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Chapterr 1 

Generall  Introduction 

Consideringg the growth of the world population and its standard of living, the need 

forr efficient methods for the synthesis of base chemicals is increasing. Therefore, the demand 

forr clean reactions in industrial processes is intensifying. Transition-metal catalysed reactions 

cann often be performed with high atom efficiencies, which is interesting from an 

environmentall  point of view. The rhodium-catalysed hydroformylation reaction of alkenes is 

aa clean and mild, catalysed method for the synthesis of functionalised hydrocarbons on a large 

scale.""  In this reaction, aldehydes are produced by the addition of carbon monoxide and 

hydrogenn to alkenes. A key issue of the hydroformylation reaction is the regioselectivity 

inducedd by the catalyst, since the linear product is often the desired product. In industry the 

aldehydess produced are converted to alcohols that are used as detergents (linear product) or 

plasticiserr for PVC (branched product). 

O O 
R ^ ^ .. +CO/H2 ^ R ^ ^ \ ^ ^ H + R 

Thee hydroformylation reaction of alkenes was accidentally discovered by Roeien in 

19388 while he was investigating the cobalt-catalysed Fischer-Tropsch reaction.3 Investigation 

off  the reaction mechanism by Heck and Breslow showed that the active species in this 

(homogeneously)) cobalt-catalysed reaction is HCo(CO)4, which is only stable under at least 

1000 atmosphere of carbon monoxide. High temperatures and pressures are necessary and the 

obtainedd selectivity for the linear aldehyde is low. In the sixties, the catalyst performance was 

improvedd by the introduction of tertiary alkylphosphines. Although the activity decreased 

usingg this phosphine modified catalyst, the stability of the catalyst and the selectivity for the 

linearr aldehyde increased significantly, which made the catalyst applicable for industrial 

processes. . 
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Generall  Introduction 

Inn the late sixties, Wilkinson discovered the hydroformylation activity of a rhodium-

triphenylphosphinee complex/ This phosphine-modified rhodium catalyst operates under 

muchh lower pressure than the cobalt catalyst and shows a considerably higher selectivity for 

thee linear aldehyde. Since the discovery of this rhodium-based catalyst, the ligand effects on 

thee catalyst performance and the mechanistic aspects of the reaction have been extensively 

studiedd and have been reviewed many times.6 

1.11 Hydroformylation Reaction Mechanism 
Thee commonly accepted, dissociative mechanism for the hydroformylation reaction 

proposedd by Wilkinson" is presented in Figure 1. The five-coordinate rhodium diphosphorus 

complexess drawn in this figure can be resting states of the catalyst, but rhodium complexes 

withh one or three phosphorus ligands may also be involved.7 The reactive species in this 

mechanismm are coordinatively unsaturated complexes formed by dissociation of a carbonyl or 

phosphoruss ligand. 

COO c o 

1e e 

FigureFigure 1. Dissociative Hydroformylation Reaction Mechanism as Proposed by Wilkinson 

8 8 



Generall  Introduction 

Inn general, the rhodium-hydride complex la is prepared in situ from a catalyst 

precursor.. A free coordination site for alkene coordination is obtained in the CO dissociation 

stepp of the rhodium-hydride complex l a (steps 1 and 2). In the hydride migration reaction 

eitherr a linear or a branched rhodium-alkyl complex is formed (steps 3 and 3'). The rhodium-

alkyll  complexes can undergo p-hydride elimination that can lead to isomerised alkenes in 

casee of the branched alkyl complex. The chemoselectivity of the reaction is determined by the 

differencee in reactivity of the rhodium-alkyl complex towards CO insertion followed by 

hydrogenolysiss (steps 5 and 6), P-hydride elimination (step 8, formation of isomers) and 

hydrogenationn of the alkene or aldehyde. After the hydride migration (steps 3 and 3') and 

coordinationn of CO, insertion of CO occurs to give a rhodium-acyl complex (lg, step 4 and 

5).. At low temperatures and sufficiently high carbon monoxide pressure the insertion reaction 

iss usually irreversible and thus the regioselectivity of the reaction is fixed in this reaction step. 

Thee preference for die hydride migration to form the linear and branched alkyl toward the p*-

hydridee elimination are key steps in die determination of the regioselectivity. If a reaction step 

earlyy in the reaction mechanism is irreversible, than this step determines the regioselectivity. 

Thee unsaturated rhodium-acyl complex lg undergoes eitfier hydrogenolysis (step 6) or CO 

coordinationn (step 7). Hydrogenolysis completes the catalytic cycle with regeneration of the 

coordinativelyy unsaturated hydride complex l b and production of either the linear or the 

branchedd aldehyde (step 6). 

Al ll  me reaction steps proposed in the mechanism, except tile hydrogenolysis, can be 

reversiblee under the 'standard' hydroformylation conditions, which results in a rather 

complicatedd kinetic expression for this reaction. Depending on the properties of the ligands 

used,, different steps may control the reaction rate, which leads to simplification of the rate 

expression.. Basically, two different types of simplified equations are proposed for the 

hydroformylationn reaction.26 When the rate of the reaction is determined by the reactions early 

inn the catalytic cycle (alkene coordination and hydride migration) the rate equation can be 

simplifiedd as given below. This Type I kinetics is observed for most ligand modified rhodium 

catalysts. . 

,__ _. A[Rh][alkene] 
RateRate (Typel) = -—- - (I) 

B[CO]B[CO] + C[allcene] + D[L]  w 

Whenn the rate of die reaction is determined late in the catalytic cycle (in the hydrogenolysis 

step)) die rate equation can be simplified as given in equation JL Type II kinetics is often 
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Generall  Introduction 

observedd for electron-poor rhodium catalysts. The electron-poor character of the catalyst 

facilitatess alkene coordination and hydride migration and the oxidative addition of hydrogen 

becomess rate determining. 

tedM.tedM. ^™d (n) 
F[CO]F[CO] + G[H2] + H[L] 

Dependingg on the rate-determining step, different intermediates will be observed as resting 

statess of the catalyst. In the case of the Type I kinetics the resting state of the catalyst will be 

thee rhodium-hydride complex (la), whereas in the case of Type II kinetics a rhodium-acyl 

complexx (lh) will be observed as resting state of the catalyst. 

1.22 Ligand Properties and Catalyst Structure 
1.2.11 The Unmodified Rhodium Carbonyl Catalyst 

Similarr to the earlier developed, unmodified cobalt-catalyst, in the first commercially 

appliedd rhodium-catalysed hydroformylation process no additional phosphorus ligands were 

used.. The active catalyst HRh(CO)4 was prepared from rhodium carbonyl clusters 

([Rli4(CO)i2]]  or [Rh6(CO)i6]). This rhodium catalyst is much more active than the cobalt 

catalyst,, while the selectivity towards the linear aldehyde is also low. 

Manyy detailed studies on the reaction kinetics and the resting state of the unmodified 

rhodiumm carbonyl catalyst using various substrates have been performed.8'11 These studies 

showedd that the rate-determining step of the hydroformylation reaction for this electron-poor 

rhodiumm catalyst is the hydrogenolysis (Type II kinetics). Garland and co-workers identified a 

rhodium-acyll  intermediate as the resting state of the catalyst using in situ IR spectroscopy, 

whichh is consistent with the observed kinetics.12'13 

1.2.22 Ligand Properties and their  General Effect on the Catalyst Structure 

Ligandd properties have a large effect on catalyst activity and selectivity. Therefore 

manyy studies focussed on understanding the relation between the ligand properties, the 

geometryy of the catalyst and the catalyst performance in the hydroformylation reaction.14"17 

Tolmann introduced the cone angle 9, which is an important steric property for monodentate 

ligands.188 The cone angle 0 is defined by the cone originating from a metal centre at 2.28 A 

fromm the phosphorus atom, that encloses all the atoms of the substituents on the phosphorus 

atomm (Figure 2). For ligands having large cone angles (6 > 160 °), there is only space for one 
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Generall  Introduction 

ligandd in the equatorial plane of a trigonal bipyramidal structure of the rhodium catalyst. 

