at regular intervals, diluted 

withh dichloromethane and washed with dilute HCI-solution. The organic phase was dried over 

MgS044 and analysed by GLC. 

XAF SS Measurements on Complex 9a. Palladium K-edge (24350 eV) LXAFS spectra were 

measuredd at the European Synchrotron Radiation Facility (ESRF) in Grenoble. France. Beamline 

29,, using a Si( 1 1 1) double crystal monochromator. The monochromator was detuned to 50% 

intensityy to avoid effects of higher harmonics present in the X-ray beam. The measurements were 

donee in the transmission mode using optimised ion chambers as detectors. To decrease noise scans 

Figur ee 9. Fourier Transforms of raw data (solid line) and /?-space fit (dotted line) (3.2 < k < 17 

A"'andd 1.0 < R < 3.0 A) of [Pd dirtier] in solid state at RT {a)k° weighted, (b) //'-weighted. 

weree made in k-space and three scans were collected for each sample. 

Theoreticall  reference data were generated in the commercially available program XDA P 

usingg FEFF8.01 '"' Recent developments in LXAF S data-analysis methods, which make use of the 

so-calledd difference fil e technique. allow the reliable separation of the different contributions 
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resultingg in a proper analysis. M EXAFS data of excellent quality are obtained. The results of the 

EXAFSS data-analysis are given in Table 1. The total tits are of good quality in all weightings 

appliedd as can be concluded from the low variances found between both the imaginary and absolute 

partss of the Fourier transforms of the fits and the spectra.1 ' 

Tablee 4. EXAFS results on Pd dimer 9a " 
Ab-Scc Pair' N R(A) o:(A :) E„(CV) 

Pd-CC " Ë1 IÏÏ 2 0.004 7.37 

Pd-PP 0.9 2.24 0.001 2.63 

Pd-Brr 1.8 2.53 0.005 9.72 

Pd-Pdd 0.8 2.83 0.002 -12.2 

''' \ l l u i r - 2S. Fn: r-space. 3.2- k- 17.0; k"- weighted Yar. Iin. - 0.15, \ 'ar. Abs. 0.087. A'-weighted \ ar. Im. -

0.87.. Yar. Abs. - 0.35. Al l parameters iterative!) refined. Ab ~ absorber: Se - scatterer. Yar. Im. and Yar. 

Abs.. are the variances of the fit  of the Imaginary and Absolute part. resp. 
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CHAPTERCHAPTER 4 

Fastt Asymmetric Intramolecular Heck Reactions using Chiral Bulky 

Monodentatee Phosphoramidites; Origin of Enantioselectivity' 

Abstract t 

Thee application of chiral. monodentate phosphoramidite ligands based on bulky BINOL and 

TADDOLL backbones gives rise to very rapid asymmetric intramolecular palladium-catalysed Heck 

reactionss of aryliodides under extremely mild conditions (room temperature or even lower). This 

highh activity is caused by mono-coordination of the ligands. which leaves the transient palladium 

complexess coordinate ely unsaturated. This mono-coordination is a consequence of the large steric 

bulkk of the ligands. which hampers ligation of a second phosphoramidite during catalysis. The 

electron-withdrawingg properties of the ligand further enhance the reaction rates in comparison with 

commonlyy used Pd diphosphine catalysts. The cnantioselectivities obtained using bulky TADDOL-

basedd phosphoramidites are sensitive to structural variations in the ligand, reaching values of up to 

799 % ee in our model reaction using ligand (l/?.7/?)-4-Diethylamino-9.9-dimethyl-2.2,6,6-tetra(3.5-

dimethylphenyl)-3.5.8.10-tetraoxa-4-phosphabicyclo[5.3.0]decanee ((R,R)-5). The intermediate 

palladium(aryl)(halide)) complexes exist as dimers and have been prepared and isolated. X-ray 

analysiss of crystals obtained of complex [Pd((/?./?)-5)(4-CNG1H4)(/j-Br)] ; confirms the dimeric 

structuree and the mono-coordination of the ligand to palladium. These dimers act as the resting 

statee of the catalyst during the reaction. The observed enantioselectivity presumably originates 

fromm a kinetic resolution mechanism, in which one of the enantiomers initially formed is more 

pronee to dissociate from palladium to give the product, whereas the opposite enantiomer mainly 

undergoess reinsertion and (possibly multiple) isomerisatton. 

Too be submitted for publication: Maarten D. K. Boele. Gino P. F. van Strijdonck. Paul C. J. 

Kamer.. Martin Lutz. Anthony L. Spek. Johannes G. de Vries and Piet W. N. M. van Leeuwen 2002 
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4.11 Introductio n 

Thee palladium-catalysed arylation or alkenylation of alkenes. better known as the Heck reaction, 

hass emerged as an extremely powerful tool for the formation of new carbon-carbon bonds. '' As 

partt of more recent developments, intramolecular Heck couplings have been emplo\ed 

successfullyy in many cases in constructing trisubstituted and even tetrasubstituted olefins or tertiary 

andd quaternary carbon centres.14"'' Since the first reports in 1989 by Overman' ' and Shibasaki/1 the 

asymmetricc variant of the intramolecular Heck reaction has appeared as a crucial step in manv 

asymmetricc total syntheses of different natural products.'1'"1 ' Also, asymmetric m/mnolecular Heck 

couplingss have been developed.'; ' "' although their potential for application in synthetic organic 

chemistryy is far from being fully exploited yet. 

Thee vast majority of the reported asymmetric Heck reactions uses bidentate diphosphate 

ligands""11 or. in some cases. P-N ligands.':I"~4 Overman et al. have shown that the cyelization of 

«./^-unsaturatedd 2-haloanihde derivatives can be performed with moderate to very high 

enantioselectivitiess using Pd BINAP as the catalyst. Moreover, the stereochemical outcome of the 

reactionn can be steered by the addition of halide-scavcngers to the reaction mixture."" :" :" ' These 

observationss have been rationalised in terms of different chiral inductions in the proposed cationic 

four-coordinatee or neutral five-coordinate palladium-intermediates (with and without halide-

scavengerr present, respectively).''"'"''' 

unfortunately,, these and other catalyst systems, which use bidentate diphosphincs as auxiliaries, 

sufferr from the drawback that the reactions are very slow. Therefore, prolonged reaction times 

togetherr with elevated temperatures and high palladium-loadings are required to obtain acceptable 

conversions.. In fact, it has been established earlier that generally diphosphincs are not very suitable 

ligandss for Heck reactions as they give low conversions.'2 ' although examples exist in which 

diphosphincss give good results. '̂ When functional groups are present in the substrate, the 

relativelyy harsh conditions can pose problems due to the possible occurrence of side-reactions. 

Thereforee clearly a need exists for catalysts that provide high enantioselectivities combined with 

highh activities under milder conditions. 

Phosphoramiditess form a class of ligands that, despite their high potential, have so far been 

relativelyy unexplored. The few early examples include the hydroformylation. as was shown in our 

group.. "4| An important breakthrough demonstrating the value oi'chiral phosphoramidites has been 

accomplishedd by Alexakis and Fennga and co-workers. They successfully applied BINOL-based 

phosphoramiditess in the copper-catalysed asymmetric 1.4-addition.1'"' '' which gave excellent 

enantioselectivitiess in many cases. More recently, it has been shown that monodentate 

phosphoramiditess can function as effective chiral auxiliaries in other metal-catalysed reactions, 

includingg hydrogcnations. '~ ' hvdrosilviations "' and hvdrovmviation reactions. " 
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Inn Chapter 3, we demonstrated the application of bulky, monodentate phosphoramidites (for 

examplee 1) as effective and versatile ligands in intermolecular Heck reactions. " The resulting 

catalystss appeared to be extremel) active in the reaction between alkenes and aryliodides. even at 

roomm temperature. The crucial ligand properties for this remarkable performance is the bulkiness of 

thee ligand. which prevents the coordination of more than one ligand to the metal centre, thereby 

renderingg the complex coordinatively unsaturated. From kinetic studies it was shown that within 

Figur ee 1. Phosphoramidite successfully applied in Heck reactions. 

ourr model systems these catalysts behave well-defined, and that the oxidative addition is not the 

ratee determining step of the catalytic cycle. Instead, the migratory insertion of the alkene into the 

Pd-aryll  bond is rate limiting. 6' 

Thesee results encouraged us to investigate the possibilities of performing very fast asymmetric 

Heckk reactions using chiral bulky monodentate phosphoramidites. Moreover, application of these 

catalystt systems would enable the performance of Heck reactions under much milder conditions 

thann usually applied nowadays. During the preparation of this manuscript. Heringa and co-workers 

reportedd high enantioselectiv ities in an intramolecular Heck reaction using monodentate 

phosphoramiditess based on TADDOL backbones, showing the promising properties of this class of 

ligands.. ' The reactivity of the catalyst system still leaves room for improvement. In this chapter 

wee present our results in this field, together with some important mechanistic considerations. 
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4.22 Results and Discussion 

4.2.11 Ligand Synthesis 

Forr a first screening we decided to use bulky diols based on BINOL (2,2'-dihydroxy-l,l"-

binaphthyl)) and TADDOL1'"1 (2.3-O-isopropylidene-l J,4,4-tetraphenylthreitol, or. more in 

general.. a, a,a\ a' -tetraaryl-2,2 -dimethyl- l,3-dioxolan-4,5-dimethanol) backbones. These 

backboness offer the advantage of straightforward preparation and. importantly, allow a modular 

approachh in ligand design. This modularity enables extensive tine-tuning of the ligand structures, 

meetingg the needs of a particular substrate and or reaction. 

Thee chiral bulky phosphoramidites 2-13 were synthesised analogously to published methods.1""' 

Heatingg the appropriate diol with an equimolar amount of PCli in the presence of Et-,N. 

followedd by reaction with the desired amine afforded the corresponding product, which was 

purifiedd by column chromatography (SiO;) (Scheme I. route A). Ligands 2 and 4 were prepared by 

reactionn of the corresponding diols with HMPT (hexamethylphosphorous triamide, route B in 

Schemee 1 ).'41' The yields obtained were moderate to high. The ligands showed good stability in the 

OH H 

PCI3 3 

Et.N N 

OHH toluene 

CC - reflux 

HNRR' ' 

Oxx Et.N 

/ P - C II -

toluene e 

CC - reflux 

xx .R 
^ P - N N 

OO > 

(A, , 

OH H 
P(NMe2)3 3 

OHH toluene 

reflux x 

xx .Me 
, P - N N 

' 00 'Me 

-OH H 

OH H 

Ar r 

X: Ï Ï 
A/ A/ 

Ar r 
^~OH H 

^-O H H 

'Ar r 

Si(CH3)3 3 

Si(CH3)3 3 

andd enantiomers 

Schemee 1. General synthesis routes for phosphoramidite ligands used in this stud). 
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Si(CH3)3 3 

'Si(CH3)3 3 

fRJ-BINOLL denv 

Ar.. Ar 

0 J V 00 R' 
Arr Ar 

(R.RJ-TADDOLdenv. . 

ligandd 4 

igand d 

RR = 

R'' = 

C2H55 CH3 

C2H55 (R)-CH(CH3)Ph 

Ar.. Ar 

<< 1 ?-
00 X" 0 

A r ^ A r r 

R R 
N N 

R' ' 

(S.SJ-TADDOLdenv. . 

6 6 7 7 

RR = 

R'' = 

Arr = 

CH3 3 

CH, , 

C2H5 5 

C2H5 5 

CH H CH H 

(R)-CH(CH3)Phh (S)-CH(CH3)Ph 

3,5-(CH3)2C6H33 3,5-(CH3)2C6H3 3,5-(CH3)2C6H3 3.5-{CH3)2C6H3 

CH(CH3)2 2 

CH(CH3)2 2 

Ph h 

C2H5 5 

C2H5 5 

2-Naphthyl l 

ligandd 10 11 1 

NR== f - N - C H 3 r „ o 
N — ^^ N- J 

NR'' = 

Ar== 3,5-(CH3)2C6H3 3,5-(CH3)2C6H3 

12 2 

An.. Ar 

\\ / O^'-^Ó VC2H5 

Arr 'Ar 

3.5-(CH3)2C6H3 3 

13 3 

3.5-(CH3)2C6H3 3 

Schemee 2. Overview of the bulky BINOL and TADDOL type phosphoramidite ligands applied in 

thesee studies. 

solidd state. In some cases, the products formed appeared to be significantly less stable in solution 

andd decomposition was observed in protic solvents and during column chromatography, even under 

basicc conditions. Together with a very high solubility, this hampered purification of some of the 

ligands.. especially for the bulky TADDOL derivatives. 

Ligandd 14 was prepared in good yield via the reaction of (l/?.2.S")-.Y-benzylnorephedrine with an 

equimolarr amount of 2,6-di(/-Bu)phenoxyPCT in a high-dilution experiment (Scheme 3). 
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Pr Pr 
Pn n 

OH H f-Bu u 

Me e 

Et3N N 

»--
f " B uu toluene 

OPCI22 .40 c 

f-Bu u Ph h 

PP V - M e 

f-Bu u 
Ph h 

14 4 

Schemee 3. Synthetic route to norephedrine-based phosphoramidite 14. 

4.2.22 Asymmetric Heck Reactions: Catalysis 

4.2.2.11 Influence of the Backbone. As a model reaction we chose the intramolecular ring-

closingg reaction of cyclohex-1-ene carboxylic acid (2-iodophenyl)-methylamide (I) to the 

correspondingg oxindole, ' see Scheme 4. This reaction has been studied extensively' " and has 

greatt importance in constructing new chiral carbon centres in natural product syntheses. In this 

Pd(dba) ) 

L* * 

base e 

2-alkene.. II 3-alkene. . 

Schemee 4. Model reaction for the asymmetric intramolecular Heck transformation of I into chiral 

oxindoless II  and III . 

reactionn the ring closure leads to the formation of two possible products: the 2-alkene (II ) and the 

isomericc 3-alkene (III) . The latter arises from reinsertion followed by /j-H elimination of the 2-

alkenee product into the transient Pd-H bond (vide infra). 

Thee catalytic active species were preformed in situ by stirring Pd(dba): (2.5 mol%) with 2-4 

equiv.. of the appropriate ligand at 50 'C in A'.A'-dimethylaeetamide (DMA ) for 15 minutes. After 

coolingg to the desired reaction temperature .Y..Y-diispropylethylamine (I)IPPA) as the base (2-fold 

excess)) and substrate were added and the reaction was monitored by TLC. GC, and H-NMR. 

Enantiomericc excesses were determined by chiral HPLC. 

Thee results obtained using selected ligands are summarised in Table 1. 
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1 1 

1 1 

3 3 

4 4 

5 5 

6 6 

7 7 

(tfl- 2 2 

iR)-2 iR)-2 

{R)-3 {R)-3 

(fl)- 3 3 

14 4 

(/?./ ?? )- 5 

(/?./ ?? )- 5 

40 0 

25 5 

40 0 

25 5 

40 0 

40 0 

25 5 

89 9 

-9 0 0 

89 9 

l.d . . 

92 2 

•9 9 9 

97 7 

n.d. ' ' 

n.d . . 

600 4 0 

599 4 1 

566 4 4 

500 5 0 

422 5 8 

Tabicc 1. Selected catalytic results obtained in the model reaction I —» II  - II I  (Scheme 4) for 

severall  ligand backbones 

entryy Ligand Temperature ( O Yield ("«.)' Ratio II : III 1 ee II  <"u) ' (configuration) 

~ __ - 5(.SV 

--5(5) ) 

17(.S") ) 

200 (.V) 

\7(R) \7(R) 

388 (S) 

488 (.V) 

""  i:\penmental details: [Pd] - 2.5 m\ l . Pd ligand substrate base - 1 2 2 40 80. Reaction time 2 h. " 

determinedd by H NMR and or GC. determined by H NMR.'' determined by chiral HPLC 

(Chiralcell  OD). ' not determined. ' absolute configuration determined by comparison with literature 

data,, see rel". 44. Kor further information see experimental section. 

Ass anticipated, the reaction rates are very high compared to the 'classic' diphosphine cases For 

mostt ligands the reactions were completed within less than 15 minutes at 40 °C. When the 

reactionss were run at room temperature, slightly longer reaction times were required (30-90 min.). 

Thesee results show that a fast reaction induced by mono-hgated palladium complexes is feasible. 

Overmann et al. already reported a large acceleration of the reaction rate using monodentate 

analoguess of B1NAP. The enantioselectiv Hies obtained with these systems were low (19-27 "» 

ee).: > ll Application of phosphoramidites (Z?)-2, (R)-2> and 14 (entries 1-5) resulted in low ee"s of the 

productt 2-alkene as well. However, major improvements could be made using TADDOL-based 

ligandd {R.R)-5 as chiral auxiliary. In this case, the ee increased to 48 %. Therefore, we decided to 

focuss our further research efforts on ligands based on this backbone. 

4.2.2.22 Optimisation of Reaction Conditions. Solvent effects play an important role in Heck 

reactions.. The best results are often obtained in polar media, such as acctonitrilc or amides, which 

alll  have the ability to coordinate to the metal centre. The nature of the solvent applied has a large 

influencee on the stereochemical outcome of the model reaction (see Table 2). The use of apolar 

solventss resulted in slightly higher yields and much improved enantioselectivities. Toluene gave 

thee best results, resulting in an ee of 56"» under standard conditions in almost quantitative yield 

(seee entrv 1). Polar solvents might compete with the phosphoramidite ligands for coordination to 

thee palladium centre, thus reducing the chiral induction. This competition is likely to be much 

smallerr if not absent when non-coordinating solvents are used. From the point of stability, 

however,, aprotic polar solvents can be preferable in cases where incomplete conversions are 
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Tablee 2. Sohent and temperature dependence in the model reaction I -H> [I - I I I  using Pd (R.R)-S' 

entryy Sohent Temperature ( C') Yield ("u) Ratio II  : II I  ee II  CM (I.S')-configurationl 

D M A A 

N M P P 

THF F 

MeCN N 

C H : C Ï ; ; 

DMSO O 

Toluene e 

Toluene e 

Toluene e 

40 0 

40 0 

40 0 

40 0 

40 0 

40 0 

40 0 

25 5 

0 0 

,, w 

99 9 

99 9 

<X9 9 

SI I 

i l.d. . 

 99 

9,X X 

 15 

433 5 7 

444 56 

3NN 62 

499 51 

544 46 

444 56 

399 61 

322 6N 

266 74 

3S S 

37 7 

46 6 

49 9 

34 4 

4 " " 

56 6 

70 0 

79 9 

""  Reaction conditions: see footnote Table I. 

obtained.. For li l NAP Pd catalysed cyclisations. polar sohents were shown to be beneficial tor 

obtainingg high ceN.with .Y-metliylpyrrolidine (NMP) giving the best results. ' 

II  he enantioselectivity of the reaction showed a temperature dependence, i.e. higher ee's were 

obtainedd at lower temperatures. Thus, upon lowering the reaction temperature to room temperature, 

thee ee increased to 70"o when the reaction was carried out in toluene with DIPFA as the base (entry 

S).. Further decrease of the reaction temperature to 0 C led to an even higher enantioselectivity of 

79"oo ee (entry 9). In this case, however, a remarkable drop in the yield was observed, even using an 

increasedd palladium loading. The reason for this drop in turnover number is unclear at present. 

Interestingly,, the regioselectiv ity of the reaction towards the 2-alkene (X) seems to be 

inverselyy correlated to enantioselectivity observed in this product. This might indicate a mechanism 

off  enantioselection in which a kinetic resolution plavs a role (\ ide infra). 

Thee influence of the nature of the catalyst precursor had littl e influence ('Fable 3). The 

applicationn of Pd(()Ac): as the metal source (Table 3. entry 1, 2) gave smooth product formation in 

similarr yield and enantioselectivity as the reaction using Pd(dba|:. Variation of the number oi' 

equivalentss of ligand (1.5-6 equiv. to Pd) did not influence the enantioselectivity within 

experimentall  error (entry 3-5). but the amount of ligand does affect the rate at which the Pd(0)(L*), 

speciess arc being formed by exchange with the diben/ylideneacetone ligand(s) during the 

incubationn period, as it takes less time for the reaction mixture to turn \ el low during the incubation 

whenn more equivalents of ligand are used. In the case of incomplete coordination ol" the crura! 

ligandd to Pd. the presence of achiral metal species might give rise to the competitive production ol' 

racemicc product. However, the results obtained in our studies 
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Tablee 3. Variation of catalyst precursor and base in the model reaction I —> II — II I  using 
PdiPdi R.R)-$' 

entr\\ Catalyst base (equiv. Temperature Yield<"u) Ratio II : II I  ee II (%) ((.S> 

precursorr ({R.Rj- to subs.) ( Cj configuration) 

55 Pd) 

1 1 

7 7 

3 3 

4 4 

5 5 

6* * 

1" 1" 

8 8 

9 9 

It) ) 

i r ' ' 

12 2 

Pd(OAe):(3.0) ) 

Pd(dba):(2.0) ) 

Pd(dba):(1.5| | 

Pd(dba):(3.0) ) 

Pd(dba):(6.0) ) 

Pd(dba>_(2.0) ) 

Pd(dba):(2.0) ) 

Pd(dba):(3.0) ) 

Pd(dba);(2.0) ) 

Pd(dba):(3.0) ) 

Pd(dba):(2.0) ) 

Pd(dba):: (2.Of 

DIPLA A 

DIPEA A 

D1PEA A 

DIPEA A 

DIPEA A 

DIPEA A 

Et-,N N 

Proton n 

Sponge' ' 

KOAc c 

Ag,P04 4 

DIPEA A 

DIPEA A 

22 s 

25 5 

40 0 

40 0 

40 0 

40 0 

40 0 

25 5 

25 5 

25 5 

25 5 

25 5 

>99 9 

98 8 

n.d. . 

>99 9 

n.d. . 

>>  90 

>> 90 

94 4 

<< 5 

n.d. . 

35 5 

75 5 

355 65 

322 68 

411 59 

399 61 

411 59 

433 57 

411 59 

400 60 

--
466 54 

333 67 

333 67 

66 6 

70 0 

53 3 

56 6 

54 4 

38 8 

36 6 

66 6 

--
43 3 

70 0 

69 9 

""  Reaction conditions: see footnote Table 1. ' Reaction carried out in DMA. l 1.8-

bis(dimethylamino)-naphthalenee '' 1.0 equiv. of KE added. ' 1.0 mol" o Pd applied 

doo not imply important contributions of this kind. No reaction was observed when Pd(dba): and 

thee substrate and base were stirred under standard conditions for two hours. These results, in 

combinationn with the observed high reaction rates, strongly suggest that during the catalysis only 

onee chiral hgand coordinates to the Pd centre (vide infra). 

Thee nature of the base applied was also tested. Tertiary amines, e.g. triethylamine or DIPEA. 

gavee very similar results (entries 6 and 7). The use of 'proton sponge" (1.8-

bis(dimethylamino)naphthalene)) as a strong organic base did not lead to a significant change in 

enantioselectivityy either. The presence of Ag-,P04. often successfully applied as halide-scav enger 

andd base in the case of Pd(diphosphine) asymmetric Heck catalysis, resulted in low yield and low 

eee (entry 9). Possibly, the capture of the halide (I ) ligand by the silver cation leaves the metal 

centre,, already being a coordinativelv unsaturated species, in a highly unstable state, resulting in 

rapidd decomposition to palladium metal. The formation of palladium metal was indeed observed in 

thiss case, as opposed to other reactions. Other inorganic bases, e.g. KOAc gave hardly any reaction 

underr these conditions, in accordance with the results in Chapter 3. 
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4.2.2.33 Ligand Variation . As already stated above, the class of ligands presented in this study 

iss extremely suitable for a modular approach, enabling extensive ligand modification at different 

positionss in the molecule. For the TADDOL-based ligands this is possible through variation of 1) 

thee aryl substituents in the backbone. 2) the type of substituents introduced through the acetal 

formationn at the fi\e-membered ring, and 3) the amine moietv. 

Tablee 4. Lieand \ariation in the modelreaetion I —> II  HI 

1 1 

1 1 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

Ligand d 

(R.R)-H (R.R)-H 

(RM)-9 (RM)-9 

(R.R)-M' (R.R)-M' 

(R.R)-4 (R.R)-4 

(R.R)-5 (R.R)-5 

<5..S>6 6 

(RM.R)-6 (RM.R)-6 

iR.RShl iR.RShl 

(S.SM)-6 (S.SM)-6 

(S.S.S)-l (S.S.S)-l 

(RM)-ll (RM)-ll 

(RM)-IO (RM)-IO 

(R,R)-\3 (R,R)-\3 

Yieldd ("o) 

n.d. . 

n.d. . 

61 1 

89 9 

98 8 

>99 9 

;;  99 

>> 99 

>99 9 

>99 9 

91 1 

84 4 

> 99 9 

Ratioo 11 : II I 

399 61 

266 74 

311 69 

244 76 

322 68 

322 68 

488 52 

44-56 6 

288 71 

555 45 

23.77 7 

22.78 8 

26/74 4 

e e l l ( " „ ) ) 

<  5 (S) 

444 (S) 

688 (S) 

455 (5) 

700 (S) 

699 (ƒ?) 

400 (.V) 

511 (S) 

577 [R) 

1919 {R) 

466 (S) 

433 (S) 

88 (R) 

eel l lC'o) ) 

n.d. . 

7 ( -| | 

l c>(-) ) 

15(( + ) 

1 5 ( -| | 

16(-) ) 

211 (-) 

244 f *) 

27(-) ) 

1 8 ( -) ) 

1 6 ( -) ) 

2 0 ( -) ) 

7(( + ) 

''' Reaction conditions: sec footnote Table 1. '' absolute stereochemical configuration was not 

determined.'' 4.0 equivalents (to Pd) of ligand applied. 

Thee results for the different ligands in the model Heck reaction are shown in Table 4. The 

observedd ee's are very sensitive to modification of the aryl substituents in the TADDOL backbone. 

Thus,, ligands 9 and 8, with 2-naphthyl and phenyl substituents respectively, give product II  in low 

ecc (44 "i , and <5 nu resp.). whereas ligand 5 results in 70"o ee under the same conditions. 

Furthermore,, replacement of the two methyl substituents at the dioxalane ring system by a 

cyclohcxyll  group (ligand 11) does slightly decrease enantioselectiv ity (entry 3). This can be 

explainedd by the fact that the cyclohcxyl moiety, being stcncally more restricted, introduces 

slightlyy different ring tension in the backbone and therefore results in different chiral induction. 

Finally,, variation of the amine moiety results in a sharp optimum for the diethyiamino substituent. 

Lowerr ee"s are obtained using ligands with the smaller dimethylamino- (entrv 4) or larger A.(/.-

dimethylbenzylaminee moiety (entries 7-10). We have been unable to isolate corresponding ligands 

withh even larger substituents on nitrogen (e.g. isopropyl groups). When ligand iS.S)-5 is used. 
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ha\ingg the opposite chirality in the TADDOLate backbone, the same regio- and stereoselectivities 

aree observed, with the opposite enantiomers formed in excess, as can be seen from entries 5 and 6 

inn Table 3. 

Interestingg results are obtained from the application of ligands with the cliiral A'.a-

dimethylbenzylaminee moiety in the reaction. In this case, a chiral eooperativity between the 

chiralityy of the TADDOLate and of the amine is possible, giving information on the important 

factorss steering the enantioselectivity of the reaction. From entries 7-10 it can be concluded that the 

stereochemicall  outcome of the ring closure to II  is mainly determined by the TADDOLate 

backbonee structure of the ligands. as indicated by the small influence of the configuration of the 

amine-carbonn on the enantiomer of II  formed. Thus, on changing the configuration in the amine 

moiety,, going from ligand (S,S,R)-6 to (S.S,S)-7. a slight drop in enantioselectivity from 57 % to 39 

"nn in (R)-ll is observed (entries 9 and 10). At the same time, the ee in product II I  changes from 27 

°uu to 1 8 "o of the opposite enantiomer! This remarkable change is accompanied by a large shift of 

thee regioselectivity from approximately 28 "<> II  to over 50 %. 

Applicationn of phosphoramidite ligands possessing a potentially coordinating hcteroatom 

(oxygenn in the case of 11. nitrogen in 10) results in lower enantioselectivity compared to 5. 

Apparently,, the second donor atom does play a role in modifying the catalyst properties and 

thereforee the catalytic results, but not in a benificial way. Phosphite-derivative 13 showed low 

stereoselectivity,, although the reaction rate observed was even higher than that found for the 

phosphoramiditee ligands. 

4.2.33 Origi n of Enantioselectivity: Mechanistic Aspects 

4.2.3.11 Nature of the Catalyticall y Active Species. As already indicated above, several 

observationss indicate that our working hypothesis, i.e. the catalytically active species consists of a 

Pdd species with only one bulky ligand coordinated, is valid under the conditions used. The reaction 

ratess obtained in our model reaction are several orders of magnitude higher than observed by 

Feringaa in his intramolecular asymmetric Heck reaction. 's This large difference can be explained 

byy the fact that the ligands employed in their studies are not sufficiently bulky to enforce mono-

coordination.. If ligation of mo phosphoramidites occurs, this probably leads to a slower oxidative 

additionn and insertion, mainly caused by steric factors. If one of these steps becomes rate 

determining,, in going from mono-coordination to bis-coordination. this can lead to overall 

retardationn of the ring closure reaction. (Additionally, it should be noted that the influence of the 

differencee in substrate cannot be ruled out as a cause for the large rate difference). The 

enantioselectivityy of the reaction is not sensitive to the number of equivalents of ligand employed, 

goingg from 1.5 to 6 equivalents. If the ee"s observed are a resultant of different, for example. 
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Figur ee 2. Dependence of the enantioselectivity of II using mixtures of ligand 5 of different enantiopurity 

showingg a linear correlation. Experimental conditions as in Table 3, entry l I. 

Pd(L*)) and Pd(L*)2, species both showing activity and existing as dynamic equilibria, the 

enantioselectivityy would be expected to be dependent on the Pd L ratio (assuming different 

enantioselectivitiess for the different species). Even if bis-coordinated species are present that are 

nott reactive, the number of equivalents of ligand employed should have a large effect on the rate of 

thee reaction, which is not observed. 

Too test whether the actual catalyst is mono-coordinated under catalytic conditions, wc decided 

too investigate the dependence of the enantioselectivity of the reaction on the enantiopurity of the 

ligand.. In general, such a correlation can give valuable information on the exact nature of the 

catalyticallyy active species in asymmetric catalysis, as shown in kinetic models by Blackmond ] 

andd Kagan.4 ' The results obtained under standard conditions using ligand (R.R)-S arc depicted in 

Figuree 2. From this it can be concluded that, within experimental error, a linear correlation exists 

betweenn the ce of the 2-alkene product (II ) and the ee of the ligand. The absence of a non-linear 

LL = (R,R)-5 

Schemee 5. Synthesis of [Pd((«./v,)-5)(4-CNC,,H4)(u-Br)l;. 
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effectt (NLE) is in agreement with a stereoselectivity determining step in which only one chiral unit 

iss coordinated to the metal centre, but it does not rule out a system containing catalytically active 

Pd(L*):: species in which the NLE is accidentally zero. 

4.2.3.22 Complex Synthesis and Structure. To gain further insight in the palladium species 

involvedd in the reaction, we synthesised complex [PdH/^l-SlH-CNO.PLM/j-Br)]; which is a 

putativee intermediate complex formed after oxidative addition of an aryl halide to a Pd(0) 

precursor.. Thus, reaction of 4-bromobenzonitrilc to a mixture of Pd(dba)2 and 4 equivalents of 

ligandd {R,R)-S in toluene at room temperature afforded the Pd(ll)-complex in reasonable yield 

(Schemee 5). In "'P NMR. the complex showed a single resonance at 92.7 ppm (CDC13), indicating 

formationn of either a trans complex of formula Pd(L*)2(Ar)(Br) or a dimeric complex of type 

[Pd(L*)(Ar)(Br)] 2.. From integration in 'H NMR we concluded that the dimeric form is the actual 

structuree formed. 