Thesee ligands form catalysts having the structure HRhL(CO)3, which are very active 

hydroformylationn catalysts.70' 19 It must be taken into account, however, that the bulky 

substituentss on the phosphorus atoms can mesh into one another to achieve higher 

coordinationn numbers man expected on the basis of the calculated cone angle (0). 

FigureFigure 2. Cone Angle 6 and Bite Angle /? 

Ann important steric property for bidentate ligands is the bite angle (P). The natural 

bitee angle (pn) as defined by Casey and Whiteker is the preferred P-M-P chelate angle 

determinedd by the ligand backbone constrains only (Figure 2).20 Thee metal valence angles are 

nott considered in the calculation of this angle. The bite angle has a large influence on the 

coordinationn mode of a bidentate ligand to the metal atom. Ligands having large bite angles 

(P„„  > 100 °) coordinate preferably at the equatorial positions of the trigonal bipyramid (the ee 

coordinationn mode), whereas ligands having bite angles around 90 ° prefer coordination of 

onee of the phosphorus atoms at an equatorial and the other phosphorus atom at an apical 

positionn (the ea coordination mode). Fast isomerisation between the ee and ea coordination 

modee can occur as has been observed in many studies involving of the catalyst structure.17 

HH H 

f ' - R h - c oo l 
oc^ ^ 

CO O 

eee isomer ea isomer 

Caseyy investigated the effect of the bite angle on the selectivity of the 

hydroformylationn catalyst and he found a correlation between the regioselectivity and the 

coordinationn mode of the bidentate ligand in the trigonal bipyramidal structure.16,21 Studies of 

vann Leeuwen et al. showed that the coordination mode of a bidentate ligand per se does not 
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Generall  Introduction 

determinee the regioselectivity, as both isomers (ee and ea) may form the same four-coordinate 

intermediatee in the hydroformylation cycle.17 

Tolmann introduced the %-value to classify ligands with respect to the electronic ligand 

properties.222 The %-value is defined as the shift of the IR frequency (in wavenumbers) of the 

symmetricc CO stretch of the Ni(CO)3(ligand) complex compared to the reference complex 

Ni(CO>3P(f-Bu)3.. Many studies have been directed to the determination of the ^-value of 

phosphoruss ligands and the correlation of this ligand property to the activity and selectivity of 

thee corresponding hydroformylation catalyst.19' 23 Electron-withdrawing phosphorus ligands 

showw an increase of the reaction rate as a result of the facile carbon monoxide dissociation 

andd stronger alkene coordination. Studies by Moser and van Leeuwen et al. showed, that 

introductionn of electron-withdrawing groups on the phosphorus ligands, independent of the 

bitee angle effect, can lead to active and selective catalysts. 

Althoughh large G-values and x-values can lead to highly active or selective catalyst 

performance,, the electron-withdrawing character and bulkiness of the ligand cannot be 

increasedd infinitely. When the electron withdrawing capacity of the ligand is too high or the 

ligandss are too bulky, the catalyst structure will change tremendously. Because of the high %-

valuee or large 9-value of the ligand, coordination of only one phosphorus ligand is favoured 

(formationn of HRhL(CO)3 instead of HRhMCOh).7*' 19 This will have a negative effect on 

thee selectivity of the reaction. Casey and van Leeuwen concluded that increasing the bite 

anglee results in an increase of the ee:ea ratio together with an increase of the linear to 

branchedd ratios, but there is no smooth relationship. Also, above a certain value this bite angle 

effectt levels off. e 

1.233 Phosphine Ligands in the Hydroformylatio n Reaction 

Inn general, phosphine ligands are electron-donating ligands. The coordination of 

electron-donatingg phosphorus ligands to the electron-rich rhodium centre will have an effect 

onn the affinity for coordination of the hydroformylation reactants. The electron-donating 

phosphoruss ligands will lead to an increase in back-donation to the carbonyl ligands, hereby 

strengtheningg the metal-carbonyl bond. Alkene coordination will be disfavoured because of 

thee high electron density on the rhodium centre. Therefore, the rate of the hydroformylation 

reactionn wil l decrease with increasing electron-donating character of the phosphorus ligand 

andd the alkene coordination will become the rate-detennining step (Type I kinetics). 

Thee steric properties of phosphine ligands are strongly depending on the substituents 

used.. Alkylphosphines often have large cone angles because of the bulky alkyl substituents. 
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Forr example tri(terr-Butyl)phosphine has a cone angle of 170 °.19 The arylphosphines often 

havee smaller cone angles than the alkylphosphines, but they introduce large steric hindrance 

closee to the rhodium centre compared to phosphites for example. Although the monodentate 

ligandss have rather large cone angles the obtained selectivity for the linear aldehyde is often 

moderate.. Bidentate phosphine ligands, especially those with bite angles around 110 ° form 

veryy selective hydroformylation catalysts. 

Triphenylphosphin ee Tri(tert-Butyl)phosphin e 

Triphenylphosphinee is probably the most extensively studied ligand for the 

hydroformylationn reaction.5- 25 " 27 In the presence of carbon monoxide, the catalyst precursor 

HRh(PPh3)3COO exchanges a phosphine ligand easily for a carbonyl ligand to form the 

rhodium-hydridee complex HRh(PPh3)2(CO)2, one of the intermediates of the catalytic cycle. 

Cavalierii  d' Oro and co-workers investigated the reaction kinetics of the triphenylphosphine-

modifiedd catalyst.27 This study showed that the rate equation for this system depends on the 

substratee and phosphine concentrations. The reaction showed a zeroth order dependency on 

bothh CO and H2 concentration (Type I kinetics). The selectivity for the linear aldehyde 

dependss dramatically on the ratio between CO and ligand concentrations. Wilkinson50 and 

Brown255 and co-workers examined the coordination chemistry of several rhodium-phosphine 

complexess that are potential intermediates in the hydroformylation reaction using IR and 

NMRR spectroscopy. Under the conditions studied, HRh(PPh3)2(CO)2 was present as the most 

abundantt species during the hydroformylation reaction as detected by in situ IR and NMR 

techniques.26'' 28 Moser investigated the hydroformylation reaction intermediates formed from 

aa range of para-substituted triphenylphosphine ligands.24 From their data they concluded that 

byy decreasing the electron density on rhodium, the rate-limiting step shifts from "just after the 

formationn of HRhL2(CO)2 (L=PPh3) to just after formation of RhR(CO)2L2 (L = (p-ClC6H4)3P 

orLL = (/>-CF3C6H4)3P)". 

Severall  examples of bidentate phosphine ligands that have been applied in the 

hydroformylationn reaction are depicted in Figure 3. Many studies have been performed 

aimingg at finding a correlation between the bite angle of the ligand and the selectivity for the 
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linearr aldehyde.16' '7 Investigation of hydroformylation catalysts based on the small bite angle 

ligandss DPPE, DPPP and DPPB showed low selectivity for the linear product.29 Additionally, 

investigationn of the catalyst structure showed high preference to form dimeric rhodium 

complexes.30 0 

Widee bite angle ligands have high preference for the ee coordination mode as was 

shownn by Casey and Witheker.21 They studied the catalyst structure formed under 

hydroformylationn conditions using BISBI (Figure 3). The phosphorus atoms in the rhodium-

hydridee complex HRh(BISBI)(CO>2 are both coordinated in the equatorial plane.21 Because 

thee selectivity for the linear aldehyde using BISBI is high, it was concluded that this 

bisequatoriall  coordination mode lead to high linear-to-branched ratios. Introduction of 

electron-withdrawingg substituents on the aryl rings of the BISBI ligand led to a further 

increasee of the selectivity for the linear aldehyde as well as the rate of the reaction. To study 

thee exact nature of the electronic effect on the diphosphine-based rhodium catalyst, van 

Leeuwenn et al. investigated a series of bidentate phosphorus ligands that are based on a 

xanthenee backbone.17 The ligands used in this study have similar bite angles but the ligand 

basicityy varies. This investigation showed that the linear-to-branched ratio increased with 

increasingg %-value, but the selectivity of the reaction remained the same because the 

percentagee of formed isomerised alkenes increased as well. 

Ph2PP PPh2 

DPPEE DPPF Xantpho s BISBI 

Pnn = 85  Pn = 97  Pn=111  P„ = 113

FigureFigure 3. Several Bidentate Phosphine Ligands and their Natural Bite Angles for Rhodium 

1.2.44 Phosphite Ligands in the Hydroformylatio n Reaction 

Phosphitee ligands have great potential in the hydroformylation reaction because of 

theirr electron-withdrawing character. Coordination of electron-withdrawing ligands result in 

strongg 7t-back bonding from the rhodium centre. This will weaken the metal-carbonyl bond 

andd strengthen the metal-alkene bond. The CO dissociation and alkene coordination are often 

fastt compared to phosphine containing rhodium catalysts, especially in the case of 
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monodentatee phosphite ligands, and the hydrogenolysis step becomes the rate-determining 

stepp (Type II kinetics).32 

Phosphitee ligands introduce less sterk hindrance close to the rhodium centre, because 

off  the lower degree of substitution of oxygen compared to carbon. Therefore bulky 

substituentss are introduced in most cases to increase the cone angle of these ligands. Although 

thee large substituents on the phosphorus atom indeed increase the bulkiness of the ligand, 

oftenn moderate linear to branched ratios are observed, together with high percentages of 

isomerisedd alkene. Another disadvantage of phosphite ligands is their sensitivity towards 

hydrolysiss and alcoholysis, which makes them less suitable for industrial application. 

6=170  9=190

tris(2-tert-Butyl-phenyl)phosphit ee tris(2,5-dimethyl-phenyl)phosphit e 

Manyy research projects have been directed towards the influence of the ligand 

propertiess on the catalyst structure, the hydroformylation mechanism and the intermediates 

presentt during the reaction. Van Leeuwen et al. investigated hydroformylation catalysts 

containingg bulky monodentate phosphite ligands.7c'19 Under hydroformylation reaction 

conditionss the bulky monodentate phosphite ligands form rhodium-hydride complexes of the 

structuree HRhL(CO)3. There is space for one ligand only because of the large cone angle of 

thee ligands. The relative small hindrance close to the rhodium centre is probably causing low 

selectivityy towards the linear aldehyde. Kinetic studies of the hydroformylation reaction 

catalysedd by this bulky phosphite-based rhodium catalyst, revealed a zero order in alkene 

concentrationn and an approximate first order rate dependency on the hydrogen concentration, 

indicatingg that the rate-determining step is the hydrogenolysis.32 In situ IR studies confirmed 

thiss hypothesis by showing that the rhodium-acyl complex is present as the resting state of the 

catalystt during the hydroformylation reaction under these conditions.33 

Changingg from monodentate phosphite ligands to bidentate ligands increases in 

severall  cases the selectivity for the linear aldehyde and results in a decrease in activity.34'35 

Thee highest selectivities are observed for ligands containing a (substituted) bisphenol 
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backbone.. Examples of bidentate phosphite ligands that have been used in the 

hydroformylationn reaction are depicted in Figure 4. Similar to the diphosphine ligands the 

structuree of the catalyst formed under hydroformylation reaction conditions and its influence 

onn the catalyst performance has been extensively studied. 

FigureFigure 4. Examples of Bulky Phosphite Ligands used in the Hydroformylation Reaction 

1.2.55 Phosphorus Amide and Amidit e Ligands in the Hydroformylatio n Reaction 

AA relatively new group of ligands for the hydroformylation reaction are the 

phosphoruss amide and phosphorus amidite ligands. Basically, these ligands contain one or 

moree nitrogen substituents at the phosphorus atom. The nitrogen substituent has a large effect 

onn the electronic properties of the phosphorus atom. Dialkylamino substituents on the 

phosphoruss atom provide electron-donating phosphorus ligands, whereas for example pyrrolyl 

substituentss on the phosphorus atom results in 7t-acidic phosphorus ligand.36' 37 Thus, the 

introductionn of nitrogen substituents can provide a variety of electronic ligand properties. 

Dependingg on the substituents chosen, ligands are formed that have electronic properties 

comparedd to either phosphines or phosphites. Often the electronic properties of these ligands 

aree in between those of phosphine and phosphite ligands. Because of the higher degree of 

substitutionn of nitrogen compared to oxygen, the phosphorus amide and amidite ligands create 

moree steric bulk close to the phosphorus atom compared to phosphites. 

Severall  phosphorus diamide and amidite ligands have been applied in transition-

metall  catalysed reactions.38"47 Some phosphorus amide and amidite ligands, depicted in 

Figuree 5, have been used in the rhodium-catalysed hydroformylation.39- Because this type of 

ligandss is relatively new in the hydroformylation reaction only few studies have been 

performedd concerning the catalyst structure formed under hydroformylation reaction 

conditions.400 No studies on the reaction kinetics and the structure of the intermediates present 

duringg the reaction have been published until now. 
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FigureFigure 5. Phosphorus Diamide and Amidite Ligands applied in the Hydroformylation 

Reaction Reaction 

1.33 Catalyst Characterisation Studies 

Manyy studies have focussed on the relation between the catalyst structure and its 

performancee in the hydroformylation reaction and have shown that the chemo- and 

regioselectivityy of the reaction is influenced by the geometry of the catalyst. In recent decades 

manyy (high-pressure) techniques have been developed or adapted to study the catalyst 

structure. . 

Mostt catalyst-characterisation studies focus on the geometry of the rhodium-hydride 

complexx l a as depicted in Figure 1. The rhodium-hydride complex is studied in the absence 

off  substrate using (high-pressure) spectroscopic techniques.73- '41 The number of phosphorus 

ligandss that coordinates to the rhodium centre and the coordination mode are related directly 

too the catalyst performance. Investigating the structure of the rhodium-hydride complex gives 

aa general idea about the effects of the ligand properties on the catalyst structure and results in 

mostt cases in plausible conclusions about the relation between the catalyst structure and its 

performance. . 

Anotherr method for the investigation of the catalyst structure is the in situ 

characterisationn of the intermediates present during the reaction.12, 13' 24, 26 The hydro-

formylationn reaction has been monitored using high-pressure spectroscopic techniques. This 

methodd gives a realistic idea about the relation of the structure of the intermediates and the 

activityy and selectivity observed. It should be noted, however, that this method is sensitive 

towardd the time scale of the spectroscopic technique used and its detection limits. In most 

cases,, the complexes observed are resting states of the catalyst or catalyst decomposition 

products.. Intermediates present in low concentrations are often not observed. 

AA third approach to study the structure of hydroformylation reaction intermediates is 

thee use of model compounds. The rhodium metal can be replaced by iridium because of the 
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similarr coordination behaviour. The reactivity of the iridium catalyst is lower than that of 

thee rhodium catalyst, which can circumvent the problem of the difference in time scale of the 

reactionn and the spectroscopic technique. Another possibility is the combination of the ligand 

andd substrate function, which may lead to the isolation of stabilised intermediates.50 

Manyy different techniques have been developed to characterise the structure of 

complexess in solution. Every spectroscopic technique used for the characterisation of reaction 

intermediatess has its advantages and disadvantages. Therefore combination of the various 

spectroscopicc data obtained is necessary to characterise the catalyst structure completely. Two 

generallyy applied techniques for the characterisation of hydroformylation reaction 

intermediatess are NMR and IR spectroscopy. These two techniques and their characteristic 

dataa described in literature are discussed in detail. 