Wee were able to grow crystals suitable for X-ray analysis. As is depicted in Figure 3. the 

compoundd indeed has a dimeric structure, with only onephosphoramidite coordinated to the metal 

centre.centre. The dimcr has approximately square planar geometry around Pd. with slightly larger angles 

betweenn the phosphorus and neighbouring ligands (Z(P(3)-Pd( 1 )-Br(2) = 93.76(2)° and Z(C(52)-

Figur ee 3. Crystal structure of (7'v-[P<J((/?./(')-5)(4-CN-C,Tl4)(;u-Br)]:. Hydrogen atoms are omitted 

forr clarity. 
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Pd(l)-P(3))) - 93.06(9)°), and consequent̂ smaller L-Pd-Br angles (e.g. 86.72(8)c for Z(C(52)-

Pd(( 1 )-Br( 1)). see Table 5) than the optimal 90\ This small distortion is likely to be caused b\ the 

largee steric bulk of the phosphoramidite ligand. The halide anions function as bridging ligands, 

resultingg in a Pd( 1 )-Br( 1 ) distance of 2.50X2(4) A (trans relationship to P) and 2.5455(4) A (Pd( 1 r 

Br(2);; cis). The plane of the 4-cyanophenyl ligand is not perpendicular to the coordination plane. 

butt is tilted towards the less crowded side of the complex (Z(P(3)-Pd( 1 )-C(52)-C(53) :- -78.3(3)°). 

Figuree 4. Top-view (perpendicular to the P-Pd-Br plane) of c/.v-[Pd((«.^)-5)(4-CNC,.H ;)(//-Br)] : 

(onlyy half of the dimer is shown for clarity). 

Thee phosphoramidite ligands adopt a cis configuration, giving the dinuclear complex C2-symmetry 

withh the symmetry axis formed by the two bromide ligands. The compound is likely to exist in both 

rijrij  and trans isomers in solution, as was observed b\ low temperature W1R in the case of non-

chirall  Pd(phosphoramidite)(Ar)(Br)-dimers (see Chapter 3 of this thesis). Crystal packing factors 

mightt be responsible for the preferred cis geometry in the solid state. The results we have obtained 

fromm earlier kinetic studies using an achiral analogue1'"1 proved that a rapid equilibrium is present 

betweenn the dimeric and the monomeric form of the complexes, with the equilibrium strongly 

shiftedd to the inactive dimeric form (the only species observed using different spectroscopic 

techniques).. Assuming that the chiral species behave similarly, this dimer represents the resting 

statee of the chiral catalyst. To the best of our knowledge, this X-ra\ analysis represents the first 

examplee of a (phosphoramidite)Pd(organyl)halide crystal structure reported (recently. X-ray 

characterisationn of a dimeric Pd(benzyl)(Br)(bulky phosphite) complex was reported by 

Ziólkowskii  '*  ). 
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Thee TADDOL backbone moieties show a near-C; type symmetric conformation, as is often the 

casee in complexes where the TADDOLate functions as the ligand itself (e.g. Ti(TADDOLate)Ci: 

complexes.. '" The P(3)-0(9) bond is virtually in the coordination plane. Z(C(52)-Pd( 1 )-P(3)-0(9) 

beingg 8.13( 11):. This propeller-like conformation is often regarded as an important condition for 

inducingg high enantioselecth ities in asymmetric transformations using transition metal 

complexes.4''' The ligand as a whole and the monomeric form of the corresponding Pd complexes 

showw C symmetry. The C2 symmetry of the TADDOLate backbone is not fully translated to the 

environmentt of the Pd centre, because of incomplete 'embracing" of the metal by the ligand. 

Therefore,, the exact mechanism of chiral induction in this asymmetric Heck reactions from the 

ligandd to the substrate remains difficul t to understand. 

Tablee 5. Selected bond lengths and angles of r/.v-[Pd((/?./?)-5)(4-CNC„H4)(;i;-Br)l ; 

Pd(( 1 )-Br( 1) 

Pd(l)-Br(2) ) 

Pd(l)-P(3) ) 

Pd(l)-C(52) ) 

Br(l)-Pd(l)-P(3) ) 

Br(2)-Pd(l)-C{52) ) 

Br(l)-Pd(l)-C(52) ) 

Br(2)-Pd(l)-P(3) ) 

P(3)-Pd(l)-C(52) ) 

Pd(( 1 )-Br( l )-Pd( 1)' 

Pd(l)-Br(2)-Pd(l)" " 

Br(2)-Pd(l)-Br(l)--

Pd(l)--

C(52)-Pd(l)-Br(l)--

Pd(l)--

P(3]-Pd(ll  )-Br(2)-Pd(lf 

Br(2)-Pd(l)-P(3)-Q(9) ) 

Bondd length (A) 

2.5082(4) ) 

2.5455(4) ) 

2.2232(7) ) 

2.002(3) ) 

Bondd dihedral 

anglee (°) 

175.32(2) ) 

172.96(8) ) 

86.72(8) ) 

93.76(2) ) 

93.06(9) ) 

94.28(( 1) 

92.49(1) ) 

0.00(4) ) 

-177.74(8) ) 

-175.33(2) ) 

-170.16(8) ) 

P(3)-0(9) ) 

P(3)-()(5I) ) 

P(3)-N<4) ) 

N(57)-C(56) ) 

Pd(l)-P(3)-0(9) ) 

Pd(l)-P(3)-0(51) ) 

Pd(l)-P(3)-N(4) ) 

0(9)-P(3)-0(51) ) 

Ü(9)-P(3)-N(4) ) 

0(5I)-P(3)-N(4) ) 

P(3)-O(9)-C(10) ) 

Br(2)-Pd(l)-P(3)--

0(51) ) 

Br(2)-Pd(l)-P(3)-N(4) ) 

C(52)-Pd(l)-P(3)-0(9) ) 

P(3)-Pd(l)-C(52)--

C(53) ) 

Bondd length (A) 

1.607(2) ) 

1.601(2) ) 

1.632(3) ) 

1.144(6) ) 

Bondd dihedral angle 

(°) ) 

11 11.87(8) 

115.15(8) ) 

112.44(10) ) 

105.04(10) ) 

112.72(12) ) 

98.82(12) ) 

128.23(18) ) 

70.02(9) ) 

-42.13(10) ) 

8.13(11) ) 

-78.3(3) ) 

4.2.3.33 Kineti c Resolution Mechanism. A complicating factor in the reaction studied here is 

thee possibility of isomensation of the product alkenes (II and III) , as illustrated by the mechanism 

91 1 



ChapterChapter 4 

r v p d ^^  rH ^ - ^^ HPd 

HH
 H

r P d PdH H p d 

III  (R) II I  (/?) II I  ( S) II  ( S) 

Schemee 6. Mechanism of isomerisation of initially formed II to III . leading to racemisation. 

inn Scheme 6. In this mechanism the Pd-alkyl complex formed after initial oxidative addition and 

insertionn of the alkene part of the substrate in the Pd-aryl bond undergoes /3-H elimination. The 

resultingg Pd-alkene complex may undergo two reactions: either dissociation of the product 2-alkene 

takess place or reinsertion of the alkene into the Pd-11 bond. If reinsertion takes place with Pd-C 

bondd formation at the carbon atom one further down the ring of the cyclohexenyl moiety, a new 

Pd-alkyll  species is formed. /3-H elimination from this species can also give the 3-alkene product 

complex,, which again can reinsert or dissociate. In this way. the palladium centre could 'run' down 

thee whole cyclohexyl ring if alkene dissociation at all stages is much slower than formation of the 

Pd-alkyll  species via insertion. This is important to notice, since the two pairs of 2-alkene (II ) and 

3-alkenee (III ) product arc in fact pairs of opposite enantiomers! This means that rapid equilibration 

off  the product isomers could lead to racemisation. 

Inn the present case the observed selectivity towards the 2-alkcnc appears to be inversely 

correlatedd to the enantioselectivity of the reaction (see Table 3). indicating that an unspecific 

isomerisationn racemisation mechanism as described above is not operative. More likely, a kinetic 

resolutionn mechanism applies. In such a kinetic resolution mechanism, the formation of the Pd-(II) 

complexx initially takes place with a certain (low) enantiodiscrimination. The chiral environment 

aroundd the metal centre, however, causes one of the diastercomcric complexes formed to mainly 

followw the dissociation pathway, giving II in higher ee, while the other diastereomer preferentially 

reinsertss and thereby isomerises to a Pd-(III) complex. The fact that the observed enantioselectivity 

inn III in all cases is much lower than that in the corresponding II . and also in some cases differs in 

thee enantiomer of' HI formed in excess (while the same enantiomer in II is formed as major 

product)) indicates that the /3-H elimination-reinsertion is faster for the Ill-product than for alkene 

II .. Similar kinetic resolution mechanisms were already proposed by Hayashi and coworkers in the 

casee of Pd(diphosphine) catalysed asymmetric intermolecular Heck reactions. ' and also by 

Chermann in intramolecular asymmetric Heck cyclisations.'14'4^' 

Too obtain more evidence for our hypothesis, wc tested substrate IV in the asymmetric Heck 

reaction,, which cannot undergo isomerisation. Under the same conditions applied to I (Scheme 7). 
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Pd(dba)2 2 

L* * 
/ II -

basee —O 

IVV V 

Schemee 7. Asymmetric Heck cyclisation of IV to V without possible isomerisation. 

thiss resulted in formation of the product (V) in 27 % ee. albeit in low yield (possibly caused by 

electronicc or steric deactivation of the double bond). The fact that in this case the observed 

enantioselectivityy is much lower supports our view that most likely the ee obtained for II is largely 

duee to a kinetic resolution process. 

4.33 Conclusions 

Too conclude, we have shown that bulky, chiral monodentate phosphoramidite ligands give rise 

too very rapid asymmetric intramolecular Heck reactions of aryl iodides I and IV under extremely 

mildd conditions (room temperature or even lower). This demonstrates the viability of the concept of 

combiningg enhanced reaction rates with inducing enantioselectivity by the use of bulky, electron-

poorr monodentate ligands. which give mono-ligand metal complexes. The corresponding palladium 

complexess exist as dimcrs, which arc the resting state of the catalyst during the reaction. The 

observedd enantioselectivity is likely to originate from a kinetic resolution mechanism. 

Althoughh we have expanded the toolbox with a variety of ligands. we have not been able to 

elucidatee the exact origin of the asymmetric induction in the initial carbon-carbon bond forming 

stepp using X-ray data or three-dimensional modelling. The same applies to the subsequent 

stereoselectivee isomerisation steps. For example, the large differences observed in the application 

off  phosphoramidites that differ only slightly in structural properties remain puzzling so far and 

requiree further research. Also, it is unclear whether the insertion step of the alkene into the Pd-aryl 

bondd takes place in a neutral, four-coordinated complex, or whether ligand dissociation (e.g. the 

halidee anion) has to occur first. 

Thee successful application of chiral monodentate ligand systems as in our studies presented here 

inn addition to the known bidentate diphosphines or P-N ligands, has even further enlarged the 

numberr of possible mechanistic pathways to be considered. Obtaining further knowledge of the 

detailss determining the exact stereochemical outcome of C-C bond forming reactions therefore wil l 

remainn an enormous challenge. 
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4.44 Experimental Section 

Generall  remarks. All experiments were carried out under a purified nitrogen atmosphere using 

standardd Schlenk techniques unless otherwise noted. Solvents were purchased from Acros and 

driedd prior to use. Toluene was distilled from sodium; THF. hexanes and diethylether from 

sodiumm benzophenone ketyl and diehloromethane from calciumhydride. All amines employed were 

distilledd from calciumhydride prior to use. Phosphortriehloride was distilled prior to use and stored 

att 20 C. HMPT and 1.8-bis(dimethylamino)naphthalene were used as receded from Aldrieh. 

HH NMR spectra were recorded on a Varian Mercury 300 (300.1 MHz) in CDCU and arc reported 

inn ppm using tetramethylsilane ('H and ' " O or H,P04 ("'P) as external standard. Data are reported 

ass follows: (b - broad, s - singlet, d - doublet, t - triplet, q - quartet, m - multiplet; integration; 

couplingg constant(s) in Hz; assignment). ' C NV1R spectra were recorded in proton decoupled 

mode.. Thin-layer chromatography was carried out using Macherey-Nagel SIL GTJV plates of 

Kieselgell  60. TLC plates for the use with the ligands was neutralised first by doping with 

triethylamine.. Column chromatography was performed using silica 60 (SDS Chromagel. 70-200 

,um).. GC measurements were performed on a Shimadzu GC-17A apparatus (split splitlcss. 

equippedd with a F.I.D. detector and a BPX35 column (internal diameter of 0.22 mm. fil m thickness 

0.255 |itn. carrier gas 70 kPa He)) or on an Intersciencc HR GC Mega 2 apparatus (J&W Scientific. 

DB-11 column. 30 m film 3.0 urn carrier gas 70 kPa He. F.I.D. detector). GC MS measurements 

(F.I.. detection) were performed on a HP 5890 5971 apparatus, equipped with a ZB-5 column (5% 

cross-linkedd phenyl polysiloxane) with an internal diameter of 0.25 mm and film thickness of 0.25 

jim.. Melting points were measured on a Gallenkamp melting point apparatus and are uncorrected. 

HPFCC measurements for determination of enantiomeric excesses were performed using a Gilson 

apparatuss equipped with an Dynamax UV-1 absorbancc detector. High Resolution Mass Spectra 

weree recorded at the Department of Mass Spectroscopy at the Uimcrsity of Amsterdam using 

FABB ionisation on a JFOF .IMS SX SX102A four sector mass spectrometer with 3-nitrobenzyl 

alcoholl  as a matrix, elemental analyses were performed at the Department of Microanalysis at the 

Rijksuniversiteitt Groningen. The Netherlands. 

Thee TADDOL-type backbones employed were synthesised according to literature 

procedures.1"1'' "~' (/?)-3,3"-trirnethylsilyl-l.r-binaphtyl-2.2'-diol was synthesised as reported by 

Buismann et al.. ' cyclohex-l-enc-carboxylic acid (2-iodophenyl)-methyl-amide ! and 1.4-dioxa-

spiro[4.5]dec-7ene-8-carboxyliee acid (2-iodophenyl)-methyl-amide!4~' were prepared as reported. 

A'-Bcnzyl-(( 1/?.2S)-norephedrinc was synthesised by a literature procedure.1 "' 
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Ligandd Synthesis 

3-benzyl-2-(2,6-di-/f/7-but\\ -IphenoxyM-f^-meth j  l-5-(/?)-phenyl-l ,3,2-oxazaphospholidine 

(14)::  .Y-benzyl-( l#.2S)-norephedrine (340 mg. 1.40 mmol) was dissolved in 40 mL of dry toluene. 

Separately.. 2.6-di(tert-butyl)pheno\yphosphordichloridite (433 me. 1.40 mmol) "g| was dissolved in 

400 mL of dry toluene. Both solutions were slowly dropwise added, simultaneously, to a solution of 

33 mL triethylamine in 40 mL of toluene at 40 °C . Care was taken to ensure that the rate of 

additionn of both reactant-eontaining solutions was as equal as possible. After complete addition, the 

resultingg reaction mixture was wanned to room temperature and stirred for 48 hours. The formed 

ammoniumm salts were filtered and the solvent removed in vacuo. This resulted in a slightly yellow 

powderr as the crude product. Pure compound was obtained by crystallisation from diethylether. 

followedd by washing of the formed crystals with cold diethylether (5 mL) and acetonitril ( 2 x 5 

mL).. Yield: 365 mg(55"o). 

'HH NMR: 5 = 7.38-7.34 (m. 12H. Ar-H). 6.99 (t. 1H. J = 7.7 Hz. Ar-H). 5.13 (d. 1 H .J =6.0 Hz. 

C7/(Ph)0).. 4.60 (dd. 1H. J = 15.1. 7.9 Hz). 4.09 (dd. 1H. J = 23.2, 7.9 Hz). 3.31 {m. 1H, 

C//(Me)N),, 1.61 (s, 18H, C(C7/.,h), 1.00 <d. 3H. J = 6.8 Hz) ); 'X' (APT) NMR: 5 = 152.1 (d../ = 

11.00 Hz), 143.7, 139.3, 138.2. 128.9. 128.3. 128.1. 128.1. 127.9. 127.6. 126.7. 126.3, 122.7,86.0 

(d,, J= 12.2 Hz). 55.2. 51.0 (d. J = 30.5 Hz). 35.8. 32.4. 15.6: ; ,PNMR: 5= 154.9; HRMS: calc. for 

C ^ H ^ N O ^:: m z 476.2718, found: 476.2746; Anal. calc. for C\„H;sNO;P: C. 75.76, H 8.05, N 

2.95;; found: C. 75.58. H 8.07. N 3.06. 

(/fhO^M^rj-Dinaphthyl-Z^'-diyl^^'-dKtrimethylsilyD-phosphorchloridite ::  {R)-3S-

trimethyisiiyi-ii  .r-binaphtyl-2,2'-diol (1.00 g. 2.31 mmol) was azeotropicallv dried by dissolving it 

inn 10 mL of dry toluene followed by evaporation in vacuo of the sohent (2 times). The dry starting 

materiall  was then dissohed in 25 mL toluene. 242 uL PCI-, (381 mg. 2.77 mmol) and 1.3 mL 

triethylaminee (0.93 g. 9.2 mmol) were dissolved in 50 mL toluene and at 0 JC added dropwise to 

thee diol solution. After stirring overnight, the resulting suspension was stirred at 50 °C for 1 hour. 

Afterr cooling to room temperature, the suspension was filtered and the solvent evaporated to give a 

yellow,, air-sensitive powder ( ' ! P[ 'H| NMR: 6 = 176 ppm). This compound was not characterised 

further,, but used immediately in further reactions. 

0,0^]J ,)-Dinaphth\1-2,2,-di}10J ,-di(tr imethylsi lyl)-XV-diethylphosphorainidit ee ((#)-

2)::  {R)-0.0'-{ 1.1 ')-Dinaphthyl-2.2'-diy]-3.3'-di(trimethylsilyl)-phosphorchloridite (546 mg. 1.10 

mmol)) was dissolved in 25 mL toluene and cooled to 0 'C and triethylamine (0.23 mL. 1.65 mmol) 

wass added. Next, a solution of diethylamine (0.17 mL. 1.65 mmol) in 20 ml toluene was added 

dropwise.. After complete addition, the solution was warmed to room temperature and stirred for 2 
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hours.. Subsequent]) the cloudy mixture was stirred overnight at 75 "C. After cooling to room 

temperaturee the resulting suspension was filtered and all volatiles evaporated in vacuo. The crude 

productt was washed with hexanes (2 x 15 mL) and purified by column chromatography (SiCK 

eluenss EtOAc Et.N PR = 5:5:90) to afford the product as a white powder. Yield: 1 10 mg (19"„). 

Precipitationn from the hexane washing fractions yielded another 100 mg pure product. 

'HH NMR: 5 - 8.04 (d. 2H. J = 12.3 Hz. Ar-//) . 7.89 (d. 2H. J = 8.1 Hz. Ar-//) . 7.39-7.05 (m. 

6H.. Ar-//) . 2.94 (b. 4H. NC//;CH-,). 1.02 (b. 6H. NCH:C / / , ). 0.47 (s, 9H. Si(C7Ah). 0.41 (s. 9H. 

Si(C//;)-,):: "C j 'H ! NMR: 5= 154.1. 154.0. 137.0. 136.8. 134.3. 134.1. 132.9. 132.5. 131.0. 130.2, 

128.5.. 128.4. 127.1. 127.0. 126.4. 126.3. 124.6. 124.3. 122.9. 122.8. 121.3. 40.6 (m). 29.9. 15.7. 

0.3.. 0.2: -"Pl'Hi NMR: ö = 150.2: HRMS (M-H ): calc. for (/.„JEsNCKPSi:: m z 532.2257. found: 

532.2274:: Anal. calc. for Cv,H^NO:PSi;: C. 67.76. H 7.20. N 2.63; found: C. 67.47. H 7.42. N 

2.67. . 

aO^I^'-Dinaphthyl^J'-diyl^J'-dittr imethylsi lyOKV-rnethyl-AW/f)-! --

phenylethylphosphoramiditee ((/?)-3): This compound was prepared analogously to {R)-2 from 

(R)-O.O(R)-O.O'-(1.'-(1. r)-Dinaphtliyl-2,2'-diyl-3.3'-di(trimethylsilyl)-phosphorchloriditc (546 mg, 1.10 

mmol)) and (/?)-(~)-A\a-dimethylbenzylaminc (0.22 g. 1.65 mmol). Purified by column 

chromatographyy (SiO: eluens EtOAc/Et.N PE = 2.5:5:92.5). Yield: 251 mg (38%) of a white 

powder. . 

'HH NMR: 6 - 8.06 (d. 2H. J = 4.8 Hz. Ar-//) . 7.88 (dd. 2H. ./ = 8.3. 1.1 Hz. Ar-//) . 7.46-7.01 

(m.. 11H, Ar-//) . 4.90 (m. 1 H. NC7/(Mc)(Ph)). 2.13 (d. 3H. . 7 -4 .3 Hz. NC7/,). 1.63 (d. 3H. ,7=7.0 

Hz.. NCH(C//0). 0.44 (s. 9H. Si(CH,)0. 0.43 (s. 9H. Si(CH.h): ' T | 'H! (APT) NMR: 5= 153.5 (d. 

. 7 -- 1.5 Hz). 142.0. 136.7. 16.6. 133.9. 133.7. 132.3. 131.9. 130.5. 129.8. 128.0. 127.8. 127.4. 

126.8.. 126.7. 126.5. 126.0. 124.2. 124.1. 122.5. 122.5. 121.1. 121.1. 56.1. 55.5.45.3. 29.5. 27.5. 

19.1.. 19.0.0.3. -0.2. -0.2: -' 'Pj'Hi NMR: S= 145.6: HRMS (M-H'): calc. for C;,H4(iNO :PSi:: mz 

594.2414.. found: 594.2415: Anal. calc. for C-.?HJlINO;PSk C. 70.79. H 6.79. N 2.36; found: C. 

70.49.. II 7.04. N2.45. 

(l/?J/?)-4-Dimethylamino-9,9-dimethyl-2,2,6,6-tetra(3,5-dimcthylphenyl)-3,5,8,10--

tetraoxa-4-phosphabicyclo|5.3.0]decaiK\\ ((/?,/?)-4): (2/e.3/^-6>-isopropylidene-l .l,4.4-tetra(3.5-

dimethylphcnyl)-thrcitoll  (300 mg, 0.52 mmol) was dried by repeatedly (3 times) dissolving the 

compoundd in 5 ml of toluene and evaporating thoroughly to dryness. Next, the diol was dissolved 

inn 20 ml of toluene. The solution was cooled to 0 "C. and a solution of hexamethvl phosphoramide 

(HMPT)) (1 13 ul. 0.62 mmol) together with approx. I mg of 1 H-tetrazole in 5 ml of toluene was 

addedd dropwise. The mixture was warmed to room temperature and stirred for 2 hrs. and 

subsequentlyy refluxed for 24 hrs. After removal of the solvent in vacuo the resulting foamy solid 
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wass purified by column chromatography (hexancs t tOAc triethylamine. 95 5 2.5 v \ \ ) to yield the 

productt as a white powder. Yield: 165 mg (49"u). 

HH NMR: 5 - 7.39 <s. 2H. Ar-H). 7.19 (s. 2H. Ar-H). 7.06 (s. 4H. Ar-H). 6.87 (s. 2H (partial 

overlap).. Ar-H). 6.86 (s. 2H (partial overlap). Ar-H) 5.08 (double d. 1H. 7= 3.3. 8.2 H/. CH). 4.77 

(d.. 1 H J - 8.2 Hz. C/f). 2.73 (d. 611. I/,../, - 10.4 Hz. NCM). 2.29-2.26 (m. 24H. ArCY/,). 1.35 (s. 

311.. 0 C C 7M 0.28 (s. 3H. OCC7/0: X";'H ; NMR: 5 = 147.2. 146.9. 142.0. 137.4. 137.0. 136.7. 

136.4.. 129.3. 129.0. 129.0. 128.8. 1274. 126.8. 126.7. 125.3. 125.1, 111.8.83.2.83.0.82.7.81.8. 

81.3.. 81.2 (the area 83.2-81.2 ppm contains some extra resonances probably due to P-C coupling.) 

35.55 (d.\7|M. = 19-5 Hz). 27.9. 25.7. 2 1.9. 21.8; 'P j 'H; NMR: 8= 139.7: HRMS (M-H'): calc. for 

C41H5 lN04P:: m z 652.3556. found: 652.3557: Anal. calc. for C4|H?„N0 4P: C. 75.55. H 7.73, N 

2.15:: found: C. 75.17. H 7.84. N 2.19. 

(15J^)-4-Dimethylamino-9,9-dirnethyl-2,2,6,6-tetra(3,5-dimethylphenyl)-3,5,8,10--

tetraoxa-4-phosphabicyclo|5.3.0|dccanc,, ((S,5)-4): This compound was prepared as described 

(R.R)-4(R.R)-4 from 25.3.S'-6>-isopropy lidene-1.1.4.4-tetra(3,5-dimethylphenyl)thrcitol (500 mg. 0.86 

mmol)) and HMPT (188 pd, 1.03 mmol). Yield: 310 mg (55%). 

'HH NMR: 5 = 7.44 (s. 211. Ar-H). 7.24 (s. 2H. Ar-H), 7.11 (s. 4H. Ar-H). 6.91 (s. 3H (partial 

overlap).. Ar-H). 6.88 (s. 1H (partial overlap), Ar-H) 5.12 (double d, 1 H J= 3.3, 8.2 Hz. CH). 4.81 

<d.. HI. J = 8.2 Hz. C//), 2.78 (d. 6H. %.,, = 10.5 Hz. K(CH,)2), 2.33-2.30 (m. 24H. ArC//.0. 1.40 

(s.. 3H. 0CC7/,K 0.33 (s. 3H, OCC//.,): *'P J'H J NMR: 5 = 139.7. HRMS (MH ): calc. for 

C4iH ?,N04P:: m/z 652.3556. found: 652.3533: Anal. calc. for C41H,( lN04P: C. 75.55. H 7.73. N 

2.11 5: found: C. 75.62. H 7.92. N 2.2 I. 

(l/?,7/?)-4-Chloro-9,9-dimethyl-2,2,6,6-tetra(3,5-dimethylphenyl)-3,5,8,10-tetraoxa-4--

phosphabicyclo|5.3.0]decane::  2^.3/?-ü-isopropylidene-l.l,4.4-tetra(3.5-dimethyiphenyl)threitol 

(3.500 g, 6.0 mmol) was dried by dissolving the compound in 15 ml of toluene and evaporating 

thoroughlyy to dryness (3 times). The diol was dissolved in 60 ml of toluene together with 

triethylaminee (1.3 ml. 9 mmol) and cooled to -40 °C. Subsequently, a solution of phosphorus 

trichloridee (0.66 ml. 7.5 mmol) and triethylamine (1.3 ml. 9 mmol) in 20 ml of toluene was added 

dropww ise. After complete addition, the cooling bath was removed, and the cloudy mixture slowly 

warmedd to room temperature and stirred overnight. Next, the suspension was re fluxed for 2 hrs. 

andd filtered under strict nitrogen atmosphere to remove the salts (Ft-.N.HCl) formed. The resulting 

solutionn was evaporated in vacuo to yield a slightly yellow moisture-sensitive powder as the 

product.. This was not purified further, but used immediately in the following reactions. 
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(l/?J^)-4-Dicthylamino-9,9-dimethyl-2<2,6,6-tetra(3.5-dimt'thylphtnyl)-3,5,8,10-tetrao\a-4--

phosphabicyclo|5.3.0|decanee ({R.R)-S). To a solution of (l/?.7/0-4-chloro-^.9-dim<:th\i-2.2.Wi-

tetra(3.5-dimeth\1phcn\1)-3.5.S.l()-totrao\a-4-phosplKibic\,clof5.3.<)]t.lc<:ancc (2.3 g. 3.5 mmol) in 

toluenee (75 ml) was added dropwise at 0 C' a solution of diethv lamme (0.54 ml. 5.3 mmol) and 

tnethylaminee (0.73 ml. 5.3 mmol) in toluene (20 ml). After complete addition, the mixture was 

allowedd to warm to room temperature and stirred for 2 his. and subsequently stirred at SO :C during 

44 his. The resulting suspension was filtered under nitrogen and evaporated in vacuo. The resulting 

off-whitee powder was purified by column chromatography (hexanes tnethylamine 95 5 v v). Yield: 

2.100 g (88"u) of white semi-crystalline powder. 

HH NMR: 6 = 7.51 (s. 211. Ar-H), 7.29 (s. 2H. Ar-//) . 7.15 (s. 4H. Ar-H). 6.92-6.SS (m. 4H. Ar-//) . 

5,155 (doubled. I I I . . / S.3. 3.5 Hz. OC7/). 4.75 (d. 111../= S.3 I Iz. (K7/). 3.33 (double q. 411../ 

11 1.0 (;./IM i) . 7.0 Hz. N((7/:CH;):). 2.35-2.33 (m. 2411. ArCVA). 1-50 (s. 3H. OCC7A). 1.25 (t. 611.7 

-- 7.0 11/. N(CH;C7/:);). d.33 (s. 311. ()CC7/;): X T H ! NMR: ö 147.fi. 147.2. 142.3. 137.3. 

136.9.. 136.7. 136.4. 129.2. 129.0. 128.9. 12S.S. 127.2. 126.S. 126.7. 125.3. 1 I 1.4. S3.5. S3.1. 82.8. 

81.4.. SI.3. SI.2. 39.5. 39.2. 2S.0. 27.2. 25.6. 21.9. 21.9. 15.7 ; : |P | ' H| NMR: 8 141.5. HRMS 

(FABB . M-H : ealc. for C, J U N O: P: m / 680.3S69. found: 6X0.3X56; Anal. calc. for CVJ-U4NO4P: 

C.. 75.96. H. 8.01. N. 2.06; found: C'. 75.83. H. 7.92. N. 1.98. 

(15J5)-4-Dicthylamino-9,9-dimcthyl-2,2,6,6-tetra(3,5-dimcthylphenyl)-3.5,8,10-tetraoxa--

4-phosphabicyclo[5.3.0]decane,, <(5^V)-5): This compound was prepared as described for (R.R)-5. 

!HH NMR: 5 - 7.43 (s. 211. Ar-H). 7.21 (s. 2H. Ar-//) . 7.05 (s. 4H. Ar-H). 6.86-6.S2 (in. 4H. Ar-H). 

5.0XX (doubled. 1H.7 - 8.3.3.5 Hz. ( ) ( / / ) , 4.67 (d. 111.7=8.3 Hz. OC77), 3.26 (double q. 4H. 7 

11 1.0 ('./,,„). 7.0 Hz. N(C7/_CH.):). 2.30-2.26 (m. 2411. ArCH-.). 1.42 (s. 311. OCT//,). 1.17 (t. 611.7 

== 7.0 Hz. N(CH:C7/;):I . 0.25 (s. 3Ï1. OCT//,): X'; 11; NMR: Ö 147.6. 147.2. 142.4. 137.3. 

136.9.. 136.7. 136.4. 129.2. 129.0. 128.8. 128.S. 127.2. 126.8. 125.3. 1 I 1.4. 83.5. S3.1. 82.8. X 1.4. 

81.3.. 81.2.39.3 (d. :./,..( - 22.0 Hz). 28.0. 25.6. 21.8. 15.7. 15.6; MPi 'Hi NMR: ö 141.5. HRMS 

(FABB . MM ): calc. for C-.IFAO4P: m z 680.3869. found: 680.3856; Anal. calc. for CV.rl=;\();P: 

C.. 75.96. 11. 8.01. N. 2.06: found: C'. 75.86. H 8.22. N 2.20. 

(15.7.V)-4-(.Y-methyl-Y-(/?)-l-phenylethylamino)-9,9-dimethyl-2,2.6.6-tetra{3,5--

dimethylphenyl)-3.5.8,10-tctraoxa-4-phosphabicyclo|5.3.0|dccane.. ((SS.R)-(t). Prepared 

analogouslyy to the synthesis of (R.R)-5 from (I.S'.7.S")-4-Chloro-9.9-dimethyl-2.2.6.6-tetra(3.5-

dimetlivlphenyl)-3.5.8.10-tetrao\a-4-phosphabic\clo[5.3.0]decancc (2.6 mmol) and (/?)-(-hY.u-

dimeth\lbenz\laminee (0.47 ml. 3.2 mmol). The crude product was purified b\ extraction with 

hexaness (2 x 10 ml), followed by quick column chromatography (hexanes tnethylamine 95 5 \ \ ) 

too gi\e a white foam as the product. Yield: 510 mg (27"..). 

9S S 
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HH W I R : Ö ".60-6.S0 (m. T H . A r - / / ) . 5.14 (double d. 1 H . . / - S.2. 3.2 H / . OC7/ I . 4.^0 (m. 1H. 

NC7/I .. 4.65 (d. 1 H . 7 - S.2 Hz. ( X 7 / ) . 2.61 <d. 3 H . 7 6.0 Hz. \CH,). 2.34-2.1 S (m. 24H. ArC7/-,). 

1.533 (d. 3 H . 7 = 6.9 Hz. \XHC7Y. ) . 1.47 ( s . ; , [ | . OCX//-.). 0.50 (s. 3H . O C X / / . ) . X ' ! H ! (CD,.) 

W 1 R : Ö -- 148.7. 148.2. 148.1. 144.0. 144.0. 143.6. 143.1. 138.0. 137.6. 137.5. 137.0. 129.9. 129.6. 

129.5.. 128.9. 127.S. 127.7. 127.3. 126.2. 126.1. 1 12.1. 84.8. 83.7. 83.4. 82.6. 82.5. 82.5. 56.6 (d. 

MM 35.4 ]]/.). 29.8. 28.5. 27.6. 26.3. 26.0. 22.1. 22.0 (m). 19.5. 19.4. 12.0. 'F* J:11J W 1 R : 8 = 

140.9.. HRMS (FAB . V l -H ' ) : calc. tor C 4 JI<-N0 4 P: m z 742.4025. found 742.3993: Anal . calc. lor 

C-4SH„,N()4P:: C'. 77.70. H. 7.61. \ . 1.89: found: C. 77.59. H 7.52. N 1.81. 

( l /?J/?)-4-(A-mcthyl-AW/f)- l-phenylethylamino)-9,9-dimethyl-2.2.6,6-tetra(3.5 --

dimethyiphcn \\ 1)-3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0|decane . ((/?,/?,/?)-6) . This compound 

wass prepared similarly to the synthesis o f {S.S.R)-6 from (l/?.7/?)-4-Chloro-9.9-dimeth\ 1-2.2.6.6-

tetra(3.5-dimeth\lphen\l)-3.5.8.i()-tetrao\a-4-phosphabic\e]o[5.3.0]deeane.. Y ie ld : 42 " ( ). 

I II W 1 R : 0 = 7.48-7.04 (m. 13H. A r - / / ) . 6.90-6.69 (m. 4 H . A r - / / ) . 5.14 (double d. 111.7 S.3. 3.1 

Hz.. O C / / ] . 4.85-4.72 | m . I H. NC7/(Ph)(Me)). 4.69 (d. 111../ - 8 . 3 Hz. OC7/). 2.57 (d. 311. 7,. .„ = 

6.99 Hz. NC7A). 2.32-2.23 (m. 24H. A r -C /A ) . 1.58 (d. }\\. 7 = 7.2 Hz. NCHC7/ , ) . 1.42 fs. 3H. 

OCX/ / . ) .. 0.28 (s. 3H. OCC7/.,). ' X ' | ' H ! N M R : 5 - 147.5. 147.2. 143.2. 143.2. 142.6. 142.1. 137.4. 

136.9.. 136.8. 136.4. 129.3. 129.0. 128.9, 128.9. 128.3, 127.7, 127.2, 126.8. 125.3. 111.5.83.4. 

82.9.. 82.7. 81.6. 81.5. 81.4. 55.3 (d. :./,..( - 35.4 Hz). 28.0. 26.5 .26.4 .25.7 . 21.9.21.8. 18.4. 18.4. 

12.0.. : 1 P ; ; H ; W 1 R : 5 = 140.1. HRMS (FAB . M-H ' ) : calc. for C4sH5-N04P: m z 742.4025. found: 

742.4025:: Anal. calc. for C 4 J1^N( ) 4 P: C'. 77.70. H. 7.61. N. 1.89: found: C. 77.02. H 7.87. N l.95. 

(lV?.7/f)-4-(.V-methy!-V-(S)-l-phenylcthylarnino)-9.9-dirnethyl-2.2.6.6-tetra(3.5 --

dimethylphenyl)-3.5.8.10-tetraoxa-4-phosphabicyclo|5.3.0|decane .. ((RMJ>)-6). This compound 

wass prepared similar ly to the synthesis o f (S.S.R)-f) from (l/?.7/?)-4-Chloro-9.9-dimethyl-2.2.6.6-

tetra(3.5-dimeth\iphenyl)-3.5.8.. |()-tctrao\a-4-phosphabieyclo[5.3.0]decane (0.81 mmol) and (-S')-(-

)-A.u-dimethylbenzylaminee ( I 4 l u L : 0.97 mmol). Yie ld: 268 mg (45 % ) . 'H N M R (CD, , ) : 5 -

8.000 (s. 2H. A r - / / ) . 7.71 (s. 2H . A r - / / ) . 7.58 (s. 4H . A r - / / ) . 7.46 <s. 1H. A r - / / ) . 7.44 (s. 111. A r - / / ) . 

7.22-7.077 ( m . 4 H . A r - / / ) . 6.77-6.70 (m. 411. A r - / / ) . 5.84 (double d. I H . 7 - 8.4.3.9 Hz. OC7/). 5.34 

(d.. 111. ,/H.H = 8.4 Hz. OC7/). 4.84-4.75 (m. 1H. \X7 / (Me) (Ph) ) . 2.81 (d. 3H. 7,M , - 6.3 Hz. 

NC/A) .. 2.18-2.07 (m. 24H. Ar-C7A). 1.55 (s. 3H. OCX//-,). 1.48 (d. 3H . 7,,.,, - 6 9 \\y). 0.49 (s. 

311.. OCX//-,). X ' ! H; W 1 R (C.D„) : ö - 148.7. 148.1. 148.1. 144.0. 143.9. 143.5. 143.5. 143.1. 

138.0.. 137.6. 137.4. 137.4. 137.4. 137.0. 129.9. 129.6. 129.5. 128.9. 128.0. 127.8. 127.7. 127.4. 

1266 2 (partial overlap wi th residual ->ol\ent signal). 112.1. 84.7. 83.7 . 83.4. 82.6. 82.5. 82.5. 56.6 

(d.. : 7 I M - 35.4 Hz). 35.3 (m). 29.8. 28.5. 27.6 (m). 26.3. 26.0. 22.0 (m). 19.5. 12.0. ' P ; H; W 1 R 
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<C„Dh):: 5 - 140.8. HRV1S (FAB . M-H'): calc. for C4,H;-N04P: m z 742.4025. found: 742.3996: 

Anal.. calc. for C4 , H M , N 04 P: C. 77.70. H. 7.61. \ '. 1.89: found: C. 77.68. H. 7.54. \ . 1.94. 

(15J5')4-(\-methyl-.V-(5')-l-phenylethylaniino)-9,9-dimcthyl-2.2,6,6-tetra{3,5--

dimethylphenyl)-3,5,8,10-tetraoxa-4-phosphabicyclo|5.3.0]dccane,, ({SSS)-b). This compound 

wass prepared similarly to the synthesis of (.S'..S'..S')-6 from (l.S'.7S)-4-C'hloro-9.9-dinieth_\l-2.2.6.6-

tetra(3.5-diniethylphcnyl)-3.5.8.1(J-tetraoxa-4-phosphabicyclo[5.3.()]dccanee (0.81 mmol) and (S)-(-

)-.Y.a-dimethylbenzylaminee (141 LIL ; 0.97 mmol). Yield: 261 nig (43 "«,). H NMR (C'(,D(.): 6 = 

7.999 (s.2H. AY-HI 7.73 (s. 111. M-H). 7.63 (s. 2H. Ar-//) . 7.60 (s. 2H. Ar-H). 7.42 (d. 2H. ./-  7.7 

Hz,, Ar-H). 7.22-7.1 I (m. 4H. Ar-//) . 6.79-6.70 (m, 4H. Ar-//) . 5.83 (double d. 1H. J= 8.3, 3.8 Hz. 

(DC//).. 5.44 (d. 1H. -'./„.il = 8.3 Hz. OCH). 4.91-4.83 (m. 1H. NX'//). 2.77 (d. 3H. 7,>.( - 7.1 Hz. 

NX77).. 2.18-2.07 (m. 24H, Ar-C/A). 1.53 (d. 3H. 7,,.,, - 7.1 Hz). 1.52 (s. 3H. OCX'/A). 0.55 (s. 

3H.. OCX/A). "CJ 'H! NMR (CD,,): 6= 148.6. 148.1. 143.7. 143.6. 143.5. 143.1. 138.1. 137.6. 

137.4.. 137.0. 130.0. 129.8. 129.6. 129.4. 127.9. 127.3. 126.1. 112.3. 84.3. 83.8. 83.5. 83.1. 82.5. 

82.4.. 56.0 (d. 2./|,.( - 34.2 Hz). 35.3. 29.8. 28.4. 27.6. 27.6. 27.3. 27.2. 26.4. 26.0. 23.1. 22.0 (m). 

19.0.. 12.0. ' ;P!'HJ NMR (C,,D,,): S = 142.0. HRMS (FAB . M-H ): calc. for C'4JI?-N04P: mz 

742.4025.. found: 742.4016: Anal. calc. for C^H5f tN04P: C. 77.70. H. 7.61. N. 1.89; found: C. 

77.83.. H. 7.68. N. 1.84. 

(11 /f,7/?)-4-(Diisopropylamino)-9,9-dimethyl-2,2,6,6-tetrapheny 1-3,5,8,10-tetraoxa-4-

phosphabicyclo|5.3.0]decant\\ ((/?,/?)-8): This compound was prepared analogously to (R.R)-5 

fromm 2/?.3/?-0-isopropylidcnc-1.1.4.4-tetraphcnyltlireitol. Its observed spectroscopic characteristics 

matchedd previously reported data.-'1' 

(l/?,7/f)-4-Diethylamino-9,9-cyclohexyl-2,2,6,6-tetra(3,5-dimethylphenyl)-3.5,8.10--

tetraoxa-4-phosphabicyclo[5.3.0]decanee ((R.R)-ll) H NMR: 6 - 7.40 (s. 2H. Ar-H). 7.23 (s. 

2H.. Ar-H). 7.15 (s. 2H. Ar-H). 7.04 (s. 2H. Ar-H). 6.84-6.80 (m. 4H. Ar-//) . 4.97 (double d. 1H../ 

== 8.5. 3.5 Hz. OC7/). 4.68 (d. 1H. .7= 8.5 Hz, OCH). 3.22 (double m. 4H. N(C'/7CH,);). 2.28-2.25 

(m.. 24H. ArCVA). 1.56-1.49 (m. 4H. OCX77:). 1.28-1.12 (in. 4H. C7/:). 1.15 (t. 6H. ./ = 6.9 Hz. 

N(CHX://,):).. 0.55-0.45 (m. 1H. CH). 0.35-0.24 (m. IH. C7/). 'X'j'H j NMR: 5 147.6. 147.4. 

142.5.. 142.1. 137.2. 136.8. 136.5. 136.2. 129.1. 128.8. 128.7. 128.6. 127.1. 126.9. 126.8. 125.4. 

125.2.. 112.1. 82.7. 82.4. 81.9. 81.5. 81.4. 41.9. 39.1 (d. J = 22.0 Hz). 37.5. 35.6. 25.4. 24.6. 24.3. 

21.9.. 15.6. 15.5. 11.4. ! | P| \\\ NMR: 5 141.4. HRMS (FAB . M-H ): calc. for C4llH<.,N04P: m z 

720.4182.. found: 720.4182: Anal. calc. for C4„IF,NO.P: C. 76.74. H. 8.12. N. 1.95: found: C'. 

76.65.. H. 8.06. N. 1.88. 
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(l/?,7V?)-4-Diethylamino-9,9-dimethyl-2,2,6,6-tetra(2-naphthyl)-3.5.8,10-tetraoxa-4--

phosphabicyclo|5.3.0|decane.. {{R<R)-9): The compound was prepared analogously to the 3.5-

(CHOCVH-,-- substituted ligand ((RM)-5). Purification was done by column chromatography (Si():) 

twicee using hexanes Et,N CH:C1; (92.5 5.0 2.5 v \ ) to yield the compound as a white solid (49 (\> 

yield). . 

'HH NMR: 5 = 8.60 (s. 1H. Ar-//) . 8.21 (s. 1H. Ar-H). 8.12 <s. 1H. Ar-H), 8.05 (s. 1H. Ar-//) . 

7.91-7.411 (m, 24H. Ar-H). 5.53 (double d. 1H. J = 8.5. 3.6 Hz. OCH). 5.12 (d. 1H. J = 8.5 Hz. 

OCH).OCH). 3.37-3.28 <m. 4H. N(C7/:CM,). 1.41 (s. 3H. OCCH,). 1.21 (t. 611, J = 6.9 Hz. N(CH:C//.,)I. 

0.288 (s. 3H, OCC//.0. ' T l ' H ! NMR (CD;Cf): 8 - 145.1. 144.3. 144.3. 140.2. 139.8. 133.3-133.0 

(overlapping).. 129.0-126.5 (overlapping). 112.5. 83.6, 82.4, 82.1. 82.0. 46.8. 44.5. 39.8. 39.5. 28.1. 

25.9.. 15.8: ' ! Pj ! Hj NMR: 5= 141.9. HRV1S (FAB . M-H'): ealc. for CII4-NO4P: mz 768.3243. 

found:: 768.3235: Anal. calc. for C?iH4(,N04P: C. 79.77. H. 6.04. N. 1.82: found: C. 79.85. H. 6.12. 

N.. 1.78. 

(1/?JV?)-4-V-(l-aza-4-oxacyclohcxyl)-9,9-dimethyl-2,2,6,6-tctra(3,5-dimethylphenyl)-3,5,8J0--

tetraoxa-4-phosphabicyclo|5.3.0]decanee <(/?,/?>-l 1 >: This compound was prepared analogously to 

thee synthesis of (R.R)-5 from (l/?,7/?)-4-Chloro-9,9-dimethyl-2.2.6,6-tetra(3,5-dimethylphenyl)-

3.5,8,10-tetraoxa-4-phosphabieye!o[5.3.0]decanee (2.6 mmol) and morpholinc (164 |iL. 164 mg. 

1.888 mmol). The crude product was purified by quick column chromatography (hexanes 

triethylaininee 95 5 v'v) to give a white foam as the product. Yield: 510 mg (27%). 

!HH NMR: 8 = 7.37 (s. 2H. Ar-//) . 7.20 (s. 2H. Ar-//) . 7.03 (s. 2H, Ar-H). 6.99 (s. 2H. Ar-H). 

6.87-6.833 (m. 411. Ar-//) . 5.07 (double d. 111../ = 8.4. 3.6 Hz. OC7/). 4.73 (d. 1H. 8.3 Hz). 3.74-

3.688 (m. 4H, N(C// ;CH:) :0). 3.35-3.33 (in. 2H. CH20). 3.21-3.18 (m. 2H. CH:0). 2.28-2.26 <m. 

24H.. Ar-C7/.,). 1.43 (s. 311, OCCH,). 0.29 (s. 3H. OCC7/.); ' T l ' H ! NMR (C(,D„): 8 - 148.2. 

147.9.. 147.9. 143.1, 143.0. 138.1. 137.7. 137.4. 137.0. 130.0. 129.8. 129,7. 129.5. 127.8. 127.8. 

126.0.. 112.7. 83.9. 83.7. 83.6. 83.3. 82.5. 82.4. 68.2 (d. J = 4.9 Hz). 45.0 (d. J - 17.1 Hz). 35.3. 

29.7.28.3.27.6.26.5.22.0.21.8,21.2.. 19.3. 12.0. MP | 'H J N\1R(ChD„) : 8= 138.8. HRMS(FAB . 

M-H') :: calc. for C4.,H?;NÜ,P: mz 694.3661. found: 694.3670; Anal. calc. for C4iH?;NO?P: C. 

74.43.. H. 7.55. N. 2.02: found: C, 74.28. H. 7.46. N. 1.94. 

(l/?,7/?)-4-A-(l-aza-4-(\,-methyl)azacyclohexyl)-9,9-dimethyl-2,2.6.6-tetra(3,5--

dimethylphenyl)-3,5,8.10-tetraoxa-4-phosphabicyclo|5.3.0|decantt  ((/?./?)-10) This compound 

wass prepared analogously to the synthesis of (R.R)-5 from (l/?.7/f)-4-C'hloro-9.9-dimcthyl-2.2.6.6-

tctra(3.5-dimethylphenyl)-3.5.8.1()-tetraoxa-4-phosphabicyclo[5.3.0]decanee (1.30 mmol) and 1 -

methvlpiperazinee ( 173 LtL. 156 mg. 1.56 mmol). The crude product was purified by quick column 
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ehromatograplnn (hexanes triethylainme 95 5 v v) to give a white foam as the product. Yield: 510 

mg(27%). . 

X'11 H| \MR(C ,D( , ) :8 = 148.4. 148.0. 148.0. 143.3. 143.2. 138.0. 137.6. 137.3. 129.9. 129.8. 

129.7.. 129.4. 127.8. 127.8. 126.1. 112.6.84.0.84.1.83.7.83.5.83.4.82.5.82.4.56.7.47.1 (d. ./ = 

7.33 Hz). 44.8 (d. J = 19.5 Hz). 35.3. 29.8. 28.3. 27.6. 26.5. 26.0. 21.9 (m), 12.0. HRY1S (FAB . M-

H'):: eale. tor C4 4H^N ;04P: m z 707.3978. found: 707.3986: Anal. calc. for C4 4H,A' :04P: C. 74.76. 

H.. 7.84. N. 3.96: found: C. 74.83. H. 8.04. N. 3.66. 

(l/fJ/f)-4-|(l^,25,5/?)-2-isopropyl-5-methylcyclohcxylo\y|-9,9-dimethyl-2,2.6,6-tetra(3,5--

dimethylphenyl)-3,5.8,10-tetrao\a-4-phosphabicyclo[5.3.0|decanee ((/?,tf)-13): This compound 

wass prepared from (l/?.7/?)-4-chloro-9.9-dimethyl-2.2.6.6-tetra(3.5-dimcthylphcnyl)-3.5.8.10-

tetraoxa-4-phosphabieyclo[5.3.0]decanee (669 mg. 1.04 mmol) and L-(-)-monthol (171 nig. 1.09 

mmol).. Purification by column chromatography (Si(X E h\ hexane = 2.5 97.5) afforded 330 me 

(/?./?)-133 as a white powder (40 n„  yield). 

'HH NMR: S = 7.28 (s. 2H. Ar-//) . 7.18 (s. 2H. Ar-//) . 7.09 (s. 2H. Ar-//) , 7.06 (s. 2H. Ar-//) . 

6.888 (s. 2H. Ar-//) . 6.83 (s, 1H. Ar-//) , 5.10 (dd. 1H..Z- 8.2, 2.5 Hz. COC//). 4.97 (d. IH . . /= 8.2 

Hz,, COC//). 4.05-3.95 (m. 1H. POCH). 2.29-2.27 (m, 26H. Ar-C//;, - ?). 1.63-0.84 (multiple m. 

17H).. 0.66 (d ,2H . . /= 6.9 Hz). 0.38 (s.3H); ! ,C j 'H [ NMR: 5= 146.7, 146.1. 142.3. 141.6. 137.4. 

136.9.. 136.6. 136.4. 129.5. 129.1. 128.9. 127.1, 126.9. 126.8. 125.5. 125.2. 112.4.83.9.83.8.82.6. 

82.6.. 82.3. 82.1. 77.5. 48.7. 48.6. 44.3. 34.9. 34.5. 32.1. 31.8. 29.3. 27.9. 27.7, 27.2. 26.1, 25.6. 

25.5,23.5.22.9.22.4,21.9.21.7.21.2.. 16.1. 14.4. 11.7; " P f'H j NMR: S - 144.5. HRMS (FAB . 

M-HH ): calc. for C4l,Hh40,P: m z 763.4491. found: 763.4465; Anal. calc. for C41)H„,0,P: C, 77.13. 

H.. 8.32; found: C. 76.94. H. 8.39. 

Complexx Synthesis 

[Pd((y?,/?/)-5)(4-CNCf,H4)(^-Br)| 2::  A 50 ml Schlenk vessel equipped with a stirring bar was 

chargedd with Pd(dba); (100 mg. 0.174 mol), ligand (474 mg. 0.70 mmol. 4.0 cquiv.). and 4-

bromobenzonitrill  (317 mg. 1.74 mmol, 10 equiv.) and brought under an inert atmosphere. Then. 15 

mLL toluene was added and the resulting deep purple solution was stirred for 2 hours at room 

temperature.. During this time, the colour of the solution changed to bright yellow, with the 

concomitantt formation of a small amount of Pd-metal. Next, the solution was filtered over C elite 

andd the solvent evaporated in vacuo. The resulting yellow white powder was washed with hexanes 

(44 x 10 mL). followed by diethylether hexanes (1:1 \ \) (4x 10 mL). After drying under vacuum an 

off-whitee powder was obtained. Yield: 65 mg (43 %>. 

III  NMR: 5 = 7.78-6.72 (m. I4H. Ar-//) . 5.92-5.76 (bm. 2H). 5.32-5.08 (bm. 2H). 3.27 (bs. 2H). 

2.80-2.055 (m. 26H). 1.29-0.75 (m. 6H). 0.59 (bs. 3H). 0.32 (bs. 311). No significant sharpening was 
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observedd within the range -40 - -50 C. Above this temperature decomposition occurred.: " P! Hi 

NMR:: 8 - 93.0. 92.7 (major signal). 92.2. 90.5. (Apparently, in solution the complex exists as a 

mixturee of different isomeric complexes. This was at least partially caused by some Br" CI" 

exchangee which had occurred, probably from the CHC!,. Because the crystals were grown from 

thiss batch, some of the bromide anions in the crystal structure have been replaced by chloride. This 

hass no effect on the geometrical outcome and conclusions derived from the analysis). 

Crystalss suitable for an X-ray analysis were grow n from a diethylether hexanes solution by slow 

evaporationn of the solvent. 

Asymmetricc Heck Reactions 

Representativee procedure: Pd(dba); (3.8 mg. 0.0066 inmol) and ligand 5(18 nig. 0.026 mmol. 

44 cquiv.) were dissolved in 4 ml of dry toluene and stirred at 40 °C for 20 minutes, during which 

thee solution changed colour from deep purple to orange-yellow. Next, the solution was cooled to 

roomm temperature. .Y.Y-diisopropylethylamine (115 pL. 0.66 mmol) was added, followed by 

cyclohex-1-ene-carboxylicc acid (2-iodophenyl)-methyl-amide (112 mg. 0.33 mmol). The solution 

turnedd bright yellow immediately, and a white precipitate formed. Aliquots were taken from the 

mixturee at regular intervals, diluted with diethylether and washed with saturated aqueous 

ammoniumm chloride solution and analysed by GC after drying with MgS04. After 90 minutes, the 

reactionn mixture was diluted with 15 niL diethylether and washed with saturated aqueous 

ammoniumm chloride, water and subsequently dried over MgS04. After evaporation of the volatiles 

inin vacuo the resulting yellow oil was analysed by !H NMR to determine the regioselectivity of the 

reactionn (integration of signals at 6.13 or 5.29 ppm (cyclohex-2-ene-.V-methyl oxindole) compared 

withh signals at 5.88 ppm (starting material with cyclohex-3-ene-.V-methyl oxindole). Pure product 

wass obtained by column chromatography (SiCK EtOAc PE 60-80 - 1:3). The enantiomeric excess 

wass determined by chiral HPLC (Chiralcel OD. hexane 1-propanol 96:4. flow 0.35 mL min.. UV 

2544 nm. tR cyelohex-2-ene-.Y-methyi oxindole = 19.21 ((/?)-enantiomer)[44!. 22.25 min.; tK 

cyclohex-3-ene-.V-methyll  oxindole = 16.80. (major enantiomer with (R.R)-S) 17.65 min. 

X-rayy crystal structur e determination of t7\-|Pd((/?,/?>-5)(4-CNC6H4){/i-Br)l 2: 

Ci.H.HnhBr,, ,sCI(1,:N4OsP;Pd; - solvent. Fw - 1913.19 [*] . yellow block. 0.45 x 0.30 x 0.15 mm'. 

Tetragonall  crystal system, space group P4,2,2 (no. 92). Cell parameters: a = b = 17.1829(1) A. c = 

35.1646(3)) A V - 10382.42(12) A . Z = 4. p = 1.224 g c m' [*] . 64436 reflections were measured 

onn a Nonius KappaCCD diffraetoineter with rotating anode and Mo-K, radiation (graphite 

monocbromator.. /, = 0.71073 A) at a temperature of 150 K. An absorption correction based on 

multiplee measured reflections was applied (p. = 1.01 mm [*] . 0.73-0.81 transmission). The 

reflectionss were merged using the program SORTAV1"1. resulting in 8937 unique reflections (R,„, 
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==  0.0572). of which 7696 were observed [I > 2a(I)"|. The structure was solved with automated 

Pattersonn methods using the program DIRDIF" \ and refined with the program SHFLXL97: n 

againstt F' of all retlections up to a resolution of (sin 0 /,),,„  - 0.59 A1. Non hydrogen atoms were 

refinedd freely with anisotropic displacement parameters, hydrogen atoms were refined as rigid 

groups.. The halogen positions were occupied with 82%Br 18"oCI for Brl CI 1 and 65'VBr 

3s°„C'll  tor Br2 C12. They were constrained to the same positions and the same displacement 

parameters,, respectively. One mesityl group was ^nationally disordered and refined with a disorder 

model.. The Flack parameter""1 refined to a value of x = 0.020(8). The crystal structure contains 

largee voids (1407.3 A' unit cell), which were filled with disordered solvent molecules. Their 

contributionn to the structure factors was secured by back-Fourier transformation (program 

PI.ATON-"'1.. routine SQUFFZF. 101 electrons unit cell). 609 refined parameters. 108 restraints. 

RR (obs. ret!.): Rl - 0.0313. wR2 - 0.0723. R (all data): Rl - 0.0404. wR2 0.0762. Weighting 

Schemee w - I fcr(F„ :)-(O.0432Pr-0.2572Pl. where P = (F„ :-2F,:) 3. GoF = 1.041. Residual 

electronn density between 0.28 and 0.25 e A\ The drawings, structure calculations, and checking 

forr higher symmetry was performed with the program PLATON.'"1 

[* ]]  Derived values do not contain the contribution of the disordered solvent molecules. 

Tablee 6. Selected crystal data and details of the structure determination of cis-[Pd({R.R)-5)(4-
CNC,H4)(//-Br)] : : 

Crystall  data Data collection 

Formula a 

Molecularr Weight 

Crystall  system 

Spacee group 

aa (A) 

b(A) ) 

c(A) ) 

Z Z 

V(A) : : 

Dfgcm""') ) 

u.. (\1o-KoO(min ) 

F(000) ) 

CHH(H l l( ,Br,^ ^ 

1913.19 9 

Tetragonal l 

P4,2,2 2 

17.1829(1) ) 

17.1829(1) ) 

35.1646(3) ) 

4 4 

10382.42(12) ) 

1.224 4 

1.010 0 

3962 2 

Temperaturee (K) 

Crystall  size (mm) 

Radiationn (A) 

0,™-0l im (°) ) 

Dataset t 

Totall  unique data 

Observedd data 

Structuree refinement 

R R 

\\R\\R: : 

150 0 

0.15x0.30x0.45 5 

0.71073 3 

1.3.24.8 8 

0:20;; 0:14: -41:4 

8937 7 

7696 6 

0.0313 3 

0.0762 2 
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CHAPTERCHAPTER 5 

Asymmetricc Synthesis of 2-Methyl-l,r-Binaphthyl through Suzuki 

Couplingss using Bulky Monodentate Phosphoramidites as Chiral Auxiliaries 

Abstract t 

Thee use of cliiral bulky monodentate phosphoramidites. based on the chiral diol backbones 

BINOLL and TADDOL. in the Suzuki reaction has been studied. The coupling of 1-

bromonaphthalenee and 2-methylnaphthylboronic acid yielding axially chiral 2-mcthyl-l . 1'-

binaphthyii  proceeds smoothly at room temperature in good yields and reasonable 

enantioselectiviticss of up to 63 %. The steric bulk of the ligands enforces mono-coordination and 

thereforee results in high reactivity. Screening experiments showed that the stereochemical outcome 

off  the reaction is dependent on the nature of the base, solvent, substrates and the ligand structure. 

Thee highest enantioselectivity was obtained using ligand (S,5,S)-6d ((lS,75)-4-(A'-rnethyl-/V-(5)-l-

phenylethylamino)-9.9-dimethyl-2.2.6.6-tetra(3,5-dimethylphenyl)-3.5.S.l{)-tetraoxa-4--

phosphabicyclof5.3.0]decane). . 
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5.11 Introductio n 

Thee biaryl sub-unit is found as an essential structural feature in many different fields of interest. 

Whenn the rotation around the aryl-aryl bond is restricted, the phenomenon of atropisomerism can 

arise,, thus resulting in the formation of different stereoisomers. These axially chiral biaryls are the 

centrall  building blocks in a wide variety of natural products and are also applied in chiral liquid 

crystals,, chiral reagents and as chiral phases for chromatography/1 2I Furthermore, many chiral 

ligandss applied in asymmetric catalysis consist of an atropisomeric biaryl backbone. 

Duee to their numerous applications, the synthesis of optically active l,l'-binaphthalenes has 

receivedd much attention. Most procedures reported to date use stoichiometric amounts of chiral 

auxiliariess or start from chiral substrates.1'" ' In addition, several papers have been published that 

describee the synthesis of binaphthalenes through catalytic asymmetric cross-coupling reactions. 

Importantt progress was achieved by Hayashi and co-workers, who showed that the palladium- or 

nickel-catalysedd Kumada coupling can lead to the cnantioselcctivc formation of substituted 1.1'-

binaphthyll  derivatives.1"1" ' High enantiosclectivities were reported for the synthesis of 

2.2'dimethyl-l.r-binaphthyll  from (2-mcthyl-l-naphthyl)magnesium bromide and 2-methyl-l-

naphthyll  bromide using Ni ' (S)-l-[(^)-2-(diphenylphosphino)ferroccnyl]cthyl methyl ether ((£)-

(/?)-PPFOMe)) as the catalyst (Scheme l). | l : ' Interestingly, the presence of the oxygen functionality 

inn the ligand appeared to be crucial for high stcreosclection. as the application of ligand 4b. which 

lackss the methoxy group, only gave racemic product. It was proposed that the coordination of the 

methoxyy group to the magnesium atom of the Grignard reagent during the transmetallation is 

responsiblee for the stereoselectivity.L'~"14' Use of bidentate ligands was generally found to result in 

inferiorr enantioselecti\ ities.'9'I? 

Br r 

11 2 (R)-3 

4a::  95 % ee 
4b::  1 % ee 

,, -PPho 

^ " ^^  S ^ R 4a: R = OMe 
L*== ^~yj  Me 4b: R = H 

(S)-(R)-4 4 

Schemee 1. Enantioselective synthesis of 2,2'-dimethyl-1,1 "-binaphthyl (3) using asymmetric 

nickel-catalysedd cross-coupling reactions. 