1.3.11 High-Pressure NMR Spectroscopy 

NMRR is a powerful technique for the characterisation of the hydroformylation 

reactionn intermediates. Combination of the NMR data of the various nuclei (*H, 13C, 31P and 
l03Rh)) can lead to full characterisation of the complex structure. Although this technique gives 

aa lot of information of the complex structure, it has two general drawbacks. First, the 

concentrationn range necessary for reasonable signal to noise ratios (10-100 mM) is well above 

thee concentration region used for catalysis experiments (<1 mM). Metal-ligand equilibria may 

shiftt considerably upon concentrating the solutions, which hampers a direct comparison of die 

dataa observed in catalysis and in me NMR experiments. Second, standard NMR tubes are not 

suitablee for in situ studies. The hydroformylation reaction is fast because of the high catalyst 

concentrationn needed. Gas diffusion and mass transfer become rate limiting because the 

reactionn mixture is not stirred; complexes different from catalyst intermediates are observed 

(dimerr formation). 

Generally,, the intermediates present during the reaction are only stable under syn-gas 

pressure.. Therefore, special thick-walled (sapphire) NMR tubes and NMR probes have been 

developedd that allow the study of complexes under high pressures and high temperatures.41,52 

Thesee tubes are very useful for me characterisation of the rhodium-hydride complexes in 

absencee of substrate. To circumvent the mass transfer and diffusion limitation problems for in 

situsitu NMR experiments, high-pressure flow cells have been developed.53 The advantages of an 

high-pressuree flow cell is the continuous supply of reactants and the optimal mixing of the 

reactants. . 
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Thee position and multiplicity of the resonances and the coupling constants observed in 

thee NMR spectra are characteristic of the structure of the complexes. The position of the 

hydridee resonance in the *H NMR spectrum varies between (-8) - (-12) ppm depending on the 

electronicc properties of the other ligands coordinated to the rhodium atom.17' 48 The 'jRhH 

couplingg constant observed for the ee isomer is usually approximately 3 Hz, for the ea isomer 

thiss value is larger.66,67 The 2JPH coupling constant is informative of the coordination mode of 

thee phosphorus ligands or the degree of distortion of the trigonal bipyramidal structure. Large 

JPHH coupling constants of approximately 100 Hz are characteristic of a trans phosphine-

hydridee coordination mode, the trans phosphite-hydride coordination mode can give 2JPH 

couplingg constants upto 180 Hz.54"57,66,67 Small  2JPH coupling constant (« 3 Hz) are observed 

forr a cis phosphorus-hydride coordination mode.65 If there is fast exchange of the phosphorus 

ligandss between the equatorial and apical positions an averaged resonance and coupling 

constantt are observed for the equilibrium mixture of the ee and ea coordinated complex.17'58 

Coordinationn of the phosphorus ligands in the equatorial plane of a slightly distorted trigonal 

bipyramidd also leads to an increase of the 2JPH coupling constant (10-20 Hz).48 

Thee phosphorus chemical shift depends on the substituents at the phosphorus atom and 

inn the case of bidentate ligands the P-Rh-P chelate ring formed.59 Generally aryl phosphine 

ligandss coordinated at a trigonal bipyramidal rhodium centre have chemical shifts of 

approximatelyy 20-40 ppm. The value of the ^RUP coupling constant is around 

1200 -150 Hz. * ' ' Aryl phosphite ligands coordinated at a trigonal bipyramidal rhodium 

centree have chemical shifts of approximately 150 - 170 ppm. The 'jRhp coupling constant is 

largerr than that of comparable phosphine ligands (  240 Hz).17,4&'61 The chemical shifts and 

jRhPP coupling constants observed for phosphinites, phosphorus amides and phosphorus 

amiditess are strongly depending on the 7i-acidity of the ligand.39'm 

Onlyy few NMR data of carbonyl ligands have been published. The chemical shift of 

thee carbonyl ligands is approximately 195 - 180 ppm.25, **  In many cases the equatorial and 

apicall  carbonyl ligands are in fast exchange and averaged resonances and coupling constants 

aree observed.25, **  The ^RUC coupling constant varies between 50 - 70 Hz, the 2Jpc coupling 

constantt varies between 3 Hz (cis relation) and 50 Hz (trans relation).25' 48 Rhodium-acyl 

carbonn atoms are found at lower field in the I3C NMR spectrum. The chemical shifts observed 

forr these carbon atoms are around 240 - 230 ppm.25'62 

Rhh NMR is used in few cases to investigate the structure of the rhodium complexes 

formedd under catalysis conditions.63 The NMR sensitivity of the rhodium nucleus is low 

becausee of the small gyromagnetic ratio of the rhodium nucleus and therefore long collection 
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timess are prerequisite when a direct measuring method is used. Using an inverse detected 

HMQCC sequence (two dimensional X, 103Rh NMR using X = *H or 31P) leads to a theoretical 

sensitivityy enhancement of 5630 for X = *H or 360 for X = 31P. Very littl e data have been 

publishedd for hydroformylation reaction intermediates.63 Chemical shifts between -785 ppm 

andd -1073 ppm have been measured for rhodium-hydride complexes containing bidentate 

phosphinee ligands. Investigation of a series of rhodium phosphine complexes showed that the 

positionn of the 103Rh resonance depends on the electronic character of the phosphorus ligand 

used. . 63 3 

1.3.22 High-Pressure IR Spectroscopy 

IRR spectroscopy is regularly applied to obtain information about the structure of the 

hydroformylationn reaction intermediates.10' 12' 13' 24 Although the information obtained is 

limitedd to the carbonyl ligands, the position of the carbonyl frequencies and the number of 

carbonyll  bands observed is informative about the coordination mode of the carbonyl ligands 

andd indirectly of the phosphorus ligands (ee - ea equilibria). The rhodium-hydride frequency 

iss often very weak and therefore observed in few cases only. The concentration region used 

forr IR spectroscopy is similar to the concentration range used in catalysis experiments 

(«11 mM). Therefore this technique gives a realistic view of the intermediates present during 

m ^ * i ^ „„  10,12,13,24 

thee reaction. 

Similarr to the NMR experiments, the IR spectra must be recorded under syn-gas 

pressure.. Last decades many new IR cells have been developed to obtain IR spectra under 

pressure.24'288 One method is the application of an autoclave connected via a pump with an IR 

cell.7c'' 28' w A disadvantage of this system is mass transport limitations of the gas and 

temperaturee variation in the 'by-pass'. This may influence strongly the type of complexes 

presentt (dimer formation). An IR cell developed to avoid this problem is the CIR (cylindrical 

internall  reflectance) cell as used by Moser.24 The IR spectrum obtained using this IR cell is 

thatt of the real intermediates and catalyst decomposition products present during the 

hydroformylationn reaction. A disadvantage of this cell is the lower signal to noise ratio 

comparedd to a transmission cell. 

Thee position of die carbonyl frequencies observed gives information about the 

structuree of die complexes present (Table 1). Especially dimer and cluster formation can be 

observedd easily, because of the different position of the bridging and terminal carbonyl 

frequencyy in the IR spectrum. Bridging carbonyl bands are observed between 1900 -

18000 cm"1. Terminal carbonyl bands are observed between 2100 - 1900 cm"1; the exact 
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positionn depends on the electronic properties of the phosphorus ligands and the coordination 

modee of the carbonyl ligands (ee or ea).17'49 Rhodium-acyl CO frequencies are often observed 

att approximately 1700 cm"1, but tins absorption is often weak and therefore obscured by the 

strongg aldehyde absorption (  1740 cm"1) in in situ JR experiments.12' 13' 33 Several 

characteristicc carbonyl frequencies for rhodium-hydride complexes containing phosphorus 

ligandss are depicted in Table 1. 