Ni/L* * 

MgBr r 

11 ox 
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Amongg the many palladium-catalysed cross-coupling reactions, the Suzuki reaction has gained 

aa large amount of interest as a method for constructing biaryls. ' ' ! It offers as the main advantage 

thatt the reagents employed are extremely mild and show a broad functional group compatibility 

comparedd to those used in classic methods and other cross-coupling reactions. In addition, the 

organoboronicc acids used as organometallic coupling partner arc inert towards oxygen and water. 

Recently,, several new catalyst systems have been developed that allow the coupling reaction using 

arylbromidess and -chlorides to proceed under mild conditions, sometimes even at room 

temperature.. '' Despite its enormous potential, only few studies on asymmetric Suzuki 

reactionss towards biaryls have been performed. The initial reports involved diastereoselective 

couplingss using chiral ligands. Only recently the synthesis of axially chiral biaryls through 

,, R = H. NMe2 

« ^ y - ' ^ V '' R =Cy, f-Bu 

5 5 

Figur ee 1. Ligands applied in the asymmetric Suzuki reaction. 

cnantioselectivee Suzuki reactions has been published independently by Buchwald'"4' and 

Cammidge.',x'' In both cases, the ligands employed were bulky monodentate phosphines (Figure 1). 

Thee highest ee's were obtained for ligands containing an amino moiety together with the phosphine 

group.. A mechanism similar to that for the Kumada coupling, implying the compiexation between 

nitrogenn and boron prior to transmetalation, was proposed by Cammidge. Both procedures still 

requiree elevated temperatures, which may be undesirable in view of the chemo- and 

cnantioselcctivityy of the reaction. 

Inn the previous chapters, wc introduced a new class of catalysts based on monodentate bulky 

phosphoramiditee ligands that catalyse efficiently Heck- reactions at room temperature. Stimulated 

byy these results, wc decided to test the novel phosphoramidites in the related asymmetric Suzuki 

couplingg towards chiral biaryl units. In this chapter we show that palladium catalysts modified with 

chirall  bulky phosphoramidites indeed can give rise to smooth reactions under mild conditions with 

promisingg cnantioselectivities. 

4c:: R = NMe? 

(S)-(R)-4 4 
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Ar\\ Ar 

O ^ ^ OO R 
P-N N 

Arr Ar 

Arxx Ar 

. 0 ^^ - ^ O R 
P - N ' ' 

0 - ^ V ^ O - '' R' 

Arr Ar 

(R.RJ-TADDOLdenv. . 

ligandd 6a 6b 

(S.SJ-TADDOLderiv. . 

6cc 6d 6e e 6f f 

CH3 3 

CH3 3 

C2H5 5 

C2H5 5 

CH33 CH3 CH(CH3)2 C2H5 

(R)-CH(CH3)Phh (S)-CH(CH3)Ph C H ( C H 3 ) 2 C2H5 

A r == 3,5-(CH3)2C6H3 3,5-(CH3)2CBH3 3,5-(CH3)2C6H3 3.5-(CH3)2C6H3 
Ph h 2-Naphthyl l 

ligandd 6g 6h h 

NRR : 

NR' ' 

- N - C H 3 3 

A r == 3,5-(CH3)2C6H3 3.5-(CH3)2C6H3 

Ar.. Ar 

0 ^ > ^ O xx ,C2H5 

P-N N 
11 " 'C2H5 

Arr Ar 

Arr = 3,5-(CH3)2C6H3 

Si(CH3)3 3 

ligandd 7a 

C2Ht; ; 

7b b 

CH, , 

C2H55 (R)-CH(CH3)Ph 

fRj-BINOLderiv. . 

Figuree 2. Overview of the ligands employed in this studies. 

5.2.. Results and Discussion 

Ann overview of the ligands employed in this study is presented in Figure 2. The synthesis of the 

ligandss has been described in Chapter 4 of this thesis. 

Ass a model reaction we selected the coupling of 1-bromonaphthalene (8) and 2-

methylnaphthylboronicc acid (9) resulting in axially chiral 2-methyl-l.l '-binaphthyl 10 (Scheme 2). 

Thee palladium catalyst containing the chiral ligand was formed by incubation of Pd(dba)2 with two 
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B(OH)2 2 

Pdd / (R.R)-6b 

base e 

(R)-10 0 (Sl-10 0 

Schemee 2. Suzuki reaction of 2-methylnaphthylboronic acid with l-bromonaphthalene 

equivalentss of phosphoramidite during 15 minutes at 40 °C. Initial exploratory experiments showed 

thatt this coupling proceeds smoothly at 80 °C using 2 mol % of Pd(dba)2 together with 2 

equivalentss of ligand (R,R)-6b and K :CO, as base in a toluene water mixture (10/1 v/v). In Table 1 

thee results of the model reaction using different bases in both toluene and DME (1,2-

dimethoxyethane)) are shown. 

Tablee 1. Results of the palladium-catalysed Suzuki reaction of 8 and 9 to 10 at 80 °C" 

toluenee DME 

withoutt water with water' without water with water 

yield'' ee (%)''' yield1' ee (%f' yield' ee (%)'''' yield' ee (%)'''' entry y 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

base e 

K.,P04 4 

KOH H 

Ba(OH): ' ' 

CsOH H 

K 2C03 3 

Cs:CO, , 

BaF: : 

CsF F --

25 5 

29 9 

36 6 

33 3 

„„  A g 
11.. u . 

32 2 

n.d.'-' ' 

24 4 

21 1 

28 8 

37 7 

33 3 

32 2 

3 i i i 

n.d.'--

9 9 

34 4 

30 0 

37 7 

16 6 

n.d. . 

36 6 

n.d.'-' ' 

33 3 

+ + 

+/--

+ + 

+ + 

+ + 

+ + 

--
-- . 

34 4 

36 6 

37 7 

36 6 

36 6 

36 6 

n.d. . 

26 6 

""  conditions: 0.25 mmol 8, 0.38 mmol 9. 0.50 mmol base. 2.0 mL total solvent volume. 2 mol % 

Pd(dba);.. 4 mol % (R.R)-6b. Reaction time 16 hours. For details sec the experimental section. 

0.255 mL of water (1/10 v/v to organic solvent) added to the reaction mixture. ' determined 

qualitativelyy by TLC based on intensity of the product spot during observation under UV-light (254 

nm):: '-' denotes low yield (estimated 0-30 %), " + '-' denotes moderate yield (30-70%). '+' denotes 

highh yield (70-100%). " determined by I1PLC (Chiralcel O.I). ' (.S')-enantiomer formed in excess. ' 

Ba(OH);-- 8 H;0 was employed. " not determined. 

Itt has been shown by many research groups that the outcome of the Suzuki reaction is strongly 

influencedd by the reaction parameters, such as the solvent, base, temperature, boron compound 
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etc.. 'l'""" Both the base and solvent ha\e a large influence on the yield and enantioselectivity of the 

modell  reaction studied (see Table 1). For most reactions, higher conversions are obtained when 

DMM F is used as the solvent than when the reaction is performed in toluene. In addition, the 

presencee of water in the reaction mixture also lias a pronounced effect. This can be explained b_v 

thee improved solubility of the bases in the mixtures of water and organic solvent. The role of the 

basee is thought to form the boronate anion by coniplexation with boron.1"" 4; This renders the 

arylboronn species more nucleophilic. resulting in faster transmetalation. The hydroxide anion is 

likelyy to be the anionic species involved, which can form boronate nucleophiles. either by 

coniplexationn as a Lewis-base or by deprotonation of the boronic acid. The concentration of 

hydroxidee ion is higher when more of the base is dissolved. This is reflected in the higher yields 

thatt are obtained almost without exception when the reaction medium is more polar, thus in DMF 

orr when water is added to the reaction mixture. Similar arguments can be used to explain the higher 

yieldss when the inorganic base consists of softer ions (entry 1-6). Since the fluoride anion is also 

knownn to have a high affinity for boron."11 tluoride salts generally give good results in Su/uki 

couplings.. In contrast, in our model reaction application of BaF; and CsF only results in poor to 

moderatee yields of 10 (entries 7 and 8). The reason for this is unclear so far. 

Ann effect of the solvent, the presence of water and the base on the enantioselectivilv can also be 

observed,, but the differences are small. In DME the enantioselectivities tend to be slightly higher 

thann those obtained in toluene. The fact that the base has only a minor effect on the ee has 

importantt implications, since it allows the selection of the base that shows an optimal conversion 

towardss the product. Hence, the conditions that gave the highest yield, i.e. Ba(OH); or Cs^CCK in 

DMEE water (101 v v ] (entries 3 and 6) were chosen for the remaining experiments. 

Loweringg the reaction temperature often has a positive influence on the enantioselectivity in 

asymmetricc reactions. Therefore, we performed the reaction at 40 "C. using the same catalyst as 

appliedd for the model reaction in Scheme 2. In addition, to gain more insight into the scope of the 

reaction,, we tested several different substrates (see Scheme 3) under the same conditions. The 

resultss of these experiments are presented in Table 2. 

Loweringg the reaction temperature results in slightly higher ee's (Table 2. entry 1-2) without a 

largee deterioration of the yield of the reaction. Even at room temperature excellent conversions are 

obtainedd within 16 hours reaction time (entry 9). Remarkably, the relatively electron-poor catalyst 

systemss that are formed upon application of the bulky phosphoramidite ligands are still capable of 

activatingg arv 1 bromides under these mild conditions. This reactivity is likely to be caused by the 

coordinativee unsaturation that exists in the active form of the catalyst, as observed before (see 

Chapterss 3 and 4). At room temperature, the enantioselectivity obtained is 4X0« using Pd (R.R)-6b. 

Interestingly,, the use of iodonaphthalene 11 instead of the bromide substrate (8) results in 

considerablvv lower conversions. Apparently the catalyst suffers from faster deactivation, but the 
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Tablee 2. Results of the catalytic reaction between naphthyl halides 8,11,12 and boronic acids 9,13 

att 40 =C" 

entry y 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9." " 

napli i thyll  halidei.X. R) 

88 (Br. H) 

88 (Br. H) 

111 (I.H) 

111 (I.H) 

122 (I, CH3) 

12U.CH;,) ) 

12(1,, CH3) 

12(1,, CH3) 

88 (Br. H) 

boronicc acid (R') 

9(CH3) ) 

9(CH3) ) 

9(CH3) ) 

9(CH3) ) 

13(H) ) 

13(H) ) 

9(CH3) ) 

9(CH3) ) 

9(CH3) ) 

base e 

Ba(OH): ' ' 

Cs2C03 3 

Ba(OH); ' ' 

C'S;CO; ; 

Ba(OH); ' ' 

Cs2C03 3 

Ba(OH)2' ' 

Cs2C03 3 

Ba(OH)2' ' 

product t 

10 0 

10 0 

10 0 

10 0 

10 0 

10 0 

14 4 

14 4 

10 0 

yield' ' 

--
--

+/--

--

--

--

97' ' 

e e ( % r' ' 

47 7 

45 5 

42 2 

42 2 

36 6 

37 7 

n.d.' ' 

n.d.' ' 

48 8 

""  reactions run in DME/water (9/1 v/v) at 40 °C; for further details sec footnote Table 1. 

determinedd qualitatively by TLC. sec footnote Table 1.' determined by HPLC (Chiralcel OJ).'' (S)-

enantiomerr formed in excess. ' Ba(OH)y 8 H20 was employed. ' not determined. ~ reaction run at 

roomm temperature.'' determined by GLC. based on 8 using dihexyl ether as internal standard. 

8:: X = Br. R = H 

11:: X = I. R = H 

12:: X = I R = CH, 

Pd/(R.R)-6b b 

base e 

9:: R'= CH3 

13:: R' = H 

10:: R = H. : C H , , 
14:: R = CH3, R' = CH3 

Schemee 3. General reaction scheme for the Suzuki coupling between several naphthyl substrates. 

reasonn for this is unclear. When the reaction is performed using the substrate methyl naphthyl 

iodide,, both the yield and the ee arc lower. This suggests that the methyl moiety plays a role in the 

enantiodiscriminatingg step, which is the reductive elimination. Similar observations were made by 

Havashii  in the nickel-catalysed cross-coupling using Grignard reagents. '"' Under the conditions 

employed,, the more sterically demanding coupling between 2-methyl-iodonaphthalenc 12 and 2-

methylnaphthylboronicc acid yielded only trace amounts of product (14). Buchwald'1 and 

Cammidge'Sjj recently reported the synthesis of 2.2'-substituted binaphthyl derivatives using 

monodentatee phosphines in Suzuki couplings at higher temperatures (80-90 °C) and long reaction 
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timess (6 days when 3 mol  n„  Pd 4 is employed in 50 % yield and 85"» ee for 141") . Apparently 

thee sterie interactions between the two substituents at the positions next to the carbon atoms that are 

too be coupled hamper the C'-C bond formation and therefore require elevated temperatures. 

Wee screened a series of chiral phosphoramidite ligands to determine the structural ligand 

propertiess that steer the cnantioselectivity in this asymmetric Suzuki reaction. To this purpose, we 

performedd the reaction of 8 and 9 at room temperature using Ba(OII); as the base (Scheme 3) in a 

mixturee of DMF and water. The results are summarised in Table 3. 

Tablee 3. Ligand screening in the model reaction between 8 and 9 to 10 at room temperature' 

entry y 

1 1 

i i 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

ligand d 

(R.Rh6a (R.Rh6a 

(R.R)-(>b (R.R)-(>b 

(5..S>6b b 

(RM.Rh6c (RM.Rh6c 

iRM.Shbd iRM.Shbd 

(S,S,R)-6c (S,S,R)-6c 

{S.S.Sj-Gd {S.S.Sj-Gd 

(R.R)-6e (R.R)-6e 

(R.R}-6f (R.R}-6f 

(R.R)-bi (R.R)-bi 

(R)-7b (R)-7b 

AT" AT" 

3.5-xylyl l 

3.5-xylyl l 

3.5-xylyl l 

3.5-xylyl l 

3.5-xylyl l 

3.5-xylyl l 

3.5-xylyl l 

Ph h 

2-naphthyI I 

3.5-xylyl l 

--

RR11' ' 

Me e 

li t t 

Et t 

Me e 

Me e 

Me e 

Me e 

/-Pr r 

Et t 

Et t 

--

FT T 

Me e 

Et t 

Et t 

<rt)-CH(Mi i 

(5)-CH(VU U 

(ff)-CH(Mi i 

(S)-CH(Mt t 

/'-Pr r 

Et t 

Et t 

--

;)(Ph) ) 

*)(Ph) ) 

ï)(Ph) ) 

)(Ph) ) 

Yield' ' 

20 0 

97 7 

91 1 

71 1 

64 4 

65 5 

74 4 

26 6 

18 8 

40 0 

32 2 

eee (°o) (eonf.)'' 

377 (5) 

488 (S) 

488 (R) 

60(5) ) 

111 (/?) 

222 (/?) 

633 (/?) 

16(5) ) 

17(5) ) 

399 (5) 

133 (/f) 

''' reactions performed as described for entry 9. Table 2. For details sec the experimental section, 

fromm Figure 2. ' determined by GLC. based on 8 using dihexyl ether as internal standard. '' 

determinedd by chiral HPLC (Chiralcel OJ). 

Thee yields of binaphthyl 10 obtained using the different phosphoramidite ligands are quite 

sensitivee to the structure of the ligand: application of ligand 6b results in near-quantitative 

conversions,, while changing to other auxiliaries in some cases gives considerably lower yields (e.g. 

entriess I. 9. 10). When the reactions represented in entries 1 and 10 are performed at 40 °C\ yields 

exceedingg 90 "» are obtained, with only slightly lower ee (29 % and 35 % respectively for (R.Rhha 

andd (R.R)-M). The reason for the low conversion at room temperature is unknown at this stage, but 

wee propose that the stability of the ligands under these reaction conditions is different. Since the 

reactionn medium is strongly basic upon employing Ba(OH); as the base, the ligands are possibly 

attackedd by hydroxide ion and subsequently hydrolysed. This leads to the formation of phosphonate 

products,, that do not coordinate to the metal centre. The hydrolytic lability of the ligands is 

probablyy determined by a subtle interaction of electronic and sterie factors. Optimisation of the 
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strengthh of the base could improve the yields for the ligands showing low conversions under the 

standardd conditions. 

Thee stereoselectivity of the asymmetric Suzuki reaction studied shows a significant dependence 

onn the structure of the ligand employed. 1 hus. changing the alkyl substituents on the amine-moiety 

fromm ethyl to the smaller methyl group results in a decrease in ee from 48 °<> to 37 % (entry 1 ). 

Whenn the ligand having the opposite configuration of the TADDOLate backbone is used ((5,5)-

6b),, the enantiomer < 70-10 is obtained in the same ee as found using {R,R)-6b (entries 2 and 3). 

Thee reaction exhibits a large cooperatives effect when ligands 6c and 6d. containing the ehiral 1-

phenylethyll  group, are employed. Thus, the combination of the chirality in the backbone with the 

aminee having the same configuration results in ee"s of 60-63 %. while the ligands having the 

oppositee configuration give much lower ee. see entries 4-7. Substitution of the 3,5-(CH,):C,,H; 

moietiess in the ligand for smaller aryl groups, such as a phenyl or 2-naphthyl ring results in poor 

stereoselectivityy (entries 8-9). Ligand 6i shows a slightly lower ee than the analogue which lacks 

thee ring strain in the backbone, as observed earlier (Chapter 4). BINOL-based ligand 7b is not 

effectivee in inducing chirality for this reaction (entry I 1). 

5.33 Conclusions 

Wee have demonstrated that bulky monodentate phosphoramidite ligands can be applied 

successfullyy in palladium-catalysed Suzuki couplings. Moreover, the studies presented here show 

thatt asymmetric couplings are feasible under extremely mild conditions. Even at room temperature, 

thee synthesis of axially ehiral biaryls proceeds smoothly in reasonable enantioselectivity. Because 

off  the mild conditions of the reaction, the substrates can contain a wide variety of functionalities 

thatt would not be compatible using the earlier developed methods, e.g. the Kumada coupling that 

employss Grignard reagents. Although the enantioselectivities and catalyst loadings certainly leave 

roomm for improvement, we believe that these features make the application of bulky monodentate 

phosphoramiditee ligands in Suzuki chemistry a promising tool in asymmetric synthesis. 

5.44 Experimental Section 

Generall  remarks. All experiments were earned out under a purified nitrogen atmosphere unless 

otherwisee noted. Solvents and reagents were purchased from Acros. unless stated otherwise. 

Toluenee was distilled from sodium: 1.2-dimcthoxyethane (DV1R) was used as received. The 

synthesiss of the ligands has been reported in Chapter 4 of this thesis. 2-Methylboronic acid"" and 

l-iodo-2-methvinapthalene",|| were prepared according to literature methods. Thin-layer 
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chromatographyy was carried out using Maeherey-Nagel SIL G L \ ' plates of Kicselgel 60. Column 

chromatographyy was performed using silica 60 (SDS Chromagel. 70-200 Jim). GC measurements 

weree performed on a Shimadzu GC-17A apparatus (split splitless. equipped with a F.I.D. detector 

andd a BPX35 column (internal diameter of 0.22 mm. film thickness 0.25 urn. earner gas 70 kPa 

He))) or on an Interscience HR GC Mega 2 apparatus (J&W Scientific. DB-1 column. 30 in film 

3.00 urn carrier gas 70 kPa He. F.I.D. detector). GC MS measurements (E.I. detection) were 

performedd on a HP 5890 5971 apparatus, equipped with a ZB-5 column (5% cross-linked phenyl 

polysiloxane)) with an internal diameter of 0.25 mm and film thickness of 0.25 jam. HPLC 

measurementss for determination of enantiomeric excesses were performed using a Gilson apparatus 

equippedd with an Dynamax UV-I absorbance detector. High Resolution Mass Spectra were 

recordedd at the Department of Mass Spectroscopy at the University of Amsterdam using FAB 

iomsationn on a JEOF JMS SX SX102A four sector mass spectrometer with 3-mtrobenzyl alcohol 

ass a matrix. 

Generall  Procedure for  Asymmetric Suzuki Couplings. A 5 ml. Schlenk-vessel equipped 

withh a magnetic stirring bar was charged with 0.010 mmol of the ligand. 1.0 mL of a freshly-

preparedd stock-solution of Pd(dba); in DME (5.00 mM. 0.005 mmol) and 1.0 mL of a stock-

solutionn of 1-bromonaphthalene in DME (0.25 M. 0.25 mmol). Dihexyl ether (50 p;L) was added 

andd the reaction mixture was heated to 40 CC and stirred for 15 min. After cooling to room 

temperature,, the base (0.50 mmol). 2-methylnaphthylboronic acid (56 mg. 0.30 mmol) and 0.20 

mLL of water were added. After stirring overnight, the reaction mixture was diluted with diethyl 

etherr (3.0 mL) and the organic phase washed with saturated aqueous NHjCI-solution (2 mL) and 

driedd over MgS04. The resulting solution was analysed by TLC (SiCK hexanes) or GLC to 

determinee the yield of 2-mcihyl-Lr-binaphthyl. Column chromatography (SiCK hexanes) yielded 

thee pure product1'"1 as a white crystalline solid. The enantioselecti\ ity was determined by chiral 

HPLCC (Chiralcel OJ. 250 x 4.6 mm ID, hexane ethanol methanol 1000 5 3.5 (note: the ethanol and 

methanoll  should be mixed before adding to the hexane) flow 1.0 mL mm.. UV 254 urn. tK 2-

methyl-l.r-binaphthyll  = 5.36 min. ((/O-enantiomer; determined by comparison of the sign of 

rotationn with the literature data•'"'). 8.36 min (S). Care should be taken to remove all 1-

bromonaphthalenee starting material, since this compound overlaps with the </?)-enantiomer of the 

productt in HPLC. 
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CHAPTERCHAPTER 6 

Bulkyy Monodentate Phosphoramidites in Palladium-Catalysed Allyli c 

Alkylationn Reactions: Aspects of Regioselectivity and Enantioselectivity' 

Abstract t 

AA series of biilkv monodentate phosphoramidite ligands based on biphenol. BINOL and 

TADDOLL backbones has been employed in the Pd-catalysed allylic alkylation reaction. Reaction 

off  2-sodium diethyl 2-methylmalonatc with monosubstituted allylic substrates in the presence of 

palladiumm complexes of the phosphoramidite ligands proceeds smoothly at room temperature. The 

regioselectivitiess observed depend strongly on the leaving group and the geometry of the allyli c 

startingg compounds. Mono-coordination occurs when these ligands are ligated in Pd(allyl)(X) 

complexess (ally! = C,H,. 1-CH,C,H4. l-ChHsCTl4. 1.3-(ChH5):C JL; X = CI. OAc). The solid state 

structuree determined by X-ray diffraction of Pd(l)(C,FL)(Cl) reveals a non-symmetric coordination 

off  the ally 1 moiety, caused by the stronger trans influence of the phosphoramidite ligand. In all of 

thesee complexes, the svn. trans isomer is the major species present in solution. Because of fast 

isomerisationn and high reactivity of the svn. cis complex, the major product formed upon alkylation 

iss the linear product. This is especially the case for monosubstituted phenylallyl substrates in the 

presencee of halide counterions. However, in the case of biphenol or BINOL based 

phosphoramidites,, a strong memory effect is observed when l-phenyl-2-propenyl acetate is 

employedd as the substrate. In this case, nucleophilic attack effectively competes with the 

isomerisationn of the transient cinnamylpalladium complexes. The asymmetric allylic alkylation of 

1.3-diphenyl-2-propenyll  acetate using chiral bulky monodentate TADDOL-bascd 

phopshoramiditcss afforded the chiral product in up to 93 % ce. Substrates with smaller substituents 

resultedd in lower enantioselcctivitics. The observed stereoselectivity is explained in terms of a 

preferentiall  rotation mechanism, in which the product is formed by attack on one of the isomers of 

thee intermediate Pd(L)( ].3-(C(,HO:C\H-)(OAc) complex. 

Thee work in this chapter is to be published: Maarten D. K. Bocle. Gino P. F. van Strijdonck. 

Paull  C. J. Kamer. Martin Lutz. Anthony L. Spek. Johannes G. de Vries. Piet W. N. M. van 

Leeuwen.. 2002. 
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6.11 Introductio n 

AA Hylic substitution reactions are currently among the most important and widely studied 

catalyticc reactions in organic synthesis. Especially in the last decade, enormous progress has been 

madee in gaining insight in the factors that determine the outcome of the reaction, such as the metal, 

thee structure of the ally] substrate, ligand or nucleophile and the nature of the solvent.'1"4' 

Thee vast majority of the studies reported apply palladium as the metal catalyst of choice. A 

plethoraa of ligands has been designed and employed, mainly having phosphorus and or nitrogen 

donorr atoms. Especially the asymmetric allylic alkylation has received enormous attention, and can 

noww be regarded as 'standard probe" for new chiral ligands to test their efficiency in asymmetric C-

CC bond formation reactions (Scheme 1).[1"3'5'6] Excellent enantioselectivities have been obtained 

usingg C2 symmetrical bidentate diphosphines as demonstrated by Trost et al)'' 6' The observed 

stereoselectivitiess for these and other systems can often be explained by the concept of a 'chiral 

pocket".11 " The chiral induction stems from the selective clockwise or anticlockwise rotation of 

thee allyl moiety in this pocket upon nucleophilic attack to form the product rf-alkene complex. 

Thee potential of other classes of ligands has been recognised in recent years. These include 

chirall  P-N ligands. as was demonstrated by Pfaltz and Helmchen, who employed chiral 

phosphinooxazolinee ligands possessing C] symmetry.'3 '"Ix The difference in donor properties of 

Na+Nu" " 

Nu u 

PdL L 

OO O 

LL = chiral P-P. P-N. P-S. N-N, ... ligand 

Schemee 1. Asymmetric palladium-catalysed allylic alkylation using a symmetrically substituted 

allvll  substrate. 

thee coordinating phosphorus and nitrogen atoms offered the possibility of directing the site of 

nucleophilicc attack to the allylic carbon atom trans to phosphorus. This is caused by the larger trans 

influencee exerted by P compared to N. thereby rendering the carbon trans to phosphorus more 

electrophilic.. "" ' Other bidentate P-N ligands. such as planar-chirai ferrocenyl derivatives, have 

alsoo been successfully employed, with high regio and stereoselectivities.1"" -' 
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Arr PdL 
TT + Na*Nu" : 

OAc c 

Ar r 

Nu u 

90(877 % ee) : 10 

Arr = 4-CH3OC6H4 

OO O 
Nu"" = 

MeO' ' 

PPh, , 

(R)-MeO-MOP P 

Schemee 2. Pd((/?)-MeO-MOP)-catalysed regioselective and enantioselective alkylation of 1-

substitutedd cinnamyl derivatives. 

Thee number of chiral monodentate ligands that have been studied in palladium catalysed 

asymmetricc allylic transformations is rather limited. The reports on application of chiral 

monodentatee ligands in the allylic alkylation deal almost without exception with chiral 

phosphines.. In most cases the enantioselectivities obtained are in the same order of or lower 

thann those observed using bidentate analogues.1"6' Among the most prominent examples of 

successfull  monodentate ligands are the so-called MOP-typc ligands (Scheme 2). introduced by 

Hayashii  and co-workers. It was shown that MOP ligands are very active in the asymmetric 

Pd-catalysedd reduction of allylic esters with formic acid.1" ' Application of these ligands in allylic 

alkylationn revealed several interesting features with respect to the regiosclcctivity of 

unsymmetricallyy substituted ally 1 groups (Scheme 3). Using MeO-MOP. the reaction of 1-aryl 2-

propenyll  acetate derivatives with the sodium salt of dimethyl 2-methylmalonate resulted in 

formationn of the branched product in 90 % regiosclcctivity. with an ee of 87 % (Ar = 4-CH;,OC6H4. 

Schemee 2 ) .m 

PdL* * 
R ^ ^ / O A c c 

,PcUU -
AcOO L 

R2--

Nu u 

Schemee 3. Asymmetric palladium-catalysed allylic alkylation using an unsymmetrically 

substitutedd ally] substrate and a monodentate ligand. 
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Thee examples described above illustrate the large effects that the haptieity and other properties 

off  ligands can have in the palladium catalysed ally 1 tc alkylation reaction. In previous chapters, we 

describedd the application of bulky, monodentate phosphoramidite ligands in the Heck reaction. 

Thesee ligands were shown to have properties which distinguish them from most ligands used to 

date.. The most important feature is the bulkmess of the ligand. resulting in enforced mono-

coordinationn to palladium. Because of these interesting complexation characteristics, we decided to 

studyy bulk\' phosphoramidites in the palladium catalysed ally lie alkylation. both the non-

asymmetricc and asymmetric variant. Despite the recent increase in interest for phosphoramidites as 

auxiliariess in catalysis, very few applications in palladium catalysed ally lie subtitution have been 

reportedd yet.1" Several groups have exemplified the potential of chiral phosphoramidites m copper 

catalysedd allylic alkylations. which proceed through a different mechanism (predominantly S\2' 

fromm CT-allyl complexes) than using palladium. The application of phosphoramidites in indium 

catalysedd allylic alkylations has recently been reported. ' The reaction was proposed to proceed 

throughh (7-allyl complexes as well, and resulted in enantioselectivities of up to 93 °<> with very high 

regioselectnn ity to the branched product (>99 %). In this chapter, we present the results we obtained 

inn testing bulky phosphoramidites in palladium catalysed allyli c alkylations using different allylic 

substrates.. The ligand effects on regio- and enantioselectivity wil l be described, together with the 

observationn of a large regiochemical memory effect, and the extension thereof to asymmetric 

transformations. . 
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6.22 Results and Discussion 

6.2.11 Ligands. In Chapters 3 and 4 of this thesis, several bulky phosphoramidites, based on 

bulkyy biphenol. binaphthol. or TADDOL backbones are described. These can be synthesised 

relativelyy easily and possess modular properties, allowing fine-tuning of their steric and electronic 

characteristics.. An overview of the ligands we applied in the present studies of the palladium 

catalysedd allylic alkvlation is shown in Figure 1. 

MeO O 

MeO O 

P - N N 

Ar.. Ar 

0-~^~00-~^~0 R 

 R' 
Arr Ar 

Ar.. Ar 

P T '' <A R 

cyS^oo R' 
Arr Ar 

(R.RJ-TADDOLL deriv 

ligandd 2a 2b b 

(S.Sj -TADDOLL deriv. 

2cc 2d 2e e 2f f 

RR = CH 3 C 2 H 5 C H 3 CH 3 CH(CH3 )2 C 2 H 5 

R'' = CH 3 C2HS (R)-CH(CH3)Ph (S)-CH(CH3)Ph C H ( C H 3 > 2 C 2 H 5 

A r == 3.5-(CH3 )2C6H3 3.5-(CH3 )2C6H3 3 ,5-(CH3 )2C6H3 3,5-(CH3 )2C6H3
 P h 2-Naphthyl 

ligandd 2g 

NR-NR-

NR'' = 

Arr = 

2h h 

- N - C H 3 3 

3,5-(CH3 )2C6H33 3 ,5-(CH3 )2C6H3 

Ar.. Ar 

O ^ Y ^ - O ,, ,C 2 H 5 

P - N N 

Arr Ar 

Arr = 3.5- (CH 3 ) 2C 6H 3 

Si(CH3)3 3 ligandd 3a 3b b 

RR = C 2 H 5 C H 3 

R'' = C 2 H 5 (R)-CH(CH3)Ph 

Si(CH3)3 3 

(RJ-BINOLL deriv. 

Figuree 1. Overview of the ligands employed in this study. 
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6.2.22 Allyli c Alkylatio n Reactions. Phosphoramidite 1 was tested in the palladium catalysed 

allylicc alkylation reaction of different mono-substituted allylic substrates. In this case, three 

differentt isomeric products can be formed (see Scheme 4). The linear product, arising from 

nucleophiliee attack on the non-substituted terminus of the allyl moiety, can be formed in E (trans) 

orr Z (cis) geometry. Attack on the substituted site of the allyl results in formation of the branched 

product.. The results for the catalytic reaction of crotyl acetate ((£)-3-methyl-2-propenyl acetate. 