Tablee 1. Characteristic Positions of Vco of Rhodium-Hydrid e Complexes 

Complex x 

HRhL;(CO) ::  L - phosphine" 

HRhL 2(CO)22 L = phosphite' 

HRhL(CO) 33 L = phosphite" 

COO Coordination Mode 

eaa coordination 

eee coordination 

eaa coordination 

eee coordination 

--

Vcoo (era1)" 

2030,, 1970 

1990,, 1945 

2070,, 2010 

2040,, 1985 

2090,, 2045, 2010 
aa All carbonyl frequencies presented are averaged numbers. The Vco will shift depending on the electronic ligand 

properties.. b See references 17 and 24,e See references 7a, 49, 65, 67,d See references 7c and 54. 

1.44 Scope and Outline of the Thesis 
Manyy research projects are directed to the influence of steric and electronic ligand 

propertiess on the selectivity and activity of the hydroformylation reaction. Extrapolating the 

resultss of steric and electronic ligand effects, it seems attractive to design strongly 7C-accepting 

ligandss that create steric hindrance close to the rhodium centre. Phosphorus amide and 

phosphoruss amidite ligands create more steric bulk close to the phosphorus atom compared to 

thee electron-withdrawing phosphites because of the higher degree of substitution at nitrogen 

comparedd to oxygen. Choosing the right substituents bulky, electron-withdrawing ligands are 

formed.. This unique combination of steric and electronic properties wil l result in crowded, 

electron-poorr rhodium catalysts. There are only few examples of the application of these 

ligandss in the rhodium-catalysed hydroformylation reaction and as a result only littl e is 

knownn about the effect of this combination of ligand properties on the catalytic cycle.39"41'u 

Thee work presented in this diesis is directed towards the understanding of the 

hydroformylationn reaction mechanism using phosphorus amide and phosphorus amidite 

ligands.. Better understanding of die reaction mechanism, the rate-determining steps and die 

intermediatess present during the reaction will lead to an optimisation of me catalyst 

performance. . 
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Inn Chapter two, a new group of phosphorus diamide ligands based on a 

trisubstitutedd biuret structure will be presented. The set of ligands synthesised contain a 

systematicc variation of electronic and steric ligand properties. Investigation of the structure of 

thee rhodium complexes formed under hydroformylation conditions using these ligands will 

showw the effect of the electronic and steric properties on the coordination number and 

coordinationn mode of the phosphorus ligands. Application of these ligands in the rhodium-

catalysedd hydroformylation reaction leads to a correlation of the catalyst structure (and 

indirectlyy the ligand properties) and the catalyst performance (activity and selectivity). 

Inn Chapter three,68 the hydroformylation reaction intermediates formed with 

phosphoruss amide ligands will be described using model complexes. One of the phosphorus 

diamidee ligands in HRKL3CO has been exchanged for a substrate containing phosphine 

ligand.. Coordination of three phosphorus ligands around the rhodium centre will stabilise the 

intermediatess and allow characterisation using NMR spectroscopy. Stepwise addition of die 

hydroformylationn reactants will trap the various hydroformylation intermediates. Investigation 

off  the reactivity of die intermediates and die reversibility of the subsequent reaction steps 

resultss in understanding of the catalyst selectivity and side reactions. 

Inn Chapter four,68 me mechanism of the rhodium-catalysed hydroformylation 

reactionn of 1-alkenes using a monodentate biuret-based phosphorus diamide ligand will be 

studied.. Investigation of die reaction kinetics gives an idea about the rate-influencing steps of 

diee hydroformylation reaction using phosphorus diamide ligands. The intermediates present 

duringg die reaction are studied in great detail using in situ high-pressure spectroscopic 

techniques.. The structure of tiiese 'resting states' might give an explanation for die observed 

selectivity.. The reversibility of the various steps proposed in die hydroformylation mechanism 

hass been investigated to understand die catalyst performance. 

Inn Chapter five, several phosphorus amidite ligands are presented, diat contain a 

pyrrolyll  substituent. The ligand properties and catalyst performance of Üiese pyrrolyl-

containingg ligands are compared widi phosphinite ligands tiiat have similar steric ligand 

propertiess but that have different electronic properties. Using tiiese ligands, the electronic 

effectt on die catalyst performance can be investigated widi a minimal change in steric 

influences. . 
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Chapterr  2 

Rhodiumm Complexes Based on Phosphorus Diamide 

Ligands: : 

Catalystt  Structure versus Activit y and Selectivity in the 

Hydroformylatio nn of Alkenes 

Thee rhodium-catalysed hydroformylation reaction of 1-octene with phosphorus diamide 

ligandss has been investigated. Four monodentate phosphorus diamide ligands and six 

bidentatee phosphorus diamide ligands derived from a 1,3,5-trisubstituted biuret structure have 

beenn synthesised. This types of ligands combines steric bulk with Ti-acidity. The rhodium 

complexess formed under CO/H2 have been characterised by high-pressure spectroscopic 

techniques.. Spectroscopic experiments revealed that the monodentate ligands form mixtures 

off  HRhL2(CO)2 and HRhL(CO)3. The ratio HRhl^(CO)2:HRhL(CO)3 depends on the ligand 

concentrationn and its bulkiness. The bidentate ligands form stable, well-defined catalysts with 

thee structure HRhLnL(CO)2 under hydroformylation conditions. Both monodentate and 

bidentatee ligands have been tested in the hydroformylation reaction of 1-octene. The 

monodentatee ligands form very active catalysts but the linear-to-branched ratio of the product 

iss low. The bidentate ligands show improved selectivity compared to the monodentate ligands 

andd an activity that is only slightly lower. 



Chapterr 2 

2.11 Introductio n 
Sincee the first publications concerning hydroformylation using rhodium complexes, 

thiss reaction has been subject of numerous mechanistic studies.1" ~ An important aspect has 

beenn the unravelling of the structure of the resting state of the catalyst in order to understand 

thee outcome of the overall catalytic reaction. Recently it has been shown that the geometry of 

thee catalyst and the properties of die ligands coordinated to die metal centre, especially the 

electronicc and steric properties and die bite angle of bidentate ligands, have a large effect on 

diee catalyst activity and selectivity.13"16 

Thee steric properties of die ligand influence die catalyst activity and selectivity 

considerably.. The results of van Leeuwen et al.17'18 have shown tiiat ligands witii large cone 

angles199 form catalysts having die structure HRhL(CO)3, which are very active 

hydroformylationn catalysts. The regioselectivity is low because only one bulky monodentate 

ligandd coordinates to die rhodium centre. An important steric property for bidentate ligands is 

diee bite angle. The bite angle determines whedier both phosphorus atoms of die bidentate 

ligandd coordinate at equatorial positions of die trigonal bipyramid (ee) or at an equatorial and 

att an apical position (ea). Casey13'15 studied die effect of die bite angle on die selectivity of 

diee hydroformylation catalyst and found a correlation between die regioselectivity and die 

coordinationn mode of die bidentate ligand in me trigonal bipyramidal structure. The studies of 

vann Leeuwen et al.,16 however, showed tiiat die coordination mode of a bidentate ligand per se 

doess not determine die regioselectivity, as botii isomers (ee and ea) may form die same four-

coordinatee intermediate in die hydroformylation cycle. Furthermore, they found diat die ligand 

basicityy also contributes to die catalyst performance. Previous studies,7' 20 tiiough neglecting 

bitee angle effects, showed tiiat ligands witii electron-witiidrawing groups lead to more active 

andd selective catalysts. 

Inn an extrapolation of die results of steric and electronic ligand effects, it seems 

attractivee to design strongly rc-accepting ligands that create steric hindrance close to die 

rhodiumm centre. Here we report on several monodentate and bidentate phosphorus diamides as 

ligandss in die rhodium-catalysed hydroformylation of linear alkenes. These ligands create 

moree steric bulk close to die phosphorus atom compared to die electron-witiidrawing 

phosphitess because of die higher degree of substitution at nitrogen compared to oxygen, while 

theirr %-values21 can be in the same range as tiiose of phosphites. This combination wül result 

inn crowded, electron-poor rhodium catalysts, which might influence bom activity and 

regioselectivityy of the hydroformylation reaction in a desired way.Several examples are known 
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off  phosphorus diamide ligands used in the hydroformylation reaction.22"25 The results obtained 

withh these ligands show improved activity compared to phosphine systems and improved 

selectivityy compared to phosphite systems. 