5b).. cinnamyl acetate ((/T)-3-phenyl-2-propenyl acetate. 6b). and raoa-vinyl benzylacetate (1-

phenyl-2-propenyll  acetate. 7b) and the corresponding chlorides. 2-sodium diethyl 2-

methylmalonatee are shown in Table 1. 

R ^ \ / XX [Pd(r|3-C3H5)(OAc)]2 / 2 L 

22 equiv. Na* Nu" 
RR = C H 3 5 ». 

Phh 6 THF, rt 

Nu u 

Ph h 
linearr E linearr Z 

Nu u 

branched d 

OAc c 
OO O 

Nu u NaX X 

Schemee 4. Allyli c alkylation of mono-substituted allyl substrates using monodentate 

phosphoramidites. phosphoramidites. 

Tablee 1. Catalytic alkylation of mono-substituted allyl compounds 5-7 with 2-sodium diethyl 2-

methylmalonatee using [Pd(rf-C\H5)(OAc);]: / 1 " 

entry y 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7' ' 

8 8 

9' ' 

substrate. . 

5a a 

5b b 

55 c 

55 b 

,',., , 

61) ) 

6b b 

77 b 

7b b 

XX = 

CI I 

OAc c 

OTf f 

OAc c 

CI I 

OAc c 

OAc c 

OAc c 

OAc c 

RR = 

CH3 3 

CH3 3 

CH3 3 

CTF, , 

C6H5 5 

C Jk k 

C6H5 5 

1-C6H5 5 

1-C„H< < 

TOF' ' 

180 0 

122 2 

n.d. . 

174 4 

284 4 

56 6 

11 13 

202 2 

307 7 

%% linear E 

43 3 

84 4 

58 8 

40 0 

91 1 

97 7 

99 9 

33 3 

N4 4 

%% linear Z 

14 4 

8 8 

11 1 

3 3 

0 0 

o o 

0 0 

0 0 

0 0 

%% branched 

43 3 

8 8 

31 1 

57 7 

9 9 

3 3 

1 1 

67 7 

16 6 

""  Reaction conditions: Pd 1 allylic substrate nucleophile = 1 1 100 200; [Pd] = 10 mM 

inn THF. Reaction time is 2 hours. Selectivity after final conversion, determined by GC using 

dihexyletherr as internal standard. ' initial turn-over frequency, determined after 5 mins. ' 20 

equivalentss (to Pd) of (/?-Bu)4NBr added. 
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Inn all experiments, more than c)5 '\, eomersion was obtained within two hours. The 

regioselectivitvv observed in the allyli c alkvlation appears to be largely dependent on the anionie 

counterionn present. For crotyl chloride (5a). the branched and linear E product are formed in equal 

amountss (43 "o). together with a minor amount of the 7, product. Upon changing to crotyl acetate 

(5b).. the regioselectivitv shifts dramatically towards the linear E product (84 (V entry 2). This 

changee in regioselectivitv is accompanied by a drop in reaction rate. When 20 equivalents of tetra-

d-butyll  bromide are added, the high selectivity towards the branched product is restored, resulting 

inn an even slightly higher percentage of branched alkene (57 %). A similar trend is observed when 

thee methyl substituent is replaced by the larger phenyl group, although in this case the overall 

formationn of the E linear product is much more favoured than for the crotyl substrates (entries 5-1). 

Noo formation of 7 alkene is observed for the einnamyl substrate (6). This is in accordance with 

observationss in other studies.1 '! The addition of bromide results in an increase of the amount of 

branchedd product formed. Furthermore, for the phenyl-substituted allyl substrate, the allylic 

substitutionn displays a large memory effect. Thus, the alkvlation of cr-vinylbenzyl acetate 7b yields 

aa product mixture in which 67 % of the branched product is formed, compared to only 3 % starting 

fromm the isomeric linear substrate (entries 6 and 8). This memory effect largely disappears when 

extraa halide is added to the reaction mixture (entry 9). 

Too gain more insight into the origin of the observed regioselectivitv. stoichiometric allylic 

alkvlationn reactions were also carried out. In the stoichiometric reactions, the complex geometries 

havee fully equilibrated to their thermodynamic ratios prior to alkylation. Therefore the 

regioselectivitvv observed in these alkylations wil l reflect the thermodynamic composition of the 

Pd(( 1 )(allyl)(X) complexes, assuming that the nucleophilic attack is faster than isomerisation of the 

Pd(allyl)) complex Recent research into the regioselectivitv in stoichiometric allvli c alkvlation 

usingg bidentate ligands has shown that the syn complex reacts mainly towards the linear E product, 

withh formation of small quantities of the branched product. The isomeric anti complex reacts to the 

branchedd product or the linear Z product.'14' ' ' '' The reactions were performed by addition of a 

largee excess of 2-sodium diethyl 2-mcthylmalonate to a solution of the Pd(allyl)(l >(X) complex (X 

~~ CI. OAc). The results of the stoichiometric alkylation reactions are shown in Table 2. 

Thee observed selectivities in the stoichiometric alkylation differ significantly from those 

obtainedd from the catalytic experiments. For the stoichiometric reactions, the regioselectivitv 

obtainedd when the crotyl complexes are applied is relatively insensitive to the counterion present 

(Tablee 2. entries 1-3). This is in sharp contrast to the catalytic reactions (Table 1. entries 1-4). 

wheree the presence of halide is required for formation of the branched alkene. Stoichiometric 

reactionss with the corresponding einnamyl complexes result in similar observations. Thus, the 

applicationn of Pd(cinnamyl)(1 )(OAc) yields linear £ and branched product in a S3:17 ratio (entry 

5).. whereas in the catalytic reaction the branched product is formed in only 3 '\> (see Table 1). The 
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5a a 

5b b 

5b b 

6a a 

6b b 

6b b 

CI I 

OAc c 

OAc c 

CI I 

OAc c 

O.Ac c 

CH; ; 

CH. . 

CH, , 

C H , , 

C,H5 5 

ChH, , 

39 9 

37 7 

31 1 

94 4 

83 3 

98 8 

8 8 

8 8 

3 3 

Ü Ü 

0 0 

0 0 

resultss from the stoichiometric experiments with halide present do not deviate significantly from 

thosee of the catalytic reactions, resulting in high selectivity towards the linear E alkene. 

Tablee 2. Stoichiometric alkylation of Pd(3-RC JI4)(X)( 1) with 2-sodium diethyl 2-methylmalonate'' 

entryy substrate. X = R= % linear E "o linear Z "« branched 

66 6 

6 6 

17 7 

i;; Reaction conditions: Pd nucleophile ~ 1 50 : [Pel] = 10 m\1 in THF. Selectivity determined 

byy CiC. ' 20 equivalents (to Pd) of (;?-Bu)4NBr added. 

Thee observed trends can be explained as follows. From the principle of microscopic 

reversibilityy it follows that the oxidative addition (being the reverse reaction of reductive 

elimination)) of allyli c compounds to Pd(0) containing monophosphine ligands occurs in a cis 

fashion.. Thus, the initial complexes formed from crotyl or cinnamyl substrates wil l have the 

substituentt on the ally I moiety and the ligand in a cis relationship (sec Scheme 5). 4"" i'1 Since in the 

NMRR spectra only the syn, trans complexes (b) arc observed (rick' infra), we conclude that this is 

thee most stable complex geometry. Therefore, the initially formed srn. cis complexes a wil l 

isomerisee to the corresponding trans complex, via a pseudorotation mechanism. ! The 

observedd regiosclectivity during catalysis wil l depend on the rate of this isomerisation. the 

equilibriumm constant of the equilibrium C between a and b (Scheme 5) and the rate of nucleophilic 

attackk (A and B). It has been shown by several groups that the addition of halide anions can 

acceleratee dynamic processes in Pd(/r-allyl) complexes considerably.1, 4',"JN| Since attack of the 

nucleophilee wil l mainly occur on the ally I terminus trans to phosphorus (having a much larger 

transtrans influence than the anionic ligand),44' " the syn. trans complex b wil l mainly react to the 

branchedd product (route B). The presence of halide counterions (CI or Br) enhances the rate of 

isomerisationn and therefore the amount of branched product formed. The isomerisation C from the 

initiall yy formed cis complex a in the case of the Pd(RC;H4)( 1 )(OAc) complexes is slower compared 

too the halidc-eontaining intermediates, resulting in formation of a larger amount of the linear (£) 

productt through pathway A. This is what is observed using crotyl substrates. 

Forr the phenyl substituted substrates, the situation is slightly different. Similar to the crotyl 

substrates,, the isomerisation C in the cinnamylpalladium complexes wil l be relatively slow when 

OAc""  is the counterion. This is confirmed by the presence of the strong memory effect: when the 3-
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phenyll  substituted substrate 7b is employed, which initially forms the trans complex (b). a high 

selectivityy towards the branched product is observed. In contrast, the 1-acetoxy substrate (6b) will 

formm the cis isomer (a) and therefore mainly reacts towards the linear product. The presence of 

halidee enhances the rate of isomerisation between the cis and trans complexes drastically, resulting 

inn faster isomerisation relative to nucleophilic attack. In this situation, the linear (f)-product is 

formedd predominantly. However, since only the trans complex is observed in NMR. this implies 

thatt for cinnamyl complexes the cis complex reacts with higher rate than the corresponding trans 

complex,, resulting in the predominant formation of linear product. Being higher in energy (and 

thuss unfavoured in the equilibrium mixture), the energy barrier of the cis complex for nucleophilic 

attackk is apparently lower than that of the trans complex, resulting in higher reaction rates and 

thereforee higher selectivity to the linear product isomer. Additionally, the increased steric 

hindrancee of the phenyl group at the substituted ally] terminus hampers attack of the nucleophile on 

thiss carbon atom. Nucleophilic attack on this position is not favoured by electronic factors cither, 

whichh render the unsubstituted terminus more electrophilic. ,s| Therefore, a preference for the linear 

productt exists when employing cinnamyl substrates. Because of the large trans influence of the 

phosphoramiditee ligand. this product will be formed through the cis isomer (route A in Scheme 5). 

Thesee conclusions are supported by the observations in the stoichiometric reactions. If the 

isomerisationn of the Pd(cinnamyl)(l)(X) (X = CI, Br) complexes is very fast compared to 

nucleophilicc attack, the stoichiometric reactions should not deviate significantly from the results 

obtainedd in the catalytic reactions. This indeed is what we have found (Table 1 and 2). When no 

halidee is present, more of the branched product is formed, due to the slower cis/trans isomerisation. 

branched d 
synltranssynltrans b 

Schemee 5. Possible explanation for regioselectivity observed in palladium-catalysed allylic 

alkylationn using monodentate phosphoramidites. 
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Summarising,, halides enhance the rale of isomerisation in Pd(allyl)(l)(X) complexes, resulting 

inn more rapid equilibration of the isomeric complexes from the initially formed svn. cis to the more 

stablee svn. trans form. The latter isomer reacts mainly to the branched product. Therefore, the 

branchedd product is formed in excess when crotyl substrales are employed in the presence of halide 

counterforts.. In contrast, when phenyl substituted allyl substrates are used, the ris isomer reacts at a 

muchh higher rate than the trans complex (A'A » kB in Scheme 5), resulting in the formation of 

mainlyy linear product, despite the fact that it is present in only, very small quantities under 

equilibriumm conditions. Only when the branched a-vinylbenzyl acetate 7b is employed in the 

absenceabsence of halide anions, a significant amount of the branched product is formed, due to slow 

isomerisation. . 

6.2.33 Asymmetric Allyli c Alkylations. From the above, n is clear that phosphoramidite ligands 

formm a useful class of ligands for palladium catalysed allylic alkylation reactions. Moreover, the 

possibilityy of regioselective nucleophilic attack on the substituted allyl terminus enables the 

enantioselectivee formation of the (chiral) branched product. Therefore, we tested chiral 

phosphoramiditess in the asymmetric variant of the allylic alkylation reaction using both symmetric 

allyll  substrates and non-symmetric substrates. 

Ass a test reaction we chose the alkylation of l,3-diphenyl-2-propenyl acetate (8) using the 

dimcthvlmalonatee anion as the nucleophile (Scheme 6). To this purpose. I mol% [Pd(C\lf)(,Ll-

OAc)] :: and 2 equivalents of ligand were stirred at room temperature for 15 minutes before the 

reactionn was started. The nucleophile was formed in situ by addition of BSA (N.O-

bis(trimethylsilyl)) acetamide) and a catalytic amount of KOAc. The results of the catalytic 

reactionss are shown in Table 3. 

[Pd(,i3-C3H5)(OAc)]22 / 2 L* 

2CH2 (COOMe) 2 /BSA A ph h 

cat.. KOAc CH(COOMe)2 CH(COO 

CH2CI2,, rt Me>2 

88 9 (R) 9 (S) 

Schemee 6. .Asymmetric allylic alkylation of 1.3-diphen> l-2-propenyl acetate (8). 

Usee of TADDOL-based phosphoramidites in the asymmetric alkylation of l,3-diphenyl-2-

propcnvll  acetate resulted in excellent yields and good enantioslectivity of the product in most 

cases.. Thus, employing {R.R)-2b as the chiral auxiliary, product 9 was obtained in 89 % ee. having 

SS configuration. Lowering the reaction temperature marginally improved the enantioselectivity to 

900 % (entry 4). but the conversion was incomplete in this case. Reaction with the corresponding 

ligandd having the opposite stereochemistry in the TADDOLate backbone results in the same ee. 

12N N 



PhosphoramiditesPhosphoramidites in Palladium-Catalysed Ally lic Alky lat ion 

withh the opposite enantiomer (R) formed in excess (entry 5). Changing the .structure of the 

backbonee at the remote aeetal moiety (ligand 2i) resulted in a decrease of ee to 81 "o (entry 6). This 

cann be explained by the fact that the cyclohexyl group slightly distorts the adjacent ring structure, 

andd hence affects the geometry of the aryl substituents. Variation of the aryl moieties also has a 

largee influence on the stereochemical outcome of the reaction: both the 2-naphthyl (2f) and phenyl 

(2e)) containing ligands A and B give rise to lower ee's compared to the 3.5-dimethylphenyl group 

(entriess 7 and X). The structure of the amino-group in the ligand has a much less pronounced 

influencee on the enantioselectivity (entries 9-14). The pipera/ine substituted ligand 2g gives lower 

ee.. In the case of the .Y.tt-dimethylbenzyl amino substituent, the possibility of chiral cooperativity 

effectss arises. Such effects, although not extremely large, have been observed using the same 

ligandss m asymmetric intramolecular Heck reactions ? ' (see also chapter 4 of 

Tablee 3. Asymmetric allylic alkylation of 8 with dimethyl malonate using phosphoramidite 

ligandss 2-4'' 

ntry y 

I I 

~i ~i 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15" " 

16' ' 

ligand d 

4 4 

(K)-3b b 

(R,R)-2b (R,R)-2b 

(R.R)-2b (R.R)-2b 

(S.S)-2b (S.S)-2b 

(R,R)-2i (R,R)-2i 

(R.R)-lf (R.R)-lf 

(R.R)-lv (R.R)-lv 

(R,R)-2g (R,R)-2g 

(R.R)-2a (R.R)-2a 

(R.R,S)-2d (R.R,S)-2d 

(R,R.R)-2c (R,R.R)-2c 

i.S,S,S)-2d i.S,S,S)-2d 

i$.S,R)-2c i$.S,R)-2c 

(R,R)-2b (R,R)-2b 

(R,R)-2b (R,R)-2b 

temperaturee (°C) 

25 5 

25 5 

25 5 

0 0 

25 5 

25 5 

25 5 

25 5 

25 5 

25 5 

25 5 

25 5 

25 5 

25 5 

25 5 

25 5 

yieldd ("o)'" 

65 5 

n.d. . 

> 99 9 

87 7 

>> 99 

70 0 

86 6 

>99 9 

n.d. . 

n.d. . 

> 99 9 

>> 99 

>> 99 

98 8 

>> 99 

34 4 

eee (°o) (config.)' 

688 (/?) 

67(A) ) 

899 (S) 

900 (S) 

900 (R) 

811 (S) 

611 (S) 

733 (S) 

833 (S) 

888 (5) 

922 (5) 

87(5) ) 

ÜKR) ÜKR) 

933 f/?) 

666 (.V) 

855 (5) 

""  Reaction conditions: Pd ligand allyl dimethyl malonate BSA ~- 1 2 100 150 150 in 

CH;Ckk Catalyst incubation time is 15 mins. reaction time 16 hours, based on conversion of the 

acetate,, determined by CiC using dihexyl ether as internal standard: n.d. - not determined, 

determinedd by HPLC (Daicel OD). reaction carried out in THF using 2-sodium diethvl 2-

methylmalonatee as the nucleophile. ' 20 equivalents (to Pd) of (//-Bu)4\Br added. 
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thiss thesis). In the asymmetric alkylations. a positive effect is observed «lien the amine moiety 

andd the TADDOLate backbone have the opposite configuration (entry 11 and 14). The latter 

determiness the absolute configuration and enantioselcctiv ity of the reaction to a large extent (Table 

3).. but a further increase to 93 "o ce is observed when ligand [S,S,R)-2c is employed, see entry 14. 

Changingg the nucleophile to 2-sodium diethyl 2-methylmalonate in TIIF has a strong detrimental 

effectt on the level of stereocontrol. see entry 15. The addition of extra halide anions lowers both 

100 0 

80 0 

ST T 
rr  so 
o o 
fe.fe. 40 
a> > 
<D D 

20 0 

0 0 

Figur ee 2. Correlation between the cnantiopurity of the ligand and the enantioselectivity in the 

reactionn of 8 to 9. 

thee product yield and ee (entry 16). 

Too gain insight into the coordination-mode of the bulky phosphoramidite ligands during the 

catalyticc reaction, we tested the dependence of the observed enantioselectivity in the model 

reactionn on the enantiopurity of the ligand employed. Such relationships have been shown to give 

importantt information on the nature of the catalytically active species.1'" ' "' The results for ligand 

2bb are shown in Figure 2. Within experimental error, the stereochemical outcome of the reaction is 

linearlyy correlated to the ee of the ligand. Therefore, a reaction mechanism in which the active 

catalyticc species has only one chiral ligand ligated to the Pd centre is feasible, similar to the 

enantioselcctivee Heck cyclisations (see Chapter 4 of this thesis).'52' 

Ass was demonstrated before, bulky phosphoramiditcs show the possibility of steering the 

rcgiosclcctivityy of monosubstituted allylic compounds towards the chiral. branched product (see 

sectionn 2.2). Therefore, we also probed these TADDOL based ligands in the asymmetric allyli c 

alkylationn using other prochiral. non-symmetrically substituted substrates. The results of the 

reactionss performed with rac.-l-phenyl-2-propenyl acetate (a-vinylbenzyl acetate 7b). rac.-\-

yy = 0.8876x+ 1,5436. 
R22 = 0.9985 

20 0 400 60 

eee ligand (%) 

100 0 
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phenyl-3-but-l-eny]]  acetate (l-methyl-3-phenylallyl acetate 10) and cinnamyl acetate (6b) with 

dimethyll  malonate in dichloromethane at room temperature are shown in Table 4. 

R R 

OAcc [Pd(n
3-C3H5)(OAc)]2 / 2 L* 

RR = CH3 10b 2CH2 (COOMe)2 /BSA 11 1 

. X H i i 

CH(COOMe)2 2 

Ph . . 

P h ^ * / ^ . C H 3 3 

CH(COOMe)2 2 12 2 

Ph h 

HH 6b " 
cat.. KOAc 

' - ^^ CH2CI2, rt P h ^ ^ \ ^ , C H ( C O O M e ) 2 

OAcc 7b 1 3 1 4 

Schemee 7. Palladium-catalysed allylic alkylation with unsymmetrically substituted allvl substrates. 

CH(COOMe)2 2 

Tablee 4. Asymmetric allylic alkylation of 6b, 7b and 10 with dimethyl malonate using 

phosphoramiditee ligands 2b and 3b'' 

;ntryy substrate temperature ligand yield' regioselectivity' ee("„) ) 

1 1 

2 2 

3 3 

4' 4' 

5 5 

6 6 

10b b 

71. . 

7b b 

7b b 

61) ) 

7b b 

25 5 

2> > 

(R,R)-2b (R,R)-2b 

(R,R)-2b (R,R)-2b 

(R,R)-2b (R,R)-2b 

(R,R)-2b (R,R)-2b 

(R.R)-2b (R.R)-2b 

(R)-3b (R)-3b 

>95 5 

>99 9 

79 9 

>99 9 

>99 9 

>99 9 

94 4 

999 :  1  (1 1 :  12 ) 

::  6  (lin. :  branch. ) 

94: 6 6 

98: 2 2 

98: 2 2 

26::  7 4 

3̂  ^ 

18 8 

25 5 

n.d d 

n. d d 

7 7 

''' Reaction conditions: Pd / ligand / allyl substrate ' dimethyl malonate / BSA = 1 / 2 / 100 /150 
i c nn : „  r ^ l l r -1 r ^ f o K j c t i n z - i i t i o t i n n H r v i ^ i c 1^ m i n e r ^Q /^ t i r »n t-imp» ! £ h r , n rc ^ K Q C PH r m r - n n i f p r c i nn II  JW 111 l. I [ A 1 .̂ L i l l d U M I I IL UL'cll IU11 111 l i t 15 I ^ 1111115. I ^ a C U UI I L11 11 k. 1 U 1IÜU13. ua.->v_u Ul l L O I l V C I b l U I j 

off  the acetate, determined by GC using dihexylether as internal standard. ' determined by GC. 

determinedd by HPLC (Daicel OD). n.d. = not determined ' 20 equivalents (to Pd) of («-Bu)4NBr 

added. . 

Ass for most ligands reported.1'1 the high level of enantioselectivity obtained for the 1.3-

diphenylallyll  substrate (8) drops dramatically when allylic substrates containing smaller 

substituentss are employed. Thus, reaction of 10 with dimethyl malonate in the presence of ligand 

(R,R)-2b(R,R)-2b results in complete regiosclectivc formation of the product stemming from nucleophilic 

attackk at the methyl-substituted allyl terminus (11) in 32 % ee (entry 1). compared to 89 % ee for 

diphenylallyll  substrate 8. Moreover, the strong regiochemical memory effect observed for ligand 1 

(Tablee 1) is not found for the TADDOL-based chiral phosphoramidites (Table 4. entries 2-5). 

Apparently,, for all non-symmetrically substituted allyl substrates, the isomcrisation and or the 

relativee reactivity of the transient Pd(2)(allyl) complexes largely favours reaction from the isomer 
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bearingg the phenyl substituent cis to the bulk) ligand. In the case of cinnamyl derivatives this 

resultss in the formation of mainly linear (non-chiral) product. When BINOL-based ligand (/?)-3b is 

employed,, the regiochemical selectivity is higher for the branched product again. This ligand is 

expectedd to have steric properties that arc similar to those of ligand 1 because of the resemblance of 

thee backbones in both ligands. However, the enantioselectivity observed when using (R)-3b is very 

low.. also when compared to the enantioselectivity obtained using (R)-3b in the alkylation of 1,3-

diphcnylallyll  acetate 8 (resp. 7 % and 67 % ee). Possibly, the diminished steric constraints reduce 

thee steric interactions that discriminate the two possible pathways upon ally! rotation (sec also 

sectionn 2.6). The reason for this remarkable influence of the ligand backbone on the rcgioselectivitv 

(i.e.(i.e. the memory effect) is unclear at present. 

6.2.44 Complex synthesis and characterisation. To investigate the coordination behaviour of 

thee bulky phosphoramidites in more detail, we synthesiscd various Pd(allyl)(L)(X) (ally! - ( \ l k 

C,,HfC;H4.. l,3-(C6H5);CiHi; L - bulky phosphoramidite, X - CI. OAc) complexes and studied 

themm using NMR spectroscopy. The chloride-containing complexes could readily be obtained by 

reactionn of the ligand with 0.5 equivalent of the corresponding fPd(allyl)(/.(-CI)]2 dimer. yielding 

thee desired complexes in near-quantitative yields. The acetate complexes were prepared from the 

cis/tmnscis/tmns isomerisation 

kk .X 22 ,,Pd' 22 ,sPd-

syn/antisyn/anti exchange 

U U 
2 2 ,vvPd--

^^  3 

H H 

L~Pd d ̂
 ^ fd~ ~ 

^ 3 3 

epimensation n 

R k --

H H 

22
 0 P d ' 

H11 Pd 
LL X 

RR = H, alkyl, aryl 
R R 

H H 

22 ^Pd' 

Schemee 8. Possible isomerisation mechanisms in Pd(L)(X)(allyl) complexes. 
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Pd(allyl)(OAc)-diinerr (prepared trom the chloride-dimer by reaction with AgOAc). These 

complexess appeared to be less stable than their ehloro-analogues and were therefore not isolated. 

Forr the non-chiral ligand 1. the complex Pd(t\Fb)( 1 )(C1) can exist as two enantiotopic isomers 

(possiblee contemners arising from different orientations within the ligand excluded): the complex 

withh the allvl "up" or. alternatively, "down'.4" These two isomers are enantiomers in the case of the 

CTTT ligand and any other C:, symmetric ally! moiety. As expected, the P NMR spectrum showed 

onlvv one sharp resonance at Ö 140.1 (CDCb. 20 'C). Addition of an extra 0.5 equivalent of ligand 

didd not change the spectrum for the complex, but only resulted in the appearance of the signal of 

uncoordinatedd phosphoramidite (153.3 ppm). Inspection of the corresponding 'H NMR spectrum 

revealedd that all allyl protons are inequivalent. showing slightly broadened signals at room 

temperature.. This confirms that only one ligand coordinates to the Pd centre. The broadening of the 

allyll  protons can be explained by slow syn ami exchange through the well-known if-rj'-if 

mechanism,, see Scheme K (R-H). The exchange is faster for the allyl protons having the lowest 

shiftss in the H NMR spectrum. Cooling down to -20 °C resulted in sharpening of the allyl 

resonances,, while the peak in the ' 'P NMR spectrum broadened significantly. Phosphorus 

decouplingg of the proton spectrum resulted in the change of the two apparent triplets stemming 

fromm the allyl moiety into two doublets. Therefore, these two signals can be attributed to the 

protonss being trans to the phosphoramidite ligand. This implies that the synanti exchange is faster 

forr the protons situated cis to the bulky ligand. On further cooling, the phosphorus resonance 

decoalescess into two broad singlets of approximately equal intensity (1 : 1.1 at -70 °C). This 

decoalescencee is accompanied by broadening of the isopropyl protons from the amine moiety of the 

ligandd in !H NMR. The two observed different species at low temperature are likely to arise from 

thee two different orientations of the binhenv! backbone of the liuand. When rotation around the C-

CC axis is restricted, the ligands becomes chiral due to atropisomery. giving rise to two 

diastereomerss in the palladium allyl complex. 

Wee were able to grow crystals of Pd(C\HO( 1 )(C1) by slow evaporation of a solution of the 

complexx in hexanes. X-Ray analysis of the crystals revealed that these contain onlv the isomers 

havingg the (7?L1J-configuration of the two possible atropisomers in the ligand backbone. Both 

enantiomerss hereof are present in equal amounts in the crystal lattice. The structure of the (5)-

ïsomerr is shown in Figure 3. and confirms the mono-coordination of the bulky ligand to the 

palladiumm centre. The non-symmetric environment of the allvl moiety is rellected in the bond 

distancess observed in the solid state structure (see Table 5). The allyl shows significant 

dissvmmetricc (in the direction of ly-r]  type) character, the Pd-C bond trans to the phosphoramidite 

ligandd being longer than the one at the cis position (2.1X1(2) A vs. 2.150(2) A resp.. see Table 5). 

causedd by the stronger trans influence of the phosphorusamidite compared to the chloride. "*• The 

lengthh of the C-C bond within the allyl group trans to phosphorus is 1.350((S) A and shows 

significantt more double bond character than the otfi-r C'-C bond, which :s 1.437(5] \ . Nucleophilic 
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attackk will take place preferentially on the trans terminus, w hich is more electrophilic. Remarkably, 

thiss difference is reversed (although smaller) for the (/?)-isomer in the crystal structure. This 

reversedd order has been observed before in allyl complexes bearing bidentate phosphinyloxazoline 

ligands'' ' or monodentate phosphincs. ' In addition, sterically the trans site seems more 

favourablee for attack, since there is virtually no steric hindrance present on this side of the allyl, as 

cann be seen from the crystal structure. This effect will be even more important for monosubstituted 

allyll  substrates, since the substituents on the newly formed sp' carbon atom have to bend 

backwardss during the reaction, into the relative empty space around the chloride ligand. 

Figuree 3. Molecular structure of (S)-Pd(C<,PhC;H4)(l )(C1) in side-view (left) and front-view (right). 

Tabell  5. Selected distances (A) and bond angles (°) from the crystal structure of Pd(C3H5)(l)(CI) 

Pd(( l ) -C ( l ) 

Pd(l)-C(2)(/J) ) 

Pd( l )-- C(2) (S) 

Pd(l)-C(3) ) 

Pd(( 1) - P(l) 

Pd(l)) CHI) 

C(2)(R)-C(2)(R)- C(l) 

2.181(2) ) 

2.173(5) ) 

2.159(5) ) 

2.150(2) ) 

2.2960(5) ) 

2.3597(5) ) 

1.410(5) ) 

C(2)(R)C(2)(R) C(3) 

C(2)(5)) -C(l) 

C(2)(5)-C(3) ) 

Cl(l)) Pd( l ) -P( l) 

Cl(( I) - Pd(l) - C(l) 

P(l)) Pd(l)-C(3) 

1.382(6) ) 

1.350(6) ) 

1.437(5) ) 

96.83(2) ) 

92.09(6) ) 

103.63(6) ) 

Complexess bearing unsymmetrically substituted allyl moieties have a larger number of possible 

isomerss than those without substituents. For the cinnamyl-containing palladium complex for 

example,, eight different isomers can be envisaged (again assuming fast rotation around the Pd-P 

axis):: the syn.trans-, syn.cis-, anti.trans- and anli.syn complexes, each constituting of two 
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enantiomers.. However, in the case of nonchiral phosphoramidite 1. the monosubstituted allyl 

complexess show a behaviour similar to the unsubstituted complexes. Thus. Pd( l -CJfC'J l iK 1 )(C1) 

showss four different allyl resonances in the H NMR spectrum at room temperature, demonstrating 

thee dissv mmetry in the complex caused by mono-coordination of the phosphoramidite. from the P-

III  and H-H couplings observed on the hydrogen attached on the ben/ylic carbon atom ( ,/(..n = 14 

11/.. './H-H = 15 Hz) in this complex we conclude that the preferred geometry of the einnamyl is 

ironsirons with respect to phosphorus and syn to the central allyl hydrogen. No other complexes are 

observed,, as is confirmed by " P NMR spectroscopy, which shows one signal at 141.4 ppm. This 

confirmss the assumption that the allyl moiety wil l orient itself in a fashion in which it experiences 

thee least steric hindrance, i.e. trans, syn to the bulky ligand. The signals of the two protons on the 

non-substitutedd terminus of the allyl ligand are very broad at room temperature, indicating syn ami 

exchange.. No sin anti isomerisation is observed for the other side of the allyl over a temperature 

rangee oï -50 'C to - 55 :C. The acetato-eomplexes showed similar behaviour. Upon addition of an 

excesss of ligand to a solution of Pd(CH-,C.-TU)( 1 )(OAc). prepared in situ, no changes in the the 'H 

NMRR spectrum were observed, and only the signal of free 1 appeared in ' P NMR. Therefore we 

concludee that also in the Pd(allyl)(OAc) complexes only one phosphoramidite ligand is coordinated 

too palladium. 