Ph h 

P l ^ S h h 
i i 

Ph h 

Et t 

E t - % ^ ^ 
i i 
Ph h 

Et t 

Ph h 

Ph- N y% h h 
OPh h 

Et t 

Et-Y'St t 
OPh h 

1a a 1b b 1c 1c 1d d 

FigureFigure 1. The Monodentate Biuret-Based Ligands 

Wee synthesised a series of four monodentate phosphorus diamide ligands in order to 

investigatee the performance of the corresponding catalyst systems in die hydroformylation 

reaction.. The ligands are based on a 1,3,5-trisubstituted biuret structure (Figure l).26 The 

electron-withdrawingg acyl substituent on the nitrogen atom stabilises the phosphorus-nitrogen 

bondd and increases die 7t-acidity of the ligand. The solution structures of the rhodium 

complexess formed under hydroformylation conditions were determined. The influence of die 

catalystt structure on the activity and selectivity in the hydroformylation reaction was 

investigated.. As the selectivities of the systems containing monodentate ligands remained low, 

wee syntiiesised a series of bidentate phosphorus diamide ligands to form well-defined catalyst 

systems,, aiming at hydroformylation catalysts tiiat combine regioselectivity witii high activity 

(Figuree 2). 

OO Ph *X^—^V^ P h O ftft  X T M 
Ph-NN P PN N-Ph 

OO Ph Ph O 
2a a 

P,, N-Et 

r\ r\ 

Oxx Ph f ^ v . Ph O 

ii  3 Ph-NN P 

OO Ph ph ' ' 

N-Ph h 

b b 
2c c 

C>> Et / > % Et ,0 

E t - NN P' 

0 0 

PN N 
t t 

Et' ' 

N-Et t 

b b 

^ \ ^^  >
Ph- N - i " P h h 

OO 2e O 
yu. yu. Ph h 

2d d 

FigureFigure 2. The Bidentate Biuret-Based Ligands 
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2.22 Results and Discussion 
2.1.11 Synthesis and Determination of Steric and Electronic Ligand Properties 

Thee monodentate ligands la and lc were prepared in a straightforward way by reaction 

off  phenylphosphorus dichloride with N,N',N"-trisubstituted biuret in presence of a base, lb 

andd Id were synthesised in two steps by the reaction of phosphorus trichloride with 

N,N\N"-trisubstitutedd biuret followed by die reaction with die corresponding alcohol in tiie 

presencee of a base. The ligands la - Id could easily be purified by column chromatography. 

Thee ligands are remarkably stable towards water and oxygen. The bidentate ligands 2a - 2d 

weree prepared by similar procedures from die chlorophosphorus diamide and the 

correspondingg alcohol. Ligand 2e and 2f were synthesised in a clean reaction from the 

dilithiatedd xanthene backbone and me corresponding chlorophosphorus diamide. No 

decompositionn of die phosphorus-amide bond was observed in this reaction. Ligand 2c was 

purifiedd by washing witfi water. The bidentate ligands 2a, 2b, 2d - 2f are not stable under 

diesee conditions and dierefore diey were purified by column chromatography. 

Tablee 1. Cone Angle 0 Determined by the use of Space Fillin g Models 

Ligand d 

l a a 

l b b 

l c c 

I d d 

Conee Angle 6 (degrees)3 

189 9 

161 1 

148 8 

143 3 
11 see reference 19 

Thee cone angles 9 of the monodentate ligands la - Id were determined by die use of 

spacee fillin g models as described by Tolman.19 Ligands la - Id have cone angles between 143 

-- 189 °. 8ia is larger man 180 °. This indicates mat mere is space for only one ligand la in die 

equatoriall  plane of a trigonal bipyramidal structure. However, it must be taken into account 

matt me substituents of die ligands can mesh into one another to achieve higher coordination 

numberss dian expected. The crystal structure of lc (Figure 3, Table 2) shows mat die higher 

degreee of substitution at nitrogen compared to oxygen introduces steric hindrance close to die 

phosphoruss atom. 
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Tablee 2. Selected Bond Distances (A) and Bond Angles (deg) for  lc 

Bondd Distances 

P-N(l) ) 

P-N(3) ) 

P-0(3) ) 

0(3)-C(41) ) 

1.709(3) ) 

1.720(3) ) 

1.6355 (2) 

1.398(5) ) 

N(l)-C(l ) ) 

N(l)-Cdl) ) 

N(3)-C(2) ) 

N(3)-C(31) ) 

1.3888 (4) 

1.450(4) ) 

1.3866 (4) 

1.4466 (4) 

Bondd Angles 

N(l)-P-N(3) ) 

N(l)-P-0(3) ) 

0(3)-P-N(3) ) 

95.77 (1) 

105.6(1) ) 

104.33 (1) 

FigureFigure 3. Displacement Ellipsoid Plot, Plotted at 50 % Probability Level ofLigand lc 

Thee complexes ?rans-RhClCOL2 (3a - 3d) were prepared to determine the electron-

withdrawingg character of ligand la - Id. Table 3 shows selected IR, NMR and 

crystallographicc data of 3a - 3d. The crystal structures of 3c and 3d are given in Figure 4 and 

55 and the selected bond angles and distances are given in Table 4 and 5. Complex 3d has a 

typicall  square-planar geometry with cw-L-Rh-L' angles near 90 ° summing to 359 °. Complex 

3cc has a distorted square-planar geometry with a CM-P(l)-Rh-Cl angle of 85.5 (3) ° and cis-

P(2)-Rh-Cll  angle of 84.8 (3) °. The «s-P(l)-Rh-CO angles is 99.2 (1) °, and cw-P(2)-Rh-CO 

angless is 90.8 (1) °. The angle sum at phosphorus atoms P(l) (297.8 °) is much smaller than 

thee angle sums at P(2) (311.7 °) and at the phosphorus atom in the free ligand (305.6 °). In the 

crystall  structure, the phenoxy substituent has a different conformation for P(l) and P(2), 

therebyy influencing the angle sum at P(l) and P(2). In solution, free rotation around this bond 

wil ll  occur, and the resulting interchange between the two conformers leads to only one 

(averaged)) signal for the two phosphorus atoms in the phosphorus NMR spectrum. The 

Rh-P(l)) distance is in the same range as the Rh-P distances found in 3d and 

RhClCO(P(o-f-Bu-Ph)3)2.
277 The Rh-P(2) distance 
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iss longer than the Rh-P(l) distance. It seems that in the solid state the energetically most 

favouredd situation is to bent all substituents of P(2) away from the rhodium centre. The 

phosphoruss atom is positioned further away from the rhodium atom, thereby creating enough 

spacee for the substituents. The jRhp (NMR) coupling constants of 3c and 3d are in the same 

rangee as those of phosphite ligands, while the JRI,P coupling constants of 3a and 3b are 

smaller.27' ' 

Tablee 3. Selected IR, NMR and Crystal Structure Data of frans-RhCOClL 2 (L=la-ld ) 

Complex x 

7Va/!.s-RhClCO(PPh,)2
b b 

rrans-RhClCO(la)22 (3a) 

rra«s-RhClCO(lb):: (3b) 

Trans-RhClCO(P(o-f-Bu-Ph)3)2
c c 

Trans-KhClCO(P(OPhh)Trans-KhClCO(P(OPhh)22
bb--d d 

Trans-RhClCOQchTrans-RhClCOQch (3c) 

7Va/u-RhClCO(ld)22 (3d) 

Vco o 

(cm'1)' ' 

1978 8 

2004 4 

2010 0 

2013 3 

2016 6 

2021 1 

2025 5 

X X 

13 3 

--

--
28 8 

29 9 

--

--

^RhP P 

(Hz) ) 

129 9 

166 6 

156 6 

213 3 

217 7 

212 2 

209 9 

dRh-P P 

(A) ) 
2.3233 (6) 

--

--
2.28566 (7) 

--
2.26944 (9) P(l) 

2.30522 (8) P(2) 

2.279(1) ) 

aa measured in CH2C12, see reference 28,c see reference 26, A see reference 27 

FigureFigure 4. Displacement Ellipsoid Plot, Plotted at 50 % Probability Level of 

trans-RhClCO(lc)trans-RhClCO(lc)22 (3c) 
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Tablee 4. Selected Bond Distances (A) and Bond Angles (deg) for  3c 

Bondd Distances 

Rh-C(7) ) 

Rh-P(l) ) 

Rh-P(2) ) 

Rh-Cl l 

P(l)-NÜ) ) 

P(l)-N(3) ) 

P(l)-0(3) ) 

P(2)-N(4) ) 

P(2)-N(6) ) 

C(7)-CX9) ) 

P(2HX5) ) 

1.820(5) ) 

2.30522 (8) 

2.26944 (9) 

2.35722 (9) 

1.688(3) ) 

1.689(3) ) 

1.596(2) ) 

1.693(3) ) 

1.685(4) ) 

1.136(6) ) 

1.604(3) ) 

Bondd Angles 

P(l)-Rh-Cl l 

P{l)-Rh-C(7) ) 

P(l)-Rh-P(2) ) 

Q-Rh-C(7) ) 

P(2)-Rh-C(7) ) 

Rh-C(7)-0(7) ) 

N(6)-P(2)-0(6) ) 

P(1)-N(1)-C{1) ) 

P(l)-N(l)-C(ll ) ) 

P(l)-N(3)-C(31) ) 

P(l)-N(3)-C(2) ) 

C(3)-N(4)-C(51) ) 

85.499 (3) 

99.2(1) ) 

169.19(3) ) 

174.4(2) ) 

90.8(1) ) 

175.33 (4) 

106.6(1) ) 

126.99 (3) 

115.99 (2) 

115.99 (2) 

125.33 (3) 

115.2(3) ) 

N(l)-P(l)-0(3) ) 

N(l)-Pü)-N(3) ) 

N(3)-P(1)-CK3) ) 

N(4)-P(2)-0(6) ) 

N(4)-P(2)-N(6) ) 

P(2)-N(6)-C(4) ) 

P(2)-N(6)-C(71) ) 

P(2)-N(4)-C(51) ) 

P(2)-N(4)-C(3) ) 

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

C(2)-N(3)-C(31) ) 

C(4)-N(6)-C(71) ) 

100.2(1) ) 

97.44 (2) 

100.2(1) ) 

106.44 (2) 

98.7(1) ) 

129.55 (3) 

116.1(2) ) 

116.00 (2) 

128.6(3) ) 

116.77 (3) 

116.99 (3) 

114.1(3) ) 

Tablee 5. Selected Bond Distances (A) and Bond Angles (deg) for  3d 

Bondd Distances 

Rh-C(7) ) 

Rh-P(l) ) 

Rh-P(2) ) 

Rh-Cl l 

P(l)-N(l ) ) 

P(l)-N(3) ) 

P(l)-0(3) ) 

P(2>N<4) ) 

P(2)-N(6) ) 

C(7)-CK9) ) 

P(2)-0(5) ) 

1.8200 (5) 

2.30522 (8) 

2.26944 (9) 

2.35722 (9) 

1.6888 (3) 

1.6899 (3) 

1.5966 (2) 

1.6933 (3) 

1.6855 (4) 

1.136(6) ) 

1.604(3) ) 

Bondd Angles 

P(l)-Rh-Cl l 

P(l)-Rh-C(7) ) 

P(l)-Rh-P(2) ) 

Cl-Rh-C(7) ) 

P(2)-Rh-C(7) ) 

Rh-C(7)-0(7) ) 

N(6)-P(2)-0(6) ) 

P(l)-N(l)-C(l ) ) 

P(l)-N(l)-C(ll ) ) 

P(l)-N(3)-C(31) ) 

P(l)-N(3)-C(2) ) 

C(3)-N(4)-C(51) ) 

85.499 (3) 

99.2(1) ) 

169.199 (3) 

174.44 (2) 

90.8(1) ) 

175.33 (4) 

106.6(1) ) 

126.9(3) ) 

115.9(2) ) 

115.9(2) ) 

125.33 (3) 

115.2(3) ) 

N(l)-P(l)-0(3) ) 

N(l)-P(l)-N(3) ) 

N(3)-P(l)-0(3) ) 

N(4)-P(2)-0(6) ) 

N(4)-P(2)-N(6) ) 

P(2)-N(6)-C(4) ) 

P(2)-N(6)-C(71) ) 

P(2)-N(4)-C(51) ) 

P(2)-N(4)-C(3) ) 

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

C(2)-N(3)-C(31) ) 

C(4)-N(6)-C(71) ) 

100.2(1) ) 

97.44 (2) 

100.2(1) ) 

106.44 (2) 

98.77 (1) 

129.5(3) ) 

116.1(2) ) 

116.00 (2) 

128.6(3) ) 

116.7(3) ) 

116.9(3) ) 

114.1(3) ) 

Comparisonn of the IR frequencies of the carbonyl ligands of complexes 3a - 3d and 

/ra/w-RhClCO(PPh3)2.. /ra/u-RhClCO(P(OPh)3)2 and mvw-RhClCO(P(0-f-Bu-Ph)3)2 gives 

insightt into the ft-acidity of the ligands.27, 29 The ligands la - Id are stronger 7t-acids than 

triphenylphosphine.. The carbonyl frequencies of 3a - 3d indicate mat la and l b are more 

basicc than triphenyl phosphite and tris(orf/ïö-f-butylphenyl) phosphite, whereas l c and Id are 

betterr n-acids. Thus, the conclusion seems to be justified that the phosphorus diamide Ugands 

derivedd from biuret are electronically similar to phosphite ligands, while the biuret group by 

itselff  is a 
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betterr electron acceptor compared to two phenoxy groups. We expected the carbonyl 

frequenciess of complexes 3a and 3c to be higher than the carbonyl frequencies of complexes 

3bb and 3d respectively, based on the electron-withdrawing character of the phenyl substituents 

onn the nitrogen atoms compared to the ethyl substituents. Probably the distortion in the 

complexx has a larger influence on the carbonyl frequency of the carbonyl ligand than the 

influencee of the electron-donating capacity of the substituents on the nitrogen atoms. 

011 C4 

FigureFigure 5. Displacement Ellipsoid Plot, Plotted at 50 % Probability Level of trans-

RhClCO(ld)RhClCO(ld)22 (3d) 

FigureFigure 6. Displacement Ellipsoid Plot, Plotted at 50 % Probability Level of Ligand 2a 
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Tablee 6. Selected Bond Distances (A) and Bond Angles (deg) for  2a 

Bondd Distances 

P(D-N(1) ) 

P(D-N(3) ) 

P(D-0(3) ) 

N(l)-C(ll ) ) 

N(l)-C(l ) ) 

N(3)-C(31) ) 

N(3)-C(2) ) 

0(3)-C(41) ) 

P(2)-N(4) ) 

P(2)-N(6) ) 

P(2)-0(6) ) 

N(4)-C(71) ) 

1.710(3) ) 

1.7011 (3) 

1.640(4) ) 

1.4533 (5) 

1.393(6) ) 

1.458(4) ) 

1.400(6) ) 

1.3944 (5) 

1.7033 (4) 

1.698(4) ) 

1.6477 (3) 

1.459(6) ) 

N(4>C(6) ) 

N(5)-C(61) ) 

N(5)-C(3) ) 

0(6)-C(81) ) 

1.3933 (5) 

1.446(5) ) 

1.384(7) ) 

1.3988 (5) 

Bondd Angles 

N(1)-P(1)-CK3) ) 

N(l)-P(l)-N(3) ) 

N(3)-P(l)-0(3) ) 