Next,, the behaviour of complexes bearing chiral bulky phosphoramidites was studied. The 

Pd(CTUHCl)((7(,,/?)-2b)) complex appeared to be present as two isomeric compounds, as indicated 

byy the presence of two resonances in the 'P NMR spectrum (Ö 1 19.3 and 1 17.3 ppm, C D : Ck -20 

JC).. This is in contrast with the results obtained for the non-chiral ligand complexes (vide supra). 

Thee ratio of the two isomers is temperature dependent, ranging from 2.7 : I at 50 X' to 1.5 : I at 

200 C. On further increasing the temperature, coalescence starts to occur. Unfortunately we were 

unablee to determine the coalescence temperature due to decomposition of the complex above 60 C 

(CDC1-,).. Also in H NMR spectroscopy the presence of the two isomers was observed. Overlap of 

thee signals of the ligand and the allyl hampered complete assignment of all the resonances, but by 

meanss of 2D NMR (GHSQC) we were able to confirm that both species are /r-allyl complexes. 

Becausee of the chiralitv of the ligand. the two isomers stemming from the different orientation of 

thee allyl fragment are diastereomers. The analogous complex Pd( U3-(C „IU) ;CTU)(('1)((/?,tf)-2b). 

bearingg the 1.3-diphenylally 1 moiety, showed only one signal (ö 1 19.4 ppm in ('1ICI-.) in the P 

NMRR spectrum over a broad temperature range (-60 to 40 ('). In H NMR spectroscopy, only one 

isomerr was observed (> 95 "»| as judged from the presence ol two ally 1 signals (the third resonance 

iss obscured bv overlap with signals of the ligand). No significant change was observed in the H 

NMRR spectrum upon variation of the temperature either. This suggests the presence of only one 

majorr isomer in solution for Pd( ].3-((.',lU):C-.H:)(C'l)((/?,/c)-2b). Unfortunately, we were unable to 
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obtainn crystals suitable for X-ray analysis of allyl complexes with 2 as the ligand to confirm the 

complexx geometry. 

6.2.55 Origin of Enantioselectivity. from the NMR studies of the Pd( 1.3-diphenylallyl)((/?./?)-

2b)(Cl)) complex (sec above), it is concluded that the complex exists mainly as one isomer. Based 

onn steric assumptions, we assume that the syii. syn geometry of the 1.3-diphenylallyl moiety is 

largelyy favoured. In this case, two isomeric complexes can be envisaged: one having the chirality 

fromm the palladium(L*)(X)(allyl) fragment with (S) configuration, and one having the opposite 

configurationn (R). These complexes can interconvert (epimerise) through an rf-rf-rf  mechanism 

similarr to synlanti exchange (see Scheme 8). Semi-empirical modelling studies (PM3(tm) level) did 

nott enable us to determine which of the diastereomers is thermodynamically the most stable, and 

thuss corresponds to the one observed by NMR spectroscopy. However, assuming that nucleophilic 

attackk will take place trans to phosphorus.'1'' " ' the reactive complex should be the one having 

thee allyl fragment coordinated in an (/^-configuration when employing the (S,S)-TADDOLate 

backbonee (see Table 3. entry 4). 

Wee explain the observed enantioselectivities using the following steric considerations. We 

assumee a transition state which resembles more the rf-alkene product complex rather than the n-

allyll  starting compound. Upon nucleophilic attack, the hybridisation of the carbon atom at which 

thee new bond is formed changes from sp" to sp\ At the same time, the coordination mode of the 

allyll  moiety changes from rf to rf. To enable this, the allyl has to rotate in a clockwise fashion for 

thee (R) allyl complex, whereas the (5')-complex will show counterclockwise rotation (Scheme 9). 

Inspectionn of the complex structures obtained from modeling reveals that in the Pd((5,5)-2b)( 1.3-

(C,,H>):C\ff,)(Cl)) complex the ligand adopts a geometry in which the lower left side of the allyl is 

shieldedd by one of the aryl groups of the ligand backbone (see Figure 4). This structure closely 

Nu u 

(R)(R) (when X = OAc) 

Nu u 
L\L\ ,X 

Ph h <^© ^ ^ Ph h 

(S) ) 

Ph h 

Ph h 

(S) ) 

Schemee 9. Pathways of nucleophilic attack on the rra«x-termini yielding the two enantiomers. 
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resembless the ligand conformation found in the X-ray structure elucidated of the related [Pd(2)(4-

C6H4CN)(/J-Br)]:: complex (see chapter 4). Upon attack on the (S)-isomer, the counterclockwise 

rotationn moves the phenyl group at the sp"-hybridised carbon atom in close proximity of this aryl 

group.. In contrast, the clockwise rotation (from the (/? I-complex) will result in relief of steric 

interactions,, since both sides of the product alkene rotate into less occupied space around the metal 

centre.. Therefore, we expect the clockwise rotation to be more facile, resulting in the formation of 

thee {R(-product, as is observed. This simple steric model is supported by the fact that replacement 

off  the 3,5-dimethylphenyl groups in the TADDOLate ligands by other aryl moieties results in a 

largee decrease of stereoinduction, because of decreased steric interactions during the anti-clockwise 

rotationn of the alkene being formed, lowering the enantiodiscrimination. Using this model, the 

Ph h ^© ^ ^ Ph h 

CD D 

V V 

O O 

Ph h 

Figuree 4. Modelled structure (PM3(tm)-level) of the two syn,syn Pd((.S'.S)-2b)( 1.3-(C„H5):C\H.O(CT) 

complexess (left), schematically represented when viewed along the Pd-allyl axis on the right (the 

planee represents the aryl-fragment of the ligand blocking the ally] moiety upon rotation, empty 

circless represent minor steric interactions). 

aminee functionality is not expected to have a large influence in the stereochemical outcome of the 

reaction,, which is confirmed by experiment. 

Changingg the substrate from 1.3-diphenylallyl to the smaller l-methyl-3-phenylallyl or even 

cinnamyl.. also has a large detrimental effect on the observed ee's (Table 4). The simple model 

presentedd above for the mechanism cannot fully account for this observation, since one would 

expectt the enantioselectivity to be mainly dependent on the bulk of the substituent on the cis side of 
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thee allyl. and rather insensitive towards substitution on the trans carbon of the allyl moiety. 

Probably,, the smaller bulk of the substituents bending backwards on the carbon atom on which the 

mieleophilee attacks also plays an important role in interacting with the chirality of the hgand and 

thuss preventing anticlockwise rotation. 

6.33 Conclusions 

Bulkyy monodentate phosphoramidite ligands can successful!) be applied in the Pd-catalysed 

allyli cc alkylation reaction with carbon nucleophiles. The results obtained with these ligands show 

interestingg features that differ considerably from the results generally obtained with symmetrical 

bidentatee ligands. especially with respect to regioseleetivity. From the studies on isolated 

complexes,, it was concluded that in the allylpalladium complexes only one ligand can coordinate to 

thee metal centre. Despite this monoeoordination. high enantioselectivities can be obtained using 

bulkyy chiral phosphoramidites and disubstituted allyl lie substrates. The ee's are significantly lower 

usingg substrates with smaller substituents or non-symmetrieally substituted allyl compounds. 

6.44 Experimental Section 

Generall  remarks. All experiments were carried out under a purified nitrogen atmosphere using 

standardd Schlenk techniques unless noted otherwise. Solvents were purchased from Acros and 

driedd prior to use. Toluene was distilled from sodium; THF. hexanes and diethylether from 

sodiumm benzophenone ketyl and dichloromethane from calciumhydride. .Y.O-bis(trimcthylsilyl) 

acetamidee (BSA). cinnamylchlonde and dimethylmalonate were purchased from Acros and used as 

received.. Other allyli c substrates were prepared following standard procedures.1"'1' The synthesis 

andd characterisation of the ligands employed has been described in Chapters 3 and 4. [Pd(C\HO(jU-

C'l)] ;,, [PdU'innamylM/j-Cl)]; and [Pd( 1.3-diphenylallyl)(1u-CI)]; were synthesised according to 

literaturee procedures.-'" " v 2-Sodium diethyl 2-methylmalonatc (0.5 M in THF) was prepared from 

diethyll  2-methylmalonate and NaH in THF at 0 X'. [Pd(erotyl){/j-OAe)]: was freshly prepared 

fromm the corrseponding chloride-bridged duner and AgOAc (1.0 equiv.) in the appropriate solvent, 

followedd by filtration o\er Celite). 

NMRR spectra were recorded on a Varum Mercury 300 (300.1 MHz) in CDC h and are reported in 

ppmm using tetramethylsilane (H and '(.') and X5 "„  H:P(): f ! P) as external standard. Data are 

reportedd as follows: (b - broad, s singlet, d - doublet, t triplet, q - quartet, m multiplet: 

integration;; coupling constant(s) in Hz; assignment). 'C NMR spectra were recorded on the same 

spectrometerr (75.5 MHz) in proton decoupled mode. Thin-layer chromatography was carried out 
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usingg Macherev-Nagel SIL G L'\' platos of Kieselgel 60. Column chromatography was performed 

usingg silica 61) (SDS Chromagel. 70-200 urn). GC measurements were performed t>n a Shimad/u 

GC-I7AA apparatus (split splitless. equipped with a F.I.I), detector and a BPX35 column (internal 

diameterr of 0.22 mm. fil m thickness 0.25 urn. carrier gas 70 kPa He)) and an Interscience HR GC 

Megaa 2 apparatus (J&W Scientillc. DB-1 column. 30 m inner diameter 0.32 mm film thickness 

3.00 tlin. carrier gas 70 kPa He. 1 .1.1). detector). GC MS measurements (P.I. detection) were 

performedd on a II P 5X90 5971 apparatus, equipped with a XB-5 column (5'\> cross-linked phenyl 

polysiloxane)) with an internal diameter of 0.25 mm and film thickness of 0.25 |im. Melting points 

weree measured on a Gallenkamp melting point apparatus and are uncorrected. HPLC 

measurementss for determination of enantiomeric excesses were performed using a Gilson apparatus 

equippedd with an Dynamax L'Y-1 absorbance detector. High Resolution Mass Spectra were 

recordedd at the Department of Mass Spectroscopy at the University o\~ Amsterdam using FAB 

ïonisationn on a JLOL JMS SX SXI02A four sector mass spectrometer with 3-nitrobenzyl alcohol 

ass a matrix. Elemental analyses were performed at the Department of Microanalysis at the 

Rijksimi\ersiteitt Groningen. The Netherlands. 

Pd(C,H5)(lKCl) .. A Schlenk vessel was charged with |Pd(allyl)(/y-C'l)]; (111 mg. 0.30 mmol) 

andd phosphoramidite 1 (293 mg. 0.60 mmol). Next. 15 mL of dichlorometliane was added and the 

resultingg mixture was stirred for 30 min. at room temperature. Evaporation of the solvent gave the 

productt complex as a pale yellow microcrystalline powder in quantitative yield. Crystals suitable 

forr an X-ray analysis were grown by slow evaporation of a hexanes solution of the compound. 

'HH NMR (0 C: CD:CI:): 6 6.92 (bs, 211. <L)Ar-//) , 6.78 (bd. 2H. (L)Ar-//) . 5.18-5.09 (m. 1H. 

<allyl)-//„„ M,KK 4.41 (apparent t. IH. ./ = 8.8 Hz. (allyl)-// ;. s>11). 4.24-4.18 (m. 211. N(C//Me:) ;). 3.80 

(s.. 611. OC/ /J. 3.38 (apparent t. 111..7= 14.0 Hz. (allyl)-ZA..„„,) . 3.24 (bd. H i . . / - 5.7 Hz. (allyl)-

/ / : . , „ } .. 1.94 (d. 1H..7 = 12.2 H/. (all\ l)-/ / .,n) 1.47 (s. 911. C(C//-,h). 1.42 (s. 9H. C(C7/-,h>. 1.30 

(d.. 6H. ./ •- 6.7 Hz. N<CH(C//,);H: X' \ H | NMR: 6 157.47. 146.14. 143.85 (d. ./ = 5.0 Hz). 

133.4.. 132.96. 1 19.78 ( d . . / - 9 . 7 H/). 116.75. 115.59. 81.44 (d. ./ = 44.9 Hz). 61.49. 57.73. 50.76 

(d.. ./ - 12.1 Hz). 37.78. 33.32. 26.59; ' P N.MR (CDX'F): 5 140.1. HRMS (KAB"): calc. tor 

C.iH.-NOjPPdd (M-CI) m z 634.2277; found: m z 634.2297; Anal, calculated for C, ;H4-CINOjPPd: 

C.. 55.53. H. 7.07. N. 2.09: found: C. 55.39. H. 7.12. N. 2.03. 

Pd{crotyl)(l)(CT) .. A Schlenk \essol was charged with [Pd(crotyl )(i/-CI)|: (37 mg. 0.09 mmol) 

andd phosphoramidite (92 mg. 0.18 mmol). Next. 5 ml. of dichloromethane was added and the 

resultingg mixture was stirred for 30 min. at room temperature. The dichloromethane was reimned 

inn \actio and the resulting solid washed with two portions of ether (5 mL). After dr\ing under 

\acuumm the product complex was obtained as a beige microcrystalline powder in quantitati\e yield. 
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HH W I R (CD_C'I:): 5 6.96 (bs. 211. \x-H). 6.78 (bs. 2H. Ar-//) . 4.93 (bq. I H . J = 10.4 Hz. allyl-

HHmm,.j.,.j. 4.33-4.24 (m. 211. N(C7/Me:H. 4.16-4.(15 (m. 1H. allyl-//) . 3.80 (s. 6H. OCT/,). 3.06 (bs. 

1H.. allyl-//). 1.K6 (bd. IH. ,/ = 10.7 l b . ally]-//). 1.66-1.32 (m. 33H. L-allyl-C/A) ; X ' l 'H ! NMR 

(CD:C1:):55 155.S3. 144.51 (d . . /=6.1 Hz). 142.22. (d . . /= 4.9 Hz). 131.9(b). 131.5(b). 1 17.25 <d. 

.// 8.5 Hz). 1 15.1 1. 1 13.98. 100.04. 99.54. 66.20. 56.10. 49.20 (d. ,7 - 13.4 Hz). 36.17. 31.76. 

25.01.. 17.69 (d../-- 7.3 Hz): ; :P NMR (CD:C 1:): 5 143.6. HRMS(FAB'): calc. for CVm.NO.PPd 

(Vl-C'1)) mz 648.2434: found: m z 648.2430; Anal, calculated for CVH4.X'lN04PPd: C. 56.15. H. 

7.21.. N. 2.05: found: C. 56.12. H. 7.20. N. 2.01. 

Pd(cinnamyl)(l)(C]).. A Schlenk vessel was charged with [Pd(cinnamyl)(u-C'l)]: (91 mg. 0.18 

mmol)) and phosphoramidite (172 mg. 0.36 mmol). 10 ml. of dichloromcthane was added and the 

resultingg mixture was stirred for 30 min. at room temperature. Fvaporation of the solvent gave the 

productt complex as a yellow powder in quantitative vield. 

III  NMR (0 V'; CDVV) : 8 7.30 (bs. 511. (cinn.)Ar-//). 6.96 (bs. 211. (L)Ar-//) . 6.80 (bs. 2H. 

(L)Ar-//) .. 5.50 (apparent double t. 111. ,/ = 12.6. 9.6 Hz (cinn.)-//m,vl). 4.91 (apparent t. 1 H. ,/ -

14.11 Hz. (aim.)-//;), 4.25 (heptet. 211. ,7 = 6.5 Hz. N(C7/MtV;). 3.80 {s. 6H. OCH,). 3.24 (bd. 111. 

./•--•• 6.5 Hz. (cinn.)-//,vll). 2.16 (bd. 1H. (cinn.)-//mll). 1.56 (s. 9H. C(C//.,).,). 1.48 (s. 9H, C(C//.0.0. 

1.288 (d. 6H. J - to be inserted, N(CH(C7/,):);): ' T | ' H | NMR: 8 153.74, 142.34. 140.33. 134.51 

(d.. , 7 - 9 . 7 Hz), 130.37. 127.10. 126.71. 126.54. 126.49. 113.19. 111.82, 109.47 (d. J = 9.0 Hz). 

54.13.. 53.91. 47.69 (d. J = 12.8 Hz). 34.30. 30.13. 23.23; ; , |P NMR (CDVV): 5 141.4. HRMS 

(FAB'):: calc. for CVH? ,N04PPd (M-CI) m z 710.2590: found: m z 710.2601: Anal. calc. for 

CVH,,ClN04PPd:: C. 59.52. H. 6.88. N. 1.88; found: C. 59.61. H. 6.82. N. 1.93. 

Pd(C,H<)((fl,fl)-2b)(CI).. This compound was prepared as described for Pd(<VHO(F)(CI). 

'HH NMR (500 MHz, -20 C; C'D:CI:): 5; X j ' H j NMR (500 MHz. CDVV. mixture of isomers): 

SS 144.12. 142.18. 142.11. 141.67. 138.38. 138.07. 137.58. 136.34. 129.73. 128.92. 128.80. 127.46. 

127.05.. 126.87. 126.37. 125.63. 125.10. 118.06. 117.87. 114.92.89.33.89.16.86.61.79.87.79.23. 

78.99.. 78.52. 65.89. 62.82. 57.16. 55.12. 41.06. 27.16. 26.89. 26.67. 26.54. 21.46. 21.39. 21.22. 

15.33.. 14.91; "p NMR (500 MHz. -20 V . CDVF): 8 119.25 (major isomer). 117.32 (minor 

isomer).. HRMS (FAB ): calc. for CVH^NOiPPd (M-C'l) m z 826.3216: found: m z 826.3198: 

Anal.. calc. for C4,H„;ClN()4PPd: C. 64.04. H. 6.89. N. 1.62; found: C. 64.1 0. H. 6.82. N. 1.58. 

Pd(1.3-diphenylaHyl)<(/?,rt)-2b)(CI).. A Schlenk vessel was charged with [Pd(l.3-

diphenylallyl)(//-CI)l;; (91 mg. 0.18 mmol) and phosphoramidite {R.R)-2b (172 mg. 0.36 mmol). 10 

mff of dichloromcthane was added and the resulting mixture was stirred for 30 min. at room 
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temperature.. Evaporation of the solvent gave the product complex as an orange yellow 

mierocryy stal line powder in quantitative yield. The compound decomposed slowly in solution. 

HH NMR: 5 7.60-6.78 (m. 22H. Ar-H). 6.19 (t. 1H.J = 12.9 Hz). 5.90 (d. I H . . / - 7.7 Hz). 5.12 

(d.. 1H. J= 7.5 Hz). 4.30 (apparent t. 1H. J = 13.0 Hz). 2.92-2.82 (m. Ml). 2.50-2.17 (m. 27H). 

1.59-1.511 (m. 211). 0.63 (s. 3H). 0.50 (s. 3H). 0.45-0.41 (m. 6H): ' T | : H | NMR (CD:CI :): 5 

144.62.. 142.07. 141.68. 141.62. 139.50. 138.51. 137.42. 136.35. 135.97. 130.72. 129.53. 129.25. 

128.77.. 12S.25. 128.20. 127.97, 127.84. 127.20. 125.73. 114.82. 107.27. 107.18. 94.40. 94.08. 

90.06.. 89.87. 85.93. 79.24. 78.44. 78.41. 71.39. 71.33. 39.82 (d . . /= 9.3 Hz). 26.87, 26.54, 21.83. 

21.50.21.39.21.17.. 13.83; y'P NMR: Ö 119.4 

Allyli cc Alkylatio n Reactions 

Generall  Procedure. A flame-dried Schlenk vessel was charged with freshly prepared stock-

solutionss in THF (I mL per experiment) containing [Pd(erotyl)(/j-OAc)]: (2.0 ing, 0.005 mmol) 

andd ligand 1 (4.9 mg. 0.010 mmol. 2 equiv.). Subsequently, the allyli c substrate (1.0 mmol) and 

dihexyletherr (50 u.L) as internal standard for GC measurements were added and the reaction 

mixturee was stirred for 15 minutes at room temperature, 4 mL of a 0.5 M solution of 2-sodium 

diethyll  2-methylmalonate (2.0 mmol) was added, and the solution was stirred at room temperature. 

Aliquotss were taken from the reaction mixture at certain time intervals, diluted with diethyl ether, 

washedd with saturated aqueous ammonium chloride solution, dried over MgS04 and analysed by 

GC. . 

Asymmetricc Allyli c Aikylatio n reactions 

Generall  Procedure. A flame-dried Schlenk vessel was charged with [Pd(allyl)(u-OAc)]: (2.0 

nig.. 0.005 mmol) and ligand (0.020 mmol. 4 equiv.) through freshly prepared stock-solutions in 

CH;C1;; (2 mL per experiment). Subsequently, the allyli c substrate (1.0 mmol) and dihexylether (50 

p.L)) as internal standard for GC measurements were added, followed by dirncthylmalonate (171 u.L, 

1.55 mmol). This mixture was stirred at room temperature for 15 minutes. The reaction was started 

byy addition of A.0-bis(trimcthyIsilyl) acetamide (371 |jL. 1.5 mmol) and KOAc (1 mg). The 

reactionn was monitored by GC and TLC. After the desired reaction time, the mixture was diluted 

withh Lt :() (10 mL). washed with saturated ammonium chloride solution (5 mL) and dried over 

\1gS()4.. Evaporation of the solvent gave crude product which was purified bv flash column 

chromatographyy (SiO:. eluens: LtO.Ac hexanes = 1:3) to yield a colourless oil. The enantiomeric 

excesss was determined by chiral HPLC (Daicel OD. //-hexane 2-propanol = 99.5 : 0.5. flow 0.5 
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111LL min. !R (R) ^ 35.4. tR (S) = 38.7 mm. A. = 254 nm for the product from 1.3-diphenylallyl 

acetate). . 

Computationall  Details 

Al ll  calculations were performed on a SG workstation using the commercially a\ailablc 

SPARTANN program (\ersion 5.Ü.3.). The geometry optimisations were carried out on semi-

empiricall  (PM3(tm|) level after optimisation using molecular mechanics (Sybyl force field), for the 

Pd(L)(CI)(allyl)) complexes, in which L is the structure of the ligand without the substituents on the 

acetall  moiety in the backbone. The product ?j~-alkene complexes were modelled using -

CH(COOH):: as the newly coupled fragment. 

X-ra yy crystal structur e determination of Pd(l)(C,H,)(Cl) : 

C.':,|H4-ClN04PPd,, Fw - 670.52. pale yellow block. 0.30 x 0.30 x 0.15 mm'. Monoclinic crystal 

system,, space group P2, c (no. 14). Cell parameters: a = 10.9862(1). b - 16.6159(1) A. c = 

18.1533(2)) A. (5 = 104.4576(3)°. V - 3208.86(5) A'. Z = 4. p = 1.388 g cnV\ 41792 reflections 

weree measured on a Nonius KappaCCD diffractometer with rotating anode and VIo-K (, radiation 

(graphitee monochromator. A, - 0.71073 A) at a temperature of 150 K. An absorption correction 

basedd on multiple measured reflections was applied (|U = 0.75 mm', 0.80-0.89 transmission). The 

reflectionss were merged using the program SORTAV1 '''. resulting in 7358 unique reflections (Rl]l t 

== 0.0493). of which 6093 were observed \\ > 2rj(l)] . The structure was solved with automated 

Pattersonn methods using the program DIRD1F . and refined with the program SHFLXL97'1 

againstt P of all reflections up to a resolution of (sin 0 A.)nKl, ~ 0.65 A"'. Non hydrogen atoms were 

refinedd freely with anisotropic displacement parameters, hydrogen atoms were refined as rigid 

groups.. The allyl ligand was rotationally disordered over two conformations and was refined with a 

disorderr model. 374 refined parameters. 0 restraints. R (obs. refl.): Rl = 0.0276. w R2 = 0.071 1. R 

(alll  data): Rl = 0.0370. wR2 = 0.0762. Weighting scheme w = I [a: (P: ) - (0 .0367P): - l .1877P]. 

wheree P = ( p ; ^ 2 p2 ) 3. GoF - 1.066. Residual electron density between -0.66 and 0.71 e A\ The 

drawings,, structure calculations, and checking for higher symmetry was performed with the 

programm PLATON.": 
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Tablee 6. Selected crystal data and details of the structure determination of Pd( 1 )(C\H-,)(C 

Crystall  data 

formula a 

Molecularr Weight 

Crystall  system 

Spacee group 

aa (A) 

h(A) ) 

c (A) ) 

Z Z 

V (A f f 

DD (gem"') 

uu (Mo-Ka)(mm"') 

F(OOO) ) 

C,,H4-CIN04PPd d 

670.54 4 

monoclinic c 

P2,, c (no.14) 

10.9862(1) ) 

16.6159(1) ) 

18.1533(2) ) 

4 4 

3208.87(5) ) 

1.388 8 

0.746 6 

1400 0 

Dataa collection 

Temperaturee (K) 

Crystall  size (mm) 

Radiationn (A) 

0,,,,,,.. 0t„,,( = ) 

Dataset t 

Totall  unique data 

Observedd data 

Structuree refinement 

R R 

\\R\\R: : 

150 0 

0.15x0.30x0.30 0 

0.71073 3 

1.7.27.5 5 

-14:13:0:21:0:23 3 

7358 8 

6093 3 

0.0276 6 

0.0762 2 
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CHAPTERCHAPTER 7 

Selectivee Palladium-Catalysed Oxidative Coupling of Anilides with Olefins 

throughh C-H Bond Activation at Room Temperature' 

Abstract t 

Usingg a high throughput experimentation approach, a selective and mild palladium-catalysed 

oxidativee coupling reaction between anilide derivatives and acrylates was found that occurs 

throughh ortho C-H bond activation. This reaction provides a novel, promising method for 

synthesisingg valuable functionalised aryialkenes without the formation of halide-vvaste. The 

reactionn is carried out in an acidic environment under mild conditions. Using the cheap oxidant 

benzoquinonee yields up to 91% are obtained at ambient temperature. At elevated temperatures, 

evenn oxygen can be used as the oxidant, resulting in water as the only side-product. The reaction is 

insensitivee towards water and can be performed in the presence of non-coordinating solvents. It 

exhibitss first order kinetics in acetanilide. as well as a strong electronic dependence, with electron-

richh aromatic compounds reacting faster than electron-poor arencs. A plot of the observed reaction 

ratess A;*., for a series mtva-substituted acetanilides against the Hammett om parameter yields an 

approximatelyy linear correlation with a p -value o f -2 .2. Furthermore, a kinetic isotope effect is 

observedd (An AD = 3). These results are interpreted in terms of a mechanism of the coupling in 

whichh the key step of the catalytic cycle is believed to be the electrophilic attack by a [PdOAc] 

complexx on the /r-system of the arene. This step is likely to be rate-limiting. 

Partt of the work in this chapter has been published: Maarten D. K. Boele; Gino P. F. van 

Strijdonck:: Andre H. VI. de Vries: Paul C. J. Kamer: Johannes de Vries: Piet \Y. N. \ 1 van 

Leeuwen../.. Am. Chem. Sot: 2002. 124. 1586-1587. 
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7.11 Introductio n 

Thee palladium-catalysed arylation of olefins (better known as the Heck-Mizoroki reaction) is 

noww recognised to be a key reaction for constructing new carbon-carbon bonds. Being a very 

mildd method and showing compatibility with main functional groups, it is a very attractive tool for 

thee production of aromatic fine chemicals. In recent years, much progress has been reported on 

thee development of new catalysts for this reaction, that show high stability and reactivity, even 

towardss relatively unreactive starting compounds (e.g. aryl chlorides). Still, a major drawback 

accompanyingg this procedure is the restriction of possible substrates to mainly organic halides. 

whichh leads to the coproduction of a significant amount of halide salt. For industrial application, 

thiss large waste stream poses environmental problems. Promising examples have been reported in 

whichh alternative leaving groups have been employed, such as organic anhydrides, which produce 

thee corresponding acid as the side-product (together with carbon monoxide) that can be recycled to 

thee anhydride again. Nevertheless, a clear need remains for alternative Heck-type coupling 

reactionss that enable production of functionalised aromatic compounds with reduced waste 

formation.. C-H activation reactions, one of the most challenging fields in modern chemistry' "' 

couldd provide such a methodology. 

Manyy late transition metals are known to be able to form efficient catalysts for functionalising 

aromaticc compounds through C-H bond cleavage.|!M"' Coupling reactions of arenes bearing an 

ort/70-directingg group (e.g. «-aryl ketones) with olefins can be performed selectively and smoothly 

usingg ruthenium-catalysts in reflu.xing toluene, as shown by Murai in the early 90's (see scheme 

1).. 1~~ In these cases, addition of the C-H bond to the double bond takes place, producing 

alkylarenes.. Experimental and theoretical considerations suggest that the oxygen of the carbonyl 

functionalityy coordinates strongly to the Ru-centre. followed by the breaking of the closest (ortho-) 

C-HH bond.[25] 

Exampless of the oxidative catalytic coupling of aromatic compounds arc much less abundant. 

Akermarkk reported the inter- and intramolecular coupling of diphcnylamine and quinone 

derivativess using palladium as the catalyst.1"" ' Fujiwara'9' 2W1 and later others1-" '' have 

exemplifiedd the palladium-catalysed oxidative coupling of arenes and olefins, both in a 

~~ catalyst 

Schemee 1. General representation of addition-type (a) and oxidative (b) coupling reactions between 

areness and alkenes. 
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stoichiometricc and a catalytic fashion. In these cases, the required presence of peroxides as the 

oxidantt in combination with strong acidic media and or ele\ated temperatures is still a major 

drawback.. Recently. Vlilstein and co-workers reported the use of ruthenium catalysts and molecular 

oxytzenn as oxidant in the coupling of benzene with alkenes. " This reaction produces only water as 

thee side product. Unfortunately, this procedure shows moderate selectivity in some cases and 

requiress high temperatures (180 ~C). We decided to study the functionalisation of aniline 

derivativess with alkenes through C'-H bond activation. This type of reaction would produce 

valuablee aromatic compounds, and can function as a model reaction for other coupling reactions, 

e.g.. the intramolecular synthesis of indoles. In this chapter, we report a mild method for such 

functionalisationn of anilities with alkenes using Pd(OAe): as the catalyst together with cheap 

oxidantss and solvents. 

7.22 Results and Discussion 

7.2.11 Initia l Screening and Optimisation Experiments. To find a lead, we first employed 

rapidd screening experiments using a parallel synthesis apparatus and tested several potential 

catalystt precursors with different functionalised substrates (a schematic overview' of the 

experimentall  set-up is shown in the Experimental Section). The reactions were performed under an 

inertt atmosphere using 1 mol % of the catalyst on a 2 mmol scale of the substrates in various 

solventss at SO °C. Analysis of the results was performed after 16 hours reaction time by GC and 

CiCMS.. From these experiments, the coupling of styrene with acetanilide in the presence of 

Pd(OAc);; and an equimolar amount of benzoquinone (BQ) emerged as a "hit", resulting in the 

predominantt formation of a single product in ca. 20 % yield (estimated by GC). Isolation of the 

productt and subsequent characterisation revealed that the compound was (£)-2-

aeetylaminostilbene.. resulting from the oxidative coupling of the aromatic compound with the 

alkene.. This lead prompted us to further research. 

Sincee in general acrylate substrates are more reactive in Heck reactions than styrene. further 

screeningg experiments were carried out using /?-butyl acrylate. The results hereof are summarised 

inn Table 1. As found in the parallel experiments using styrene. aniline derivatives 4 and 5 are not 

reactivee under the conditions tested. The reaction of acetanilide (1) with //-butyl acrylate proceeds 

smoothlyy and selectively at SO C using 2 mol "» Pd(OAc); and benzoquinone as oxidant to yield 

thee common Heck product (£)-3-(2-acetylamino)phenyl]propenoic acid butyl ester exclusively (3 

inn Scheme 2). in somewhat higher yield than in the reaction using styrene (entry 3). No u-

substitutionn or Z-product formation was observed, in correspondence with the characteristics ol 

acrylatee couplings in Heck type chemistry in general. ' Furthermore, no formation o\' 3- or 4-

substitutedd coupling products was observed in an> o! tk. reactions performed. This shows the 
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1 1 

Pd(OAc)2 2 

0.. BQ HN-
Buu _ ^ 

HOAc c v\\ t~\ °-Bu 

Schemee 2. Palladium-catalysed reaction of acetanilide with //-butyl acrylate to yield (£)-3-(2-

acetylamino)phenyl)propenoicc acid butyl ester (3). 

importancee of the orrto-directing effect of the amide group, analogously to the selective C-H 

activationn of Cü-arylketones in 'Murai-type' catalysis. We did not detect any trace of products 

resultingg from N-ll bond activation. Under the acidic conditions employed, the deprotonation of 

thee amide nitrogen is probably an unfavourable reaction pathwa). 

Remarkably,, lowering the reaction temperature to 20 C results in higher yields (Table l. 

entriess 3-4). Acetic acid proved to be the solvent of choice, but using mixtures (up to l:l v/v) of 

HOAcc with 

Tablee 1. Coupling of aniline derivatives with //-butyl acrylate using Pd(OAc); 

l:ntryy Substrate Tempi C) Solvent Additives Yield " u 

11 4 80 HOAc none 0 

nonee 35 

nonee 54 

TsOH'' 72 

TsOHH 23 

H20(5%v/v)) 49 

NaCll  0 

nonee 61 

TsOHH 29 

""  substrate (3.0 mmol). //-butyl acrylate (3.3 mmol). Pd(OAc): (0.06 mmol). BQ (3.0 mmol). 

Yieldss are isolated yields. See the Experimental Section for more details. 1:2 ratio (v v). NMP = 

Y-mcthyll  pyrrolidinone. 1.5 mmol ' performed using H :0: as the oxidant. 

CH:CI;; or Till - docs not affect the yields to a large extent. Products arising from coupling of the 

alkenee with aromatic solvents used (e.g. toluene) are not observed. When benzene-</,, is used, no 

incorporationn of H-atoms occurs, indicating that C-H activation of aromatic compounds without 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

... . 

"' ! ! 

5 5 

1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

1 1 

M l l 

80 0 

20 0 

20 0 

20 0 

20 0 

20 0 

20 0 

20 0 

HOAc c 

HOAc c 

HOAc c 

HOAcc Toluene" 

HOAcc NMP 

HOAcc Toluene" 

HOAcc Toluene' 

CF,COOH H 

HOAcc Toluene'' 
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coordinatingg substituent docs not take place under these conditions. Solvents with coordinating 

abilitiess like NMP hamper the catalytic reaction (entry 6). This indicates that competitive 

coordinationn of the substrate and sol\ ent occurs in these cases, effectively blocking the C-H bond 

breakk in». Water or oxvgen do not have a disadvantageous effect on the conversion, enabling the 

reactionss to be conveniently performed under air atmosphere. The presence of a substoichiometric 

amountt (0.5-1.0 equiv.) of/wtz-toluencsulfonie acid (TsOH) has a large beneficial effect, resulting 

inn an increased vield. up to 72 'V when acetamhde is employed as the substrate (Table 1. entry M. 

Largerr amounts of TsOH do not further improve the yields, but instead promote a side reaction of 

thee alkene. probably an acid-catalysed polymerisation. 

Recently.. Fujiwara reported on the effective and mild palladium-catalysed coupling of electron-

richh arcnes with alkenes and alkynes. resulting in the reductive formation of arylalkanes and -

alkeness respectively. 's " These reactions could be performed both in an intramolecular and 

intermolecularr way. The acidity of the solvent was shown to have a large influence on the reaction 

ratee in these hydroaryiation reactions. CF.COOH being much more effective than HOAc. These 

observationss could be explained in terms of increasing electrophilicity of the Pd(ll) centre by 

replacementt of AcO' by CF-XOO . caused by stronger electron-withdrawing capacity and weaker 

coordinationn of the trifluoroacetate anion. This renders the Pd-centre more cationic and therefore 

moree electrophilic. resulting in faster metalation of the aromatic t'-H bond. In our case, employing 

CT\COOHH as the solvent (without TsOH added) results in similar catalyst performance as the 

aceticc acid TsOH combination (entry 9. Table 1). Apparently, the increased acidity also results in 

protonationn of a larger amount of the metal complex, thereby increasing the electrophilic character 

off  the catalyst. Protonation of the anions can also influence the rate of subsequent alkene 

coordinationn and insertion in the catalytic cycle (vide infra). 

Otherr metal complexes, e.g. Ru,(C'0); :. [Ru('l;(/>-cymene)];. PtC'1; and Ni(OAc):. showed no 

activityy under the standard conditions used. Palladium sources such as PdC'F. Pd(PPh;);C'l: and 

palladiumm on charcoal resulted in no to low <-' 10%) conversions. Addition of inorganic acids (HC1. 

IFSOj)) had a large detrimental effect on the catalytic performance. Ryabov and coworkers have 

shownn that the stoichiometric reaction of the ur/Zw-palladated anilide complex dimer \({C.()>-2-

C'„H_\HC'(0)CH-,)Pd(II)(i/-OAc)];; with styrenes is acid catalysed, and that protonation is likely to 

occurr at the bridging acetate ligands. " Similarly, the stoichiometric reaction ot%/v//n-palladatcd 

\,, Y-dialkylbenzylatnines with alkenes was shown to occur through initial protonation of the 

correspondingg chloride-budged Pd dimers. 'v Subsequent alkene coordination, followed by 

insertionn and J3-H elimination yields the corresponding v my kited arene. Apparently, in our case 

hall  ides block the preceedmg step of the catalytic cycle, i.e. coordination cleavage of the C-H bond 

inn the aromatic substrate, by coordinating to the Pd(II l-centre. This coordination wil l decrease the 

electrophilicityy of the metal and thereby its reactivity (entry X. Table 1). Furthermore, it is known 

thatt the presence of halide anions can favour protonolysis of Pd-a!kyl bonds over /3-H 
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elimination.. ' This would result in the formation of alkylarenes as side-products in our system. 

However,, no such addition products are observed in our reactions. 

Tablee 2. Coupling of substituted anilide derivatives with «-butyl acrylate using PdtOAc); in acetic 
acid d 

l-ntiyy Substrate Product Yield (%) 

NN H ^ N „ 

SS 13 22 (26) 

reactionss performed as described in Tabic 1, entrv 5. Yields in parentheses were determined b\ 

GC.. ' determined b> 11 NMR. 

7.2.22 Scope of the Reaction; Substrates. To investigate the scope of the reaction, we tested 

severall  other substrates under the optimised reaction conditions. Substituents on the aromatic 

moietyy ol the acetanilide substrate were found to influence the efficiency of the coupling reaction 

significantlyy (see 'fable 2). As anticipated, ///-/////-substitution hampers the reaction to a large extent, 

ass is shown bv the lower yield with 2-methyl acetanilide (entrv 1 ). It has been reported that the 

palladationn of///'/////-substituted acetanilides does not take place at all  L or at elevated temperatures 

only.. * Besides the statistical decrease in sites available lor (-11 activation, stene and electronic 

effectss are likely to play a role herein. Using 3-methyl acetanilide (7: entry 2) the reaction 

efficienc)) is enhanced to give a 91% isolated yield of coupling product 16. No formation of the 6-

substitutedd product is observed. probablv due to steric reasons. Modification of the aromatic ring 

withh substituents having electronically different properties has a large influence on the outcome of 
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thee reaction (entries 3-5; also see below). Clearly, electron-donating meta-substituents result in 

higherr yields. The inductive donating effect of the 3-methyl group makes the position para to it 

moree susceptible to electrophilic attack, but the difference in yield with the 4-methyl substituted 

acetanilidee is small, see entry 3. Multiply substituted substrates only yield small amounts of the 

desiredd product (entry 6). 

Interestingly,, application of several aromatic substrates possessing other potentially ortho-

directingg groups did not result in the desired coupling products (Figure I). Thus, the reaction ol N-

methvll  acetanilide (24) gave no conversion at all. Possibly, the coordinating ability of the amido 

groupp is reduced by the steric bulk of the methyl group, which forces the amide substituents to 

bendd out-of-plane. Furthermore, the methyl group makes tautomcrisation towards the enol form of 

thee amide impossible. .Y-Methyl-2-phenyl acetamide (12) can be applied (entry 7. Table 2). as well 

ass formanilide (entry 8). although the yields in these cases are only moderate. When benzanilide 

(14.. entry 9) is subjected to the catalytic conditions, only the isomer arising from the C-H 

activationn at the nitrogen-substituted aromatic ring is observed (as determined by NMR 

CrYY CrYF' CA 
244 25 26 27 

Figuree 1. Aromatic substrates not reactive under standard conditions in the palladium-catalysed 

oxidativee coupling with «-butyl acrylate. 

spectroscopyy and GC MS). This remarkable regioselectivity can be explained by the preferential 

formationn of a six-membered palladacycle. which apparently is favoured over the isomeric five-

membcredd intermediate. This is confirmed by the fact that .Y-inethyl benzamide is not reactive 

underr the standard conditions tested cither. Since five-membered palladated complexes are known 

too be more stable than six-membered analogues.'44-45] we suggest that the electronic properties of 

thee carbonyl do not allow coordination and subsequent C-H activation in these five-ring cases. This 

wass supported by the fact that no deuterium incorporation was observed when the unreactivc 

substratess were treated with acetic acid-c/, under catalytic conditions but in the absence of alkene. 

Thee subtlety of the factors governing the reactivity of the aromatic compounds is further illustrated 

byy the lack of reactivity of phenyl acetate. Recently, the palladium-catalysed orfAo-arylation of 

alkyll  aryl ketones and related compounds has been reported to occur under basic conditions. 

Thiss type of coupling reaction is likely to proceed through a different mechanism, but could have 

intermediatess in which five-membered Pd(C'.O) palladacycles play a role. In these studies, the 

authorss suggest that the palladation occurs via initial enolate oxygen coordination. 
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Onee of the problems possibly arising in C-H bond activation chemistry is the formation of 

multiplyy substituted products since several C-H bonds are present. This complication often has to 

bee suppressed by the use of a large excess of aromatic substrate. In our studies, only in a few cases 

minorr amounts (< 1%) of disubstitution are observed, even when a small excess (< 1.5 equiv.) of 

alkenee is employed. This indicates disfavoured electronic and steric properties of the primary 

productt formed towards a second substitution. 

Pd(OAc)2 2 

^ RR B Q 

HOAc c 
'' -R 

Tablee 3. Coupling of 3-methyl acetanilide with different alkenes using Pd(OAc); m acetic acid 
toluene''' ' 

entryy Alkene Temperature (°C) Yield' Co) 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

RR = Ph 

RR 4-MeO-Ph 

RR = 4-CI-Ph 

RR = OMe 

1,3-cyclohexadiene e 

EtOOCCsCH H 

28 8 

29 29 

30 0 

31 1 

32 2 

33 3 

20 0 

4(1 1 

40 0 

20 0 

20 0 

20 0 

24 4 

<< 5 

58 8 

<r' ' 
<r' ' 

"conditions:: 5 mol % Pd(OAc)2, 0.5 equiv. TsOH. 1.5 equiv. BQ, reaction time 16 hrs. ''2 / 1 (v/v) 

'' determined by GC. ''unidentified by-products formed. 

Otherr alkenes, like styrenc. can also be applied, although less mild conditions are required in 

thesee cases (Tabic 3). For example, styrenc reacts with 3-methyl acetanilide (7) using 5 mol % 

Pd(OAc);; at 40 °C to give a 24 % yield of (£>2-acetylaminostilbene. The coupling reactions are 

hamperedd by the increased amount of side product formed from olefin polymerisation on 

employingg elongated reaction times. When electron-rich styrenc derivatives are used, this 

polymerisationn reaction is even dominant. The addition of radical scavengers as 4-tert-

butylcatecholl  did not inhibit the consumption of the alkene. Styrencs with electron-withdrawing 

substituentss give higher conversions towards the C-H activated coupling product. Thus. 4-

chlorostyrenee reacts with 3-methylacetanilide at 40 °C using 5 mol % palladium catalvst to the 

correspondingg stilbene derivative in 58 % yield. Other alkenes. e.g. vinyl ethers gave no coupling 

too the desired product. Remarkably, application of ethyl propiolate does not result in the expected 

correspondingg arylacetylene, but yields a complex mixture of several unidentified compounds. 

7.2.33 Influence of the Oxidant. The coupling reactions described so far were performed using 

benzoquinonee (BQ) as the oxidant. Use of other oxidants, e.g. hydrogen peroxide (see entry 10 of 

Tablee 1) or Cu(II)(OAc)2, give conversions that are significantly lower than those obtained 
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employingg benzoquinone. The role of the BQ can be twofold. It serves as the oxidant, resulting in 

thee formation of Pd(II) and hydroquinone. This reaction is known to be accelerated by acid. "' '' In 

addition.. BQ can act as a ligand, stabilizing the different Pd-species present during the catalytic 

cycle.. ~" ': Addition of more than one equivalent of BQ docs not improve the yield significantly in 

ourr reactions. Application of less than one equivalent of BQ lowers the conversion to a larger 

extentt than expected on the basis of simple stoichiometry. These results indicate that the role ol 

benzoquinonee is beyond that of just being the oxidant. 

Wee also studied the possibility to apply molecular oxygen as the oxidant in this catalytic 

system.. In this case, the only side-product formed is water, resulting in a truly waste-free lleck-

typee coupling reaction (Scheme 4). Several examples exist in which Pd(II) is regenerated using 

H H 

r ^ V ^ Y "" + ^ C O O B 

11 2 

Schemee 4. Oxidative coupling of acetanilide w ith «-butyl acrylate using oxygen as the oxidant. 

oxygen,, sometimes in combination with catalytic amounts of co-oxidants (e.g. Cu(II)), the most 

famouss being probably the Wacker process. 52] We tested the coupling of acetanilide with n-butyl 

acrylatee under an oxygen atmosphere (I atmosphere) using 10 mol "o of benzoquinone and 10 mol 

"„„  of C'u(II)(OAc); at 70 °C. After two hours. GC analysis of the reaction mixture revealed more 

thann 98 % yield of the desired coupling product. When the copper co-catalyst was omitted, the 

conversionn reached 78 % after 4 hrs. Reactions run at room temperature did not result in formation 

off  the product. Apparently the re-oxidation of the Pd(0) species formed after each catalytic cycle 

hass a higher activation barrier when employing oxygen instead of BQ. Cu(II) lowers this barrier to 

somee extent. These important results represent one of the first examples of an efficient oxidative 

couplingg of arenes with alkenes at low temperatures using oxygen as the oxidant. 

7.2.44 Mechanistic Aspects. To gain more insight into the mechanism of the oxidative coupling 

describedd here, we decided to investigate the electronic dependence of the aromatic substrate of the 

reaction.. Competition experiments of a series of 4-substituted acetanilides show that electron-rich 

areness react significantly faster (k,.,„(8) > k„hj9) = k,lhJl) » k,,.,(10)). The kinetic data resulting 

fromm these competition experiments give a llammett-Brown plot showing the log (k,,K k,,) vs. the 

a,„a,„  constants as depicted in Figure 2. Although the correlation is not conclusively linear, we 

estimatee from the slope ol' this plot that p = -2.2. Similar p-values have been reported for 

Pd(OAc)2 2 

o2 2 
» » 

A A 
H,0 0 

COOBu u 
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0.5 5 

O"" m 

0.8 8 

j? ''  \ 
5.. -0.5 \ . 
O)) \ 

oo N. 

yy = -2.1619x + 0.0887 ^ j C F , 

R22 = 0.9868 

-1.5 5 

Figuree 2. Hammett-Brown plot for the reaction of para-substituted acetanilides \\itl i n-

butylacrylatee and BQ as the oxidant.om- values «ere taken from ref. 53. 

electrophilicc aromatic substitution reactions.1"41 Based on these results, a reaction pathway which 

involvess slow attack of the electrophilic I'd species (presumably Pd(OAc)*) on the arcne ^-system, 

resultingg in a Wheland-type (arenium ion) intermediate (see scheme 5). seems probable.'3 J An 

alternativee mechanism, which involves oxidative addition of the C-H bond to Pd(II) to yield an 

(aryl)Pd(IV)(H)) complex seems unlikely because the electronic dependence observed is not in 

accordancee with such a mechanism. Furthermore, it has been argued that a Pd(ll) Pd(IV) 

mechanismm is not likely to occur when using aryl substrates.'4^ although some controversy exists 

concerningg this matter. 

Too test the electrophilic substitution mechanism hypothesis, the coupling was probed for the 

presencee of a kinetic isotope effect, determined by division of the observed rate-constants (kobi) 

obtainedd using acetanilide and 2,3,4,5,6-acetanilide-a',- (see Figure 3). The reaction appears to 

followw pseudo first-order kinetics for both acetanilide-/?5 and acetanilide- .̂ From this we calculate 

£'obs.H=l-9-- 10""mol"1- s"1 • dm'and A'„b, [, = 6.4 • LO^mol"1- s"1 • dm'. Thus, the reaction indeed 

exhibitss a small but significant kinetic isotope effect (kH/kD = 3). indicating slow C-H bond 

activation.. The value found here is similar to values reported for other palladium systems involved 

inn electrophilic aromatic substitution.54 ' Theoretically, one would expect no kinetic isotope 

effectt for reactions in which the C-H D bond breaking is not the slowest step. Since the 

electrophilicc attack of the palladium centre on the ^-system of the arcne is likely to be the rate-

limitingg step of the catalytic cycle, (see above) the small isotope effect present can arise from the 

so-calledd partitioning effect.1'' ' This effect can be kinetically deduced from the presence of a pre-

equilibriumm of the intermediate in aromatic electrophilic substitution (the earlier mentioned 

-0.2 2 

-1 1 

II 56 

file:////itli
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areniumm ion) and the starting compounds. When the reverse reaction of'this equilibrium is able to 

competee with the fast C-H(D) bond breaking step, the observed rate will depend to some extent on 

thee rate constant of this irreversible step, resulting in a kinetic isotope effect. 

00 5 

o7 7 

yy = -1.40E-04x-9.37E-03 
R22 = 9.92E-01 

•• acetani!ide-h5 

oo acetanilide-d5 

yy = -4.22E-04x + 4.55E-02 
R22 = 9.92E-01 

-2.5 5 

Figuree 3. Logarithmic plot of the reaction rate for the reaction of acetanilide-/;? c/5 with n-

butyll  acrylate. 

40 0 

35 5 

30 0 

25 5 

15 5 

10 0 

5 5 

oo o 
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• • 

- ; > : : 

• • 

O O 
TJ TJ 300 0 

• • 

O O 
-•• -•• 

o o 
50C C 
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Figuree 4. Reaction profile for the stoichiometric reaction of «-butyl acrylate and acetanilide usir 

[((CO^-2-C6H4NHC(0)CH.,)Pd(II)(u-OAc)]22 (•) and Pd(OAcMO) under standard conditions. 

157 7 



ChapterChapter 7 

Ryabo\\ and coworkers have shown that in the (earlier mentioned) stoichiometric reaction of the 

palladatedd anilide complex dimer [(C6H4NHC(0)CH3)Pd(II)(p-OAc)]; with styrenes. the rate-

limitingg step is the insertion of alkene into the palladium-carbon bond. We tested this dimeric 

ortAo-palladatedd anilide complex in the stoichiometric reaction with «-butyl acrvlate (Figure 4). 

Thee reaction using the preformed complexes does not show a significant incubation period, in 

contrastt to the in situ generated catalysts, which does exhibit a short incubation period (ca. 8 

minutes)) before gaining catalytic activity. These results also support a reaction pathway via slow 

clectrophilicc attack of cationic [PdOAc"]" species on the /r-system of the arenes. The proposed 

mechanismm is depicted in Scheme 5. 

[Pd(OAc)] ] 

O O 
Pd d 

oUo o 

H H 

rTVV V 
CfHP P 

** Pd 

OyO O 

7T 7T 

P P 
Pd d 

olio o 

deprotonation n 
-H H 

~1 ~1 I I 

O O 

Pd d 

olio o 
arenium-ion n 

Schemee 5. Proposed mechanism for the C-H activating step of anilides via clectrophilic attack of 

Palladiumm on the aromatic ring (for simplicity only monomeric Pd-spccies are depicted). 

7.. 3 Conclusions 

Wee have shown that the palladium-catalysed oxidative coupling of anilides with alkenes 

throughh C-H bond activation, producing arylalkenes. is feasible and can be carried out selectively 

underr very mild conditions. Application of oxygen as the oxidant is possible, resulting in a waste-

freefree Heck-type coupling reaction. Although the scope is somewhat limited so far to activated 

areness and alkenes. and relatively high palladium loadings and media of high acidity are required. 
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thee huge potential of this type of coupling has heen shown The results presented in this chapter 

strongKK suggest that the reaction occurs through an electrophilic actuation mechanism. Within this 

mechanism,, the electrophilic attack on the /r-system of the arene is rate-determining. However, 

somee aspects of the reaction, such as the lack of reactivity for some substrates, remain puzzling and 

requiree further detailed mechanistic research. Intension of the scope towards other substrates and 

thee intramolecular \anant of the reaction, which would produce valuable mdole-derivatives. is 

highlyy desirable. 

7.44 Experimental Section 

Generall  Information . Experiments were earned out under air atmosphere using magnetic 

stirringg unless otherwise noted. Solvents were obtained from commercial suppliers and used 

withoutt further purification. //-Butvlaerv late was purchased from Aldrich and used as received. 

Anilidess were obtained from commercial suppliers (Acros) or synthesised by reaction of the 

correspondingg aniline with acetic anhydride. [((C'.(;y-2-C„H4\HC{0)CH,)Pd(ll)(^-()Ac)]: was 

preparedd as reported by Fujiwara.1"4' 'l l NMR spectra were recorded on a Varian Mercury 300 

(300.11 MHz) spectrometer in CDCE and are reported in ppm using tetramethylsilane as external 

standard.. Data are reported as follows: (b broad, s singlet, d - doublet, t - triplet, q quartet, m 

multiplet;; integration: coupling constant(s) in 11/: assignment). 'C NMR spectra were recorded 

onn the same spectrometer (75.5 MHz) in proton decoupled mode. GC' measurements were 

performedd on a Shimadzu GC-17A. equipped with a F.I.D. detector and a BPX35 column with an 

internall  diameter of 0.22 mm and a Film thickness of 0.25 urn. GC MS measurements (H.I. 

detection)) were performed on a HP 5890 5971 apparatus, equipped with a ZB-5 column (5"o cross-

linkedd phenvl polysiloxane) with an internal diameter of 0.25 mm and film thickness of 0.25 urn. 

Meltingg points were measured on a Gallenkamp melting point apparatus and are uncorrected. 

Elementall  analyses were performed at the Department of Microanalysis at the Rijksuniversiteit 

Groningen.. The Netherlands. 

Parallell  Screening Experiments. Rapid screening experiments were carried out by using a 

commerciallyy available automated parallel synthesis Chemspeed ASW 2000 apparatus. The 

reactionss were performed under an inert atmosphere of nitrogen. Each reaction vessel was charged 

withh 0.02 mmol ( 1 mol°u) of the desired catalvst. 0.25 ml. of dihexvlether as internal standard and. 

il'required.. 216 mg (2.0 mmol) of ben/oquinone <BQ). followed by 2.0 mL of a stock solution of 

thee aniline-substrate (1.0 M) in the desired solvent. Next, the alkene was added (2.0 mmol). the 

reactionn mixture heated to SO ( and subsequently stirred under vortex agitation tor \b hrs. 
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Sampless of the resulting reaction mixtures were diluted with hexanes and analyzed by GC MS. See 

Figuree 5 for details on the reactions screened. 

Generall  Procedure for  the Coupling of Acetanilide Derivatives with /r-Butylacrylate . In a 

typicall  experiment, anilide (3.0 mmol). 13.5 nig (0.06 mmol) of Pd(OAc):. 324 mg (3.0 mmol) of 

BQQ and 286 mg (1.5 mmol) of /Moluenesulfonic acid monohydrate were weighed into a one-neck 

roundbottomm flask charged with a stirring bar. Next. 4.5 mL of acetic acid was added, followed bv 

aa solution of 0.42 mL (3.0 mmol) /7-butylaerylate in 2.25 mL of toluene. The flask was capped with 

aa rubber septum, and the mixture stirred overnight. Aliquots of the mixture were taken and diluted 

inn diethyl ether, washed with a saturated NaHCOvsolution. dried over MgSCC. followed by GC or 

GCC MS analysis. After 16 hrs.. the reaction mixture was diluted with 1 5 mL of ether, and carefully 

neutralizedd with a 2.5 M NaOH solution. After extraction of the aqueous phase with 15 mL of 

ether,, the combined organic phases were washed with water (15 mL), dried (MgSC)4) and 

evaporatedd in vacuo. The resulting solids were purified by column chromatography to vield the 

correspondingg product as a white powder. Recrystallization provided analytically pure product 

(exceptt for 15). 

(£>3-(2-acetylamino-phenyi)-propenoicc acid butyl ester  (4). H NMR (300 MHz. CDCL): 5 

7.800 (d. IH.,7- 15.7 Hz. olcfinic H). 7.73 (d. 1 H.J =8.4 Hz. ArH). 7.54 (d. 1 H.,/= 7.8 Hz. ArH). 

7.40-7.377 (m. 2H, ArH). 7.20 (m. 1H. ArH). 6.39 (d. !H../ = 15.7 Hz, olcfinic H). 4.19 (t. 2H.,7 = 

6.66 Hz. C(0)OC//:), 2.22 (s, 3H, NHC<0)C7/,). 1.71-1.62 (m. 2H. OCH2C//:). 1.45-1.42 (m. 2H. 

CH:C7/:CH;).. 0.95 (t. 3H. J = 7.5 Hz, CH;CH:C7/,). (The N-/Z resonance is not observed); 'T 

N.MRR (75 MHz, CDCL): 5 169.2. 167.2. 139.5. 136.1. 131.0. 127.9. 127.3. 126.2. 125.6. 120.8. 

64.9.. 30.9, 24.4. 19.4. 14.0. Mp: 86 °C. Calcd. (%) for C.H^.NO,: C 68.94. H 7.33. N 5.36: found: 

CC 68.96. H 7.40. N 5.34. 

(£)-3-(2-acetylamino-5-methvlphenyl)-propenoicc acid butyl ester  (13). H NMR (300 

MHz.. CDCL): 5 7.76 (d. 1H.7- 16.0 Hz. olcfinic H). 7.65 (bs. 1 H. \-H). 7.55 (d. lH.J=8.2Hz. 

ArH).. 7.36 (s. I H. ArH). 7.19 (d, 1 H. J= 8.2 Hz. ArH). 6.38 (d. \\\.J= 16.0 Hz. olcfinic H). 4.19 

(t.. 2H. . /- 6.6 Hz. C(O)OW). 2.33 (s. 3H. NHC(O)C^). 2.14 (s. 3H. ArCY/,). 1.70-1.63 (m. 2H. 

OCH:C//:).. 1.46-1.38 (m. 2H. CH;C//;CTL). 0.96 (t. 3H. .7 = 7.3 Hz. ClbOLCTA): |;'C NMR 

(75.55 MHz. CDCL,): 5 169.5. 167.3. 139.9. 136.0. 133.7. 131.8. 128.3. 127.5. 126.1. 120.1.64.8. 

30.9.. 24.1. 21.2. 19.4. 14.0. Mp: 97 SC. Calcd. (%) lbrC,hH:.NO,: C 69.79. H 7.69. N 5.09: found: 

CC 69.65. II  7.82. N 5.08. 

(£)-3-(2-acetylamino-4-methylphenyl)-propenoicc acid butyl ester  (14). H NMR (300 MHz. 

CDCL):: 5 7.95 (bs. 1H. N-/Z) 7.74 (d. HI../= 15.9 Hz. olcfinic H). 7.40-7.35 (m. 2H. ArH). 6.94 

(d.. 111. J - 8.0 Hz. ArH). 6.27 (d. HI. ./ = 15.9 Hz. olcfinic H). 4.12 (t. 2H. ./ = 6.6 Hz. 
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C(0)0C7/: ) .. 2.27 (s. 3H. NHC(O)CTA). 2.15 (s. 3H. ArC'/A). 1.64-1.59 (m. 2H. 0CH:C7/;) . 1.40-

1.355 (m. 2H. CH;C7/:CH,). 0.91 (t. 3H.7 = 7.3 Hz. CH;CH;C77-.): X' NMR (75 MHz. CDC1,): 5 

169.4.. 167.4. 141.7. 139.6. 136.0. 127.2. 127.0. 126.2. 125.2. 119.4. 64.8. 30.9. 24.3. 21.7. 19.4. 

14.0.. Mp: 127-128 X'. Calcd. ("ui for C„,H;:NO,: C 69.79. H 7.69. N 5.09: found: C 69.77. H 7.74. 

NN 5.08. 

(£)-3-(2-acetylarnino-3-methylphenyl)-propenoicc acid butyl ester  (15). H NMR (300 MHz. 

CDC10:: S 7.79 (d. 1H. 7 = 15.9 Hz. olefmic H). 7.74 (bs. IH. X-H). 7.30-7.22 (m. 311. Aril) . 6.38 

<d,, IH. 7 - 15.9 Hz. olefmic H). 4.18 (t. 2H. 7 = 6.5 Hz. C(0)OC77:). 2.30 (s. 311. NHC(0)C77;). 

2.200 (s. 3H. ArCT/O. 1.71-1.67 (m. 2H. OCH:C77:). 1.46-1.39 (m. 2H. CH;C77:CH,). 0.95 (t. 3H.7 

== 7.4 Hz, CH2CH;C7/,): !"C NMR (75.5 MHz. CDCh): 5 168.8. 167.3. 140.7. 136.8. 134.7. 130.7. 

129.9.. 127.9, 123.9. 120.0. 64.7. 30.9. 23.3. 19.4. 18.6. 14.0. Compound contains a significant 

amountt of starting compound (6). which could not be separated from the product. 

{F)-3-(2-acetylamino-5-methoxyphenyl)-propenoicc acid butyl ester  (16). H NMR (300 

MHz.. CDClO: 5 7.75 (d. IH. 7 = 15.7 Hz. olefmic H). 7.48 (d. IH. . J= 8.8 Hz. Aril) . 7.08-7.05 

(m.. 2H. S-H and ArH overlapping). 6.95-6.91 (m, IH. ArH). 6.38 (d. 1H.7= 1 5.7 Hz, olefinie H). 

4.199 (t. 2H. 7= 6.6 Hz. C(0)OC77:). 3.80 (s, 3H. OCH,), 2.20 (s, 3H, NHC(0)C7/,), 1.69-1.61 (m. 

2H.. OCH2CH2). 1.46-1.38 (m. 2H. CH2C//?CH,), 0.92 (t. 3H. 7 = 1A Hz. CH:CH:C//;): "C NMR 

(755 MHz. CDCh): 5 169.8. 167.1, 157.9. 139.7. 130.4, 129.3. 128.2. 120.5. 117.0. 111.3. 64.8. 

55.8.. 30.9. 23.9. 19.4. 14.0. Mp: 128-129 °C. Calcd. (%) for C,f ,H;,N04: C 65.96. H 7.27. N 4.81; 

found:: C 66.04. H 7.29. N 4.85. 

(/r)-3-(2-benzoylamino-phenyl)-propenoicc acid butyl ester  (20). H NMR (300 MHz. 

CDCh):: 5 8.04 (bs. IH. N-/Z). 7.88-7.81 (m. 4H. ArH + olefmic H). 7.59-7.38 (m. 5H. ArH). 7.25-

7.200 (m. IH, ArH), 6.40 (d, I H . . / - 1 5.9 Hz, olefmic H). 4.13 (t. 2H.7 = 6.6 Hz, C(0)OC//:) . 1.65-

1.588 (m. 2H. OCH:C7/2). 1.41-1.33 (m. 2H. CH:C7/CH.0. 0.90 (t. 3H. 7 = 7.2 Hz. CH:CH;C7/0: 

|;,CC NMR (75 MHz. CDCI,): Ö 167.0. 166.3. 139.4. 136.1. 134.4. 132.4. 131.0. 129.1. 128.4. 127.5. 

126.3.. 125.6. 121.1. 64.8. 30.9. 19.4. 14.0. Mp: 145 JC. Calcd. (%) for C U ^ N C h: C 74.28. H 

6.55.. N 4.33: found: C 73.98. H 6.48. N 4.40. 

Kineti cc Competition Experiments. These were performed as described above for the general 

catalysiss procedures, but with a total Pd-loading of 34 mg (0.15 mmol: 5 mol0»), eq ui mo I ar 

amountss of competitive substrates (3.00 mmol in total) and at a reaction temperature of 40 'C. The 

conversionn in acetanilide was determined by GC MS using dihexylether as internal standard. 

Deuteriumm Incorporatio n Experiments. These were performed as described above for the 

generall  catalysis procedures, but in CH.COOD instead of CH-.COOH and without the addition of 

thee alkene. The resulting reaction mixture was stirred for 24 hours at room temperature. After 
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standardd workup, the mixture was analysed by GC MS. No increase in the ion peaks belonging to 

mono-- or dideutcrated amide was observed w ithin experimental error. 

BQQ added 

noo BQ added 

BQQ added 

noo BQ added 
(exceptt vial 32) 

211 3 22 21 3 22 21 3 

JJ I  I  J I I I I 
catalyst: : 

H H D O O O O OO via, 1-12, 31-32: 
Pd(OAc), , 

0 D D O O o o © © 
222 21 3 22 21 3 22 21 

II J I I i J i I 
17) 17) 

viall 13-18: 
[Ru(p-cymene)CI2]2 2 

viall 19-24: 
Ru3(CO),2 2 

viall 25-30: 
Ru(PPh3)3CI2 2 

244 23 244 23 3 

BQQ added 

noo BQ added 

BQQ added 
(exceptt vial 63) 

noo BQ added 

@@ Hi [ 
DD D D 

O O 

244 23 244 23 

viall 33-45: 
Pd(OAc)2 2 

viall 45-50: 
[Ru(p-cymene)CI2]2 2 

J i l l l 

21/ / 
n-butyll acrylate 

viall 51-56, 63-64: 
Ru3(CO)12 2 

viall 57-62: 
Ru(PPh3)3CI2 2 

== acetic acid as solvent 

( JJ = NMP as solvent 

AA = toluene as solvent 35 = C-H activation coupling product detected by GC/MS 

alkenee in all cases is styrene. unless otherwise noted 

21 1 22 2 

OMe e 

23 3 

NH2 2 

Figuree 5. Schematic overview of the experimental set-up of the rapid-screening experiments 
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Summary Summary 

SUMMARY SUMMARY 

Thee work described in this thesis was performed as part of a project aimed at the de\elopment 

off  new homogeneous catalysts for the production o\' tine-chemicals, sponsored by DSM and the 

HI TT programme (L;eologv. l.eonomy and Technology) of the Netherlands Ministry of economic 

Affairs.. In the studies presented here, we focused on palladium-catalysed cross-coupling reactions 

andd related procedures that result in the formation of new carbon-carbon bonds. These catalytic 

conversionss are among the most versatile and important reactions for the construction of new. 

valuablee molecules from simple building blocks. The results from this research wil l be briefly 

summarisedd below. 

Bidentatee diphosphine ligands are among the most widely applied ligands in many transition-

metall  catalysed carbon-carbon bond formation reactions. Large bite angle diphosphates based on 

xanthene-typee backbones were tested as auxiliaries in several palladium and nickel-catalysed cross-

couplingg reactions, as described in Chapter 2. To gain mechanistic insight, a series of (P-P)Pd(4-

C',,H4C'N)(X)) {P-P = xanthene-based diphosphine. X =- Br. CF-.SCh) has been prepared and 

characterisedd in both the solid state and in solution. These complexes can a priori be envisaged as 

importantt intermediates in cross-coupling reactions. Despite the fact that the ligands differ only 

slightlyy in the magnitude of their natural bite angle, large variations were observed in the 

coordinationn behaviour of the diphosphines in the palladium!II)-complexes. An unexpected trans 

coordination,, with P-Pd-P angles ranging from 150-16V. was found for the Xantphos-type ligands. 

ass determined by X-ray analysis and NV1R spectroscopy. In solution, these trans complexes are in 

exchangee with their cis isomers. DPI-.phos adopts a cis chelation mode, both in the solid state and 

inn solution. The large differences in coordination mode appeared to have a dramatic influence on 

thee reaction rate and selectivity in the palladium-catalysed Kumada coupling between 

bromobenzenee and alky 1 Grignard reagents. The observed trends can be explained by the relative 

ratess of the competitive reductive elimination and /J-H elimination from the intermediate cis and 

transtrans Pd(aryl)(alkyl) complexes. In contrast, in the Heck reaction no clear bite angle trend could be 

observed.. It is proposed that in the Heck reaction the (P-P)Pd(4-C,TIjCNMX) complexes are not the 

actuall  intermediates in the catalytic cycle, but undergo transformation of the diphosphine to a 

monodentatee species before the catalvsts gain activity. This process is likely to occur through 

phosphoniumm salt formation or phosphine oxidation. 

Sincee from Chapter 2 it was concluded that diphosphines in general do not give rise to verv 

effectivee catalysts for Heck couplings, we turned to monodentate ligands. This is described in 
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ChapterChapter 3. From initial screening experiments it was found that application of bulky monodentate 

phosphoramiditee ligands results in highly active palladium catalysts for the Heck reaction of aryl 

iodidess with alkenes under mild conditions. This class of ligands provides the optimum steric and 

electronicc properties for fast reaction within the series tested. The steric bulk of the ligand. which 

enforcess mono-coordination, plays an important role herein. Various aryl iodides and aryl 

bromidess can be coupled efficientlv with electron-poor alkenes under mild conditions in aprotic. 

polarr solvents, fli c dinuclear complex [Pd(L)(Ph)(//-Br)]: (L V..V-diisopropyïamino-2.2'-di-/<.r/-

biityl-4.4'-dimethoxybispheno.xyy phosphite) was isolated and characterised and shown to be an 

intermediatee in the catalytic cycle. Kinetic studies showed that using this complex as the catalyst 

thee reaction rate is proportional to the styrenc concentration and the square root of the palladium 

concentration.. These results are interpreted in terms of a mechanism in which the dimeric complex 

functionss as the resting state of the calaKst. This dimcr is in rapid equilibrium with its monomelic 

form,, which is present in very low concentrations. In the subsequent step of the catalytic cycle, the 

monomerr reacts with the alkene. from the electronic dependence of the substrates on the reaction 

ratee it is proposed that the migratory insertion of the alkene into the Pd(aryl) bond is the slow step 

off  the catalytic cycle. 

Thee discovery that application ol bulky monodentate phosphoramidites as ligands results in 

veryy active Heck catalysts prompted us to extend our studies into the field of asymmetrie Heck 

reactions.. In Chapter 4, the comparison of a series of ehiral phosphoramidites based on different 

backboness in the intramolecular Heck cyclisation towards spirooxtndoles is described. It appeared 

thatt TADDOL-based phosphoramidites can give rise to very fast reaction under mild conditions in 

enantioselectivv ities of up to 79 "o (when using (l/?.7/^)-4-l)iethylamino-9.9-dimethyl-2.2.6.6-

tetra0.5-dinieth\lphenyl)-3.5.8.1()-tctraoxa-4-phosphabicyclo[5.3.()|decane).. Bidentate ligands 

iiftenn require much longer reaction times and higher temperatures to reach good conversion. A 

palladium(aryll  Hhalide) complex containing a ehiral phosphoramidite was isolated and it was 

shownn to exist mainly as a dimcr during catalysis in solution and the solid state, from the observed 

trendd in selectivity it followed that a kinetic resolution mechanism is probably involved. In this 

mechanism,, one of the enantiomers initially formed after the insertion oi' the alkene into the 

Pd(aryl)) bond undergoes faster dissociation from the metal centre to give the product than the 

oppositee enantiomcr. The latter enantiomer is more prone to re-insert into the transient palladium 

hydridee species and thereby form the isomer of the alkene. 

Thee same series of ehiral phosphoramidites was also tested in another important palladium-

catalysedd cross-coupling reaction: the asymmetric Su/uki coupling of naphthyl substrates to give 

axiallyy ehiral binaphthyIs. As described in Chapter \ these catalytic reactions also proceed 

smoothlyy under mild conditions (room temperature), even with naphthyl bromides. The influence 

off  the solvent and base was investigated and under optimised conditions enantioselectiv ities of 63 

"nn were obtained. 
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AA different important carbon-carbon bond formation reaction was selected as the subject of our 

studiess in Chapter 6. The palladium-catalysed allyli c alk\lation reaction using soft carbon 

nucleophiless and bulky phosphoramidites as the ligand was investigated. It was found that the 

observedd regioseleetiv ity depends strongly on the leaving group and the geometry of the allylic 

substrates.. Complex studies revealed that also in the ease oï Pd(allylM.X) complexes mono-

coordinationn of the phosphoramidites occurs. The allvl fragment is bonded m a non-symmetric way 

inn these complexes, caused bv the difference in trans influence of the other ligauds. Upon 

employingg mono-substituted allvl substrates, the s\n. trans complexes are the main species present 

inn solution. This complex, however, undergoes fast isomerisation towards the more reactive svn. 

ciscis complexes, resulting in the formation of linear product as the major product. However, in the 

casee of bulky biphenol or BINOL-based phosphoramidites a strong memory effect is observed 

whenn 1-phenyl-2-propenv I acetate is employed as the substrate. In this situation, isomerisation is 

relativelyy retarded with respect to nucleophilie attack. The asymmetric allylic alkylation oï' 1.3-

diphenyl-2-propenyll  acetate using ehiral bulky monodentate phosphoramidites afforded the 

correspondingg ehiral product in enantioselectivities of up to 93 "u ee. Substrates with smaller 

substitucntss resulted in lower ee's. These observations can be rationalised in terms of a preferential 

rotationn mechanism, in which the product is formed by attack on one of the possible intermediate 

Pd(allyl)) complexes. 

Concluding,, it was demonstrated in this and the preceeding chapters that bulky monodentate 

phosphoramiditess form a new. promising class of ligands for palladium-catalysed C-C bond 

formationn reactions under mild conditions. Their synthesis is relatively simple and allows a 

modularr approach, thereby enabling a systematic ligand optimisation for a given reaction. We 

expectt that these properties make phosphoramidites attractive candidates for future applications in 

thesee and other metal-catalysed reactions. 

Thee development of palladium-catalysed coupling procedures that do not produce a 

stoichiometricc amount of salt waste is highly desirable, especially from an environmental point of 

view.. Therefore, we studied the feasibility of Heck-type coupling reactions that occur through a (I'-

l ll  bond activation mechanism, as described in Chapter ". From parallel screening experiments we 

foundd that anilide derivatives can be coupled efficiently with electron-poor alkenes using Pd(OAe); 

ass the catalyst in the presence of an oxidant. The reaction proceeds in an acidic environment under 

mildd conditions. The amide functionality directs the reaction to proceed via activation of the ortho 

C'-HH bond. Flcctron-rich aromatic compounds react faster than substrates bearing electron-

withdrawingg substrates. The reaction exhibits first order kinetics in acetanilide and a small kinetic 

isotopee effect (AM AD =- 3). Based on these observations we propose a mechanism in which 

eleetrophilicc attack of the palladium complex on the /r-system of the anilide takes place, followed 
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byy deprotonation (if the resulting complex. In this sequence the former step is likelv to be relatneh 

slow.. At slightly elevated temperatures, molecular oxygen can be applied as the oxidant, resulting 

inn a reaction that produces only water as the side-product. This t\pe of catah tic comersions brings 

waste-freee coupling reactions a step closer. 
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SAMENVATTING SAMENVATTING 

Hett werk beschreven in dit proefschrift is uitgevoerd in het kader van een project met als 

doelstellingg de ontwikkeling van nieuwe homogene katalysatoren voor de schone productie van 

fijnchemiealiën.. Dit project is gesponsord door DSM en het RET-programma (Ecologie. Economie 

enn Technologie) van het Ministerie \an Economische Zaken. In het hier gepresenteerde onderzoek 

hebbenn wij ons geconcentreerd op palladium-gekatalyseerde cross-koppeling en verwante reacties 

diee resulteren in de vorming van nieuwe koolstof-koolstof bindingen. Deze katalytische 

omzettingenn behoren tot de meest veelzijdige en belangrijkste methodes voor de constructie van 

nieuwe,, waardevolle molekulcn uitgaande van simpelere uitgangsstoffen. De belangrijkste 

resultatenn van dit onderzoek zullen hieronder kort weergegeven worden. 

Bidentaatt difosllne liganden behoren tot de meest gebruikte liganden in overgangsmetaal-

gekatalyseerdee koolstof-koolstof koppelings reacties. In hoofdstuk 2 wordt de toepassing van 

difosfiness met grote "bijt-hoeken" (bite angles), gebaseerd op het xantheen-type skelet, in 

verschillendee palladium- en nikkel-gekatalyseerde cross-koppeling reacties beschreven. Om meer 

mechanistischh inzicht te verkrijgen, is een serie (P-P)Pd(4-G,H4CN)(X) (P-P = xantheen-afgelcide 

difosfine.. X = Br, CF,SO,) complexen gesynthetiseerd en gekarakteriseerd in zowel vaste toestand 

alss in oplossing. Deze complexen kunnen a priori beschouwd worden als belangrijke 

intermediairenn voor de cross-koppeling reacties. Ondanks het feit dat de liganden slechts een klein 

verschill  vertonen in hun natuurlijke bite angle, zijn de waargenomen verschillen in de coordinatie-

geometnee van de difosfines in de Pd(II) complexen groot. Voor de xantfos-type liganden is door 

middell  van röntgen-analyse en NMR spectroscopie onverwacht een trans coördinatie gevonden, 

waarbijj  de P-Pd-P hoeken varieerden van 150-165°. In oplossing bleken deze trans complexen in 

evenwichtt te zijn met de cis isomeren. DPEfos cheleert zowel in oplossing als in de vaste stof op 

eenn cis manier. Deze grote verschillen in coördinatie-gedrag bleken een dramatisch effect te hebben 

opp de reactiesnelheid en selectiviteit in de palladium-gekatalyseerde Kumada-koppeling van 

broombenzeenn met alkyl-Grignard reagentia. De gevonden trends kunnen worden verklaard dooi-

dee relatieve snelheid van reductieve eliminatie en (i-H eliminatie vanuit de intermediaire cis en 

transtrans Pd(aryl)(alkyl) complexen. In de Heek reacties kon echter geen duidelijke bite angle trend 

waargenomenn worden. In de Heek reactie zijn de (P-P)Pd(4-C„K,CN){X) complexen waarschijnlijk 

niett de daadwerkelijke intermediairen van de katalytische cyclus, maar vindt er eerst (gedeeltelijke) 

ligandontledingg plaats voordat de complexen katalytisch actief worden. Deze ontledingsprocessen 

vindenn waarschijnlijk plaats via de vorming van fosfoniumzouten of oxidatie van de fosfines. 
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Aangezienn uit hoofstuk 2 geconcludeerd kan worden dat bidentaat ligandcn in het algemeen 

niett resulteren in erg effectieve katalysatoren \oor de Heek reactie, zijn we overgegaan op 

monodentaatt liganden. In hoo/d.stuk 3 staat de toepassing \an dit tvpe liganden in de Heek 

koppelingg beschreven, l i t initiële screening-experimenten bleek dat sterisch grote ("bulky") 

monodentaatt foslbrainidieten in combinatie met palladium resulteren in een snelle reactie \ an 

aryljodidess met alkenen onder milde omstandigheden. Deze klasse van liganden vormt het 

optimumm in sterische en electronische eigenschappen binnen de geteste serie voor deze reactie, ben 

belangrijkee rol hierin wordt gespeeld door de sterische bulk van hei ligand. Deze dwingt de reactie 

tee verlopen via complexen waarin slechts een ligand coördineert per palladium-atoom. Het dimeer 

[Pd(L)<Ph)(,w-Br)]:: (1. A, \-diisoprop>lamino-2.2'-di-^'/7-butvl-4.4'-dimetho\vbisfeno\v' fosfien 

iss gei' soleeerd en gekarakteriseerd als een mogelijk intermediair in de katalvtische cyclus. 

Kinetischee studies toonden aan dat bij gebruik van dit complex als katalysator, de reactiesnelheid 

linearr evenredig is met de styreen-concentratie en de wortel van de palladium-concentratic. Deze 

resultatenn wijzen op een mechanisme waarbij bet dim ere complex functioneert als de inactieve 

rusttoestandd van de katalysator. Dit dimeer is in snel evenwicht met zijn monomere vorm. dal 

slechtss in zeer lage concentraties aanwezig is. In de daaropvolgende stap van de katalvtische cyclus 

reageertt dit monomeer met het alkeen. Li t de waargenomen electronische afhankelijkheid van de 

reactiesnelheidd kan geconcludeerd worden dat de insertie van het alkeen in de Pdtarv l)-binding de 

langzamee stap van de katalvtische cyclus is. 

Dee ontdekking van de bulky monodentaat fosforamidieten als liganden voor zeer snelle Heek 

katalvv satoren bracht ons ertoe onze studie uit te breiden tot een asymmetrische Heek reactie. In 

hoofdstukhoofdstuk 4 wordt een serie chirale fosforamidieten met verschillende backbones met elkaar 

vergelekenn in een intramoleculaire Heek cyclisatie tot spiro-o.xindolen. Het bleek dat het gebruik 

vann fosforamidieten gebaseerd op de TADDOL-structuur kan leiden lot zeer snelle reactie onder 

mildee omstandigheden met enantioselectiv iteiten van maximaal 7°- "., enantiomere overmaat {i n het 

gevall  van (1 /?.7/?)-4-Diethylamino-y.t)-dimcthyl-2.2.6.('i-tetra(3.5-dimethyltcnyl I-3.5.K. 10-tctraoxa-

4-fosfa-bicyclo[5.3.0|decaan).. Traditionele bidentaat liganden vereisen vaak vee! langere 

reactietijdenn en hogere temperaturen voor goede conversie, ben palladiumtarvl )(hahde) complex 

mett dit fosforamidiet is gesynthetiseerd en het is aangetoond dat dit complex eveneens een dimeer 

is.. zowel tijdens de katalyse in oplossing als in vaste toestand. De waargenomen trend in 

selectiviteitt in de reactie suggereert dat het mechanisme plaatsvindt via een kinetische resolutie. In 

ditt mechanisme dissocieert één van de enantiomeren. dat gevormd wordt na de insertie van het 

alkeenn in de paliadium-arv I binding, sneller dan het andere enantiomeer. Het andere enantiomeer 

ondergaatt relatief eenvoudiger re-insertie in het gevormde palladium-hydride deeltje en vormt 

vervolgenss het geisomcriscerde product. 

Dezelfdee serie fosforamidieten is getest in een andere belangrijke palladium-gekatalyseerde 

cross-koppelingg reactie: de asymmetrische Suzuki-reactie waarin naftvl-substraten worden 
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gekoppeldd tot axiaal ehirale binattylen. De/e conversies konden zelfs met naftylbromides worden 

uitgevoerdd onder zeer milde omstandigheden (kamertemperatuur). De invloed van het oplosmiddel 

enn de base is onderzocht en onder geoptimaliseerde condities zijn enantioselectiviteiten van 

maximaall  63 "<> verkregen. Dit staat beschreven in hoofdstuk i. 

Inn hoofdstuk 6 wordt het onderzoek naar een andere belangrijke koolstof-koolstof 

bindingsvormingg reactie beschreven: de palladiurn-gekatalyseerde allylische alkylering met 

fosforamidietenn als ligand. De waargenomen regioselectivitciten bleken sterk afhankelijk te zijn 

vann de aard van de vertrekkende groep en de geometrie van de allylische substraten. Bestudering 

vann de Pd(allyl)(X) complexen met fosforamidieten als ligand wees uit dat ook hier mono-

coördinatiee optreedt. In deze gevallen is de allylgroep op een niet-symmetrische manier gebonden 

aann het metaalcentrum. hetgeen wordt veroorzaakt door het verschil in /ran.v-invloed van de andere 

liganden.. Als mono-gesubstitueerde allyl-substraten gebruikt worden, is het overeenkomstge syn. 

transtrans complex het voornaamste complex dat gevormd wordt in oplossing. Dit complex kan echter 

snellee isomerisatie ondergaan naar het reactievere svn. cis compex. wat resulteert in de vorming 

vann het lineaire product als het belangrijkste product. Als liganden met de bulky bitenol- of 

BINOL-backbonee gebruikt worden, treedt een sterk '•memory-effect*' op met l-fenyl-2-

propenylacetaatt als substraat. In deze situatie wordt de isomerisatie relatief vertraagd ten opzichte 

vann de nucleotide aanval. De asymmetrische allylische alkylering van 1.3-difenyl-2-

propenylacetaatt met ehirale bulky fosforamidieten leidt tot vorming van het alkyleringsproduct in 

maximaall 93 % ee. Substraten met kleinere substituentcn geven lagere ee's. Deze waarnemingen 

kunnenn verklaard worden door een mechanisme waarin allyl-rotatie bij voorkeur in één richting 

plaatsvindtt tijdens de nucleotide aanval op de mogelijk aanwezige Pd(allyl) complexen. 

Inn de voorgaande hoofdstukken is aangetoond dat bulky monodentaat fosforamidieten een 

nieuwe,, veelbelovende klasse liganden vormen voor palladium-gekatalyseerde koolstof-koolstof 

koppelingsreacties.. De liganden zijn relatief simpel te synthetiseren, hebben modulaire 

eigenschappen,, en laten diverse reacties soepel verlopen onder milde omstandigheden. Deze 

eigenschappenn maken fosforamidieten naar onze mening aantrekkelijke kandidaten voor deze en 

anderee metaal-gekatalyseerde reacties. 

l:rr bestaat veel belangstelling voor de ontwikkeling van palladium-gekatalyseerde 

koppelingsmethodess waarbij geen stoichiometrische hoeveelheid zoutafval gevormd wordt, vooral 

vanuitt milieu-oogpunt. Daarom hebben wij de haalbaarheid van Heek-type koppelingen via de 

activeringg van C-H bindingen onderzocht. Lit parallelle-screenmg experimenten bleek dat anilide-

denvatenn efficiënt gekoppeld kunnen worden met electronenarme alkenen met Pd(OAc); als 

katalvsatorr en een oxidant. De reactie vindt plaats in zuur milieu onder milde omstandigheden 

(kamertemperatuur).. De amide-groep stuurt het verloop van de reactie via de ortho C-H binding. 
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Electronenrijkee aromatische verbindingen reageren sneller dan subsiraten met electronenzuigende 

substituenten.. De reactie \ertoont een klein kinetisch isotoop effect (kn A,, •= 3). Op grond \an de/e 

eigenschappenn v\ordt een mechanisme voorgesteld waarin een electrofiel palladium-complex 

aamm alt op de /r-electronen van het amide, gevolgd door deprotonermg van het Pd( tr-arvl (-complex 

Dee eerste stap is waarschijnlijk relatief langzaam. Hij licht hogere temperaturen kan moleculair 

zuurstoff als oxidant gebruikt worden, zodat bij de/e reactie alleen water als bijproduct gexormd 

wordt.. Dit type kataKtische eomersies brengt koppelingsreacties zonder afvalproductie een stap 

dichterbij. . 

file:///ertoont


Dankwoord Dankwoord 

DANKWOORD DANKWOORD 

Bijj  hot voltooien \an oen promotieonderzoek komt waanzinnig veel kijken, en. hoewel het soms 

watt anders voelt, is het merendeel hiervan alleen mogelijk dankzij de hulp van vele mensen. In dit 

dankwoordd wil ik dan ook een ieder die de afgelopen (ruim) vier jaar oen bijdrage hoeft geleverd 

aann dit boekje van harte bedanken. Het is erg moeilijk om iedereen persoonlijk te noemen zonder 

iemandd te vergoten, maar ik zal toch een poging wagen. 

Piet.. het is al vele malen gezegd, maar jouw onovertroffen parate chemische konnis in 

combinatiee met een ijzersterk geheugen voor referenties is van onschatbare waarde geweest voor 

hett 'vervolmaken' van mijn werk. Bedankt voor alle subtiele bijsturingen en het vertrouwen wat je 

inn me had de afgelopen jaren. Paul. alhoewel we hot niet in alle discussies eens waren met elkaar, 

zijnn al je practische tips en kritische kijk op het onderzoek erg belangrijk geweest in het hele 

leerproces.. Gino. jij was van iedereen toch het dichtst betrokken bij het onderzoek, on hebt de basis 

ervann gelegd. Misschien wel belangrijker was het feit dat je me hebt laten zien hoe de resultaten 

vann de positieve kant te bekijken als het in mijn ogen weer eens niets leek, on om prioriteiten te 

stellen.. In do laatste fase heb je. net als Piot on Paul overigens, me voortreffelijk geholpen er een 

samenhangendd geheel van te maken en al mijn stukjes razendsnel gecorrigeerd, waardoor het 

proefschriftt toch nog op tijd af is gekomen. Bedankt voor alles! Joost, je vaak fantasie-prikkelende 

ideeënn en grote creativiteit hebben m sommige gevallen geholpen moeilijke problemen simpel op 

tee lossen. In andere gevallen waren het toch nog heel inspirerende discussies, ook over niet-

chemischee zaken. Hans Mol. bedankt voor je soepele opstelling in de tijd dat ik dreigde me te veel 

werkk op de hals te halen bij het afronden van het proefschrift. 

DSM.. in het bijzonder Hans de Vries, wil ik graag bedanken voor de ondersteuning en de 

samenwerkingg in hot hele onderzoek. Hans. je nooit aflatende en aanstekelijke enthousiasme 

waardeerr ik zeer. Tijdens mijn verblijf (twee maal) in het Zuiden ben ik fantastisch geholpen door 

anderee vele DSM-ers. Andre. Gerard. Lisette. Math. Lucien en allo andoren: bedankt voor de 

gastvrijheid! ! 

Hoewell  wat ervan terug te vinden is in dit boekje vrij beperkt is. wil ik m'n twee hoofdvakkers 

(voorr zover julli e van mij waren) bedanken voor hun inzet en onze samenwerking. Joris, de chemie 

wass voor ons allebei nieuw en daardoor niet makkelijk, maar ik denk datje er zeker wat moois uit 

hebtt weten te halen. Hendawy. ik bewonder het feit dat je ondanks alle taal- en cultuurbarrières 

jezelff  staande hebt weten te houden in de groep en in de chemie. Ik wens julli e allebei veel succes 

toee in je toekomstige carrières. 

Technischee ondersteuning is onmisbaar, zeker als de tijd begint te dringen. Gerard, je was 

onmisbaarr als do Shimadzu weer eens kuren begon ie vertonen of ik mijn vacuümpomp niet meer 

inn elkaar kreeg. Guido. bedankt voor al je hulp ak er iet- geregeld moest worden. Succes met je 
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eigenn onderzoek! kees. van de allereerste fles broom tot de allerlaatste \erhuisdoos. als de 

chemicaliënn bij ons on\ indbaar waren of net dat ene stukje glaswerk ontbrak, jouw deur stond altijd 

open.. Verder wil ik Wim. Soesila en alle andere experts die me hebben geholpen bij het maken of 

metenn \ an m'n stofjes bedanken. 

All ee collega's \an het eerste uur wil ik bedanken voor de "opvoeding" die /e mij gegeven 

hebbenn met betrekking tot het reilen en zeilen van het Homkat lab. Uiteindelijk hebben julli e er 

voorr ge/orgd dat ik besloot om te blijven na m'n hoofdvak! (ieorg. Floris. Dave (tijdens het 

practicumm en daarna buiten kantooruren). Danielle, I hike. Sink, en Martin (onvergetelijke 

stapavondlen)).. Bert. Saskia. Fric. Debbv: bedankt! Lars. bedankt voor het goede leermeesterschap 

datjee hebt tentoongespreid tijdens mijn hoofdvak, /onder zo'n basis zou het er allemaal wel eens 

heell  anders uitgezien kunnen hebben. 

Hoewell  er natuurlijk geen echte scheiding is. komen dan de collega's van meer mijn eigen 

generatie:: allemaal bedankt voor julli e bijdrage aan de sfeer in de tent. soms ook in chemisch 

opzicht.. Richard, als jaargenoot, labbuur en vriend hebben we menig uurtje gespendeerd aan 

zinnigee en zinloze discussies, variërend van Voetbal tot Vapol. Bedankt voor al je indirecte 

bijdragenn aan het werk in dit boekje en het (kritisch) corrigeren van het manuscript. Bert. als latere 

opvolgerr van Richard in de zuurkast naast me was er bijna geen groter contrast denkbaar, maar het 

heeftt tenminste voor veel leven in de brouwerij en gezelligheid gezorgd! Ontzettend bedankt, ook 

voorr het uitvoeren van de taken waarmee ik je als paranimf heb opgezadeld. Rieko. we hebben heel 

watt (sollicitatie)leed gedeeld. Ik wacht in spanning op je boekje, kanna, je moest even wennen, 

mett name aan onze humor, maar je hebt het snel opgepikt. Succes in Noord! kevita. bedankt voor 

allee 'social talk' en het me op de hoogte houden van alle roddels. Vincent, ik ben blij dat ik je nu 

niett meer hoef te verdedigen bij het zaalvoetbal, want je snelheid lag na een uur een paar tandjes te 

hoogg voor me. Raymond, onze ochtendsessies waren de moeite waard, zelfs als ze niet over 

aandelenn gingen. 

Fnn dan rest natuurlijk nog het aanstormend talent: Jitte (ik ben het! Bedankt voor alle cup-a-

soupp voorschotten) en \1arkk (altijd tijd vooreen laatste sport-update). julli e hebben mijn laatste 

loodjess op zaal zeker verlicht. Erik. bedankt voor je model- en andere computertips. en labrizio en 

Angelica,, the Italian Connection was established a bit too late for me. but good luck with your stay 

here!!  Theresa. 1 hope you wil l be able to polymerise whatever you want. Llsbeth. succes met je 

ligandsyntheses.. Alhoewel de tijd die we gedeeld hebben wat korter was. julli e allemaal ook 

bedankt,, en succes de komende jaren (ze vliegen voorbij kan ik verzekeren!). 

All ee mensen die nog wal tijdelijker aanwezig waren wil ik via deze weg ook bedanken: Marcel. 

Peter.. Daan. Yannick. Rafael. C'edric Ion what subject did vou not provide me with advice'.'). Marv. 

Zoraida.. |-'d. hdyta. ('hen. Christian, thanks for your tips, beers and everything else. All e collega's 

diee op andere plekken in het gebouw hun werkplek hadden ben ik ook dankbaar. In het bijzonder 
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Piotrr (ik heb een snufje metathese mogen meemaken: succes met je eigen proefschrift!). MaartenD. 

Martijn.. Marcel \ .E.. Marcel D.. Sander. Wim. Anouk. Wim (D-gebouw). Robin. Peter. Alessia. en 

allee anderen die ik hier niet kan noemen: bedankt \oor de onderhoudende gesprekken, tips en 

borrels. . 

Iss er ook nog een leven buiten het lab.' Jazeker, al werd het wel eens bemoeilijkt in de afgelopen 

jaren.. Dus wil ik bij deze al mijn (andere) vrienden, kennissen en familie ontzettend bedanken voor 

allee interesse, begrip en support die ze getoond hebben, ook als ik geen tijd had. Tenslotte ben ik 

natuurlijkk heel veel verschuldigd aan de mensen die me het allermeeste naast staan. Mij n ouders, 

diee me altijd gesteund hebben in mijn keuzes en de uitvoering daarvan, en last but not least Linda. 

Opp naar nóg betere tijden! 

Maarten n 
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