P(2)-0(6)-C(81) ) 

C(81)-C(86)-C(46) ) 

C(85)-C(86)-C(46) ) 

C(86)-C(46)-C(45) ) 

C(41)-C(46)-C(86) ) 

N(4)-P(2)-0(6) ) 

N(4)-P(2)-N(6) ) 

N(6)-P(2)-0(6) ) 

P(l)-0(3)-C(41) ) 

96.44 (2) 

99.99 (2) 

98.33 (2) 

124.11 (2) 

121.5(3) ) 

121.6(3) ) 

121.0(4) ) 

121.1(3) ) 

96.22 (2) 

96.99 (2) 

99.66 (2) 

124.9(3) ) 

Thee bite angle is an important steric property for bidentate ligands. Previous 

research30'311 showed that the backbones chosen for ligands 2a - 2f seem to induce optimal bite 

angless for selective catalysis in the hydroformylation reaction. The bidentate ligands (2a - 2f) 

aree based on the same phosphorus diamide structures as the monodentate ligands. The crystal 

structuree of ligand 2a (Figure 6, Table 6) shows that steric hindrance at the phosphorus atoms 

increasess by the phenyl subsütuents on the nitrogen atoms. The huge steric bulk might even 

leadd to monodentate behaviour of 2a. Ligands 2c and 2d have very flexible backbones. The 

bidentatee coordination mode creates steric hindrance close to both phosphorus atoms and the 

metall  centre. The electron-withdrawing character of ligands 2a and 2b wil l be in the same 

rangee as that of ligands lc and Id because of the similarity of the subsütuents on the 

phosphoruss atom. Ligands 2a and 2b will be more 7i-acidic relative to 2c and 2d because of 

thee more electron-withdrawing character of the aryl backbone compared to the alkyl 

backbone.. The electronic character of ligands 2e and 2f will be comparable to that of la and 

lb . . 

2.1.22 Catalyst Characterisation Studies 

Thee hydride formation under hydroformylation conditions was monitored using high 

pressuree (HP) NMR and HP IR spectroscopy in order to investigate the structures of these 

complexes.. The hydride formation was studied using Rh(acac)(CO)2 in the presence of 

variouss concentrations of ligand under 20 bar of CO/H2 (1/1). Ligand la and lb gave 

completee conversion of Rh(acacXCO)2 to HRhL^CO)̂  (x = 1, 2) within one hour at 80 °C. 
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Thee hydride formation with ligand lc and Id is very fast, as complete conversion of 

Rh(acac)(CO)22 to HRhL^CO)̂  was reached within one hour at 40 °C. 

Tablee 7. NMR and IR Data HRhL^CO)^ ) (x = 1,2,3) Complexes (L  = la - Id) 

Compound d 

HRhla(CO)., , 

HRh(la):(CO); ; 

HRhlb(CO)3 3 

HRh(lb)2<CO)2 2 

HRh(lb)3COO (4) 

HRhlc(CO)3 3 

HRh(lc)2(CO)2 2 

HRhld(CO)3 3 

HRh(ld)2(CO)2 2 

8(3IP)) (ppm)a 

110 0 

114 4 

104 4 

110 0 

117 7 

nott observed 

126 6 

116 6 

118 8 

jRhp(Hz) ) 

186 6 

196 6 

177 7 

181 1 

169 9 

--
221 1 

220 0 

224 4 

SC'H)) (ppm)a 

-10.6(d,JpH=6Hz) ) 

-11.4(t,JpH=12Hz) ) 

-10.3(d,JpH=15Hz) ) 

-10.66 (s, broad) 

-10.77 (s, broad) 

nott observed 

-10.66 (s, broad) 

nott observed 

-10.55 (s, broad) 

vCo(cm1)b b 

2094,, 2047, 2017 

2079,, 2023 

2095,, 2045 , 2008 

2070,, 2018 

2019 9 

2096,, 2047, 2020 

2071,2003 3 

2098,, 2043, 2014 

2076,2020 0 

measuredd in toluene-dg, b complexes with L=la, l c measured in 2-methyl tetrahydrofuran, complexes with 

L=lb ,, I d measured in cyclohexane 

Thee spectroscopic data of the hydride complexes HRhL^CO)̂  (x= 1,2,3) with 

ligandss l a - Id are presented in Table 7. In all cases a mixture of HRhL(CO)3 and 

HRhL2(CO)22 was observed. The ratio between HRhL2(CO)2 and HRhL(CO)3 is dependent as 

welll  on the ligand concentrations as on the steric and electronic ligand properties. Lowering of 

thee ligand and rhodium concentrations resulted in a decreasing amount of HRhL2(CO)2. The 

amountt of HRhL2(CO)2 measured at the same ligand concentrations decreased in the order 

Idd > l c> l b > la. Rhodium complexes of the form HRhL^CO)̂  (x= 1,2,3) generally have a 

(distorted)) trigonal-bipyramidal structure. Crystal structure analyses of transition-metal 

hydridess have shown that the hydride ligand coordinates at an apical position of the 

bipyramid.322 The phosphorus atoms can coordinate either at the equatorial positions or at the 

remainingg apical position. For transition-metal hydrides the absolute phosphorus-hydride 

(NMR)) coupling constant is substantially larger for complexes having die HRhP angle 

approachingg 180 ° than the one for angles ~ 90 °.33 Small cis JHP values between 1-30 Hz are 

reportedd for hydride carbonyl complexes with bis equatorially coordinating diphosphine16 and 

diphosphitee ligands.8 Larger phosphorus-hydride coupling constants in the range of 110 -

2000 Hz are reported for apically coordinated phosphorus ligands. ' M HRhla(CO)3 and 

HRhlb(CO)33 have phosphorus-hydride coupling constants of 6 Hz and 15 Hz, respectively. 

Thiss indicates that the phosphorus ligands coordinate in the equatorial plane of a slightly 
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distortedd trigonal bipyramid. The (IR) carbonyl frequencies of the complexes HRhL(CO)3 (L 

== la - Id) are almost equal to the frequencies found for this type of complexes formed using 

bulkyy phosphites.'8 

Thee hydride complexes HRhL2<CO)2 (L = la - Id) have JPH coupling constants of 

approximatelyy 3 - 12 Hz, which is relatively large for a pure cis coordination. Two 

explanationss can be brought forward. An equilibrium mixture of ee - ea coordination giving 

averagedd signals in die NMR spectra, provided that there is a fast exchange of the phosphorus 

ligandss between equatorial and apical positions.35 Second, coordination of both phosphorus 

atomss in the equatorial plane of a slightly distorted trigonal bipyramid would lead to the same 

couplingg constant. If an equilibrium between two isomers occurs, two sets of carbonyl 

frequenciess are observed in me infra red spectra originating from the two isomers because of 

thee faster time scale of this technique.16 In general, die carbonyl bands of the ea isomer 

HRhL2(CO)22 are found at lower wavenumbers than those of me ee isomer. The infrared 

spectraa showed mat the hydride complexes HRhL^COh (L= la - Id) are present as only one 

isomer.. The carbonyl frequencies indicate an ee coordination in a distorted trigonal 

bipyramidall  structure, as confirmed by published carbonyl frequencies for bulky bidentate 

phosphitee ligands.31' M HRh(la)2(CO)2 was observed as die main complex in the high-

pressuree NMR experiments ([Rh] = 13 mM, [la] = 0.13 M). This is very surprising in view of 

thee large, estimated cone angle (9 = 189 °). We merefor assume dial the bulky moieties of the 

ligandss are meshing or easily bent away. 

Thee stability of the hydride complexes containing L = la and l b under 1 bar CO/H2 was 

investigatedd by NMR spectroscopy in die presence of an excess of ligand (Rh/L = 1/10). The 

pressuree was released from the high-pressure NMR tube after the spectrum was recorded. The 

solutionn was transferred to a 5 mm NMR tube and measured again. We could see that the 

stabilityy of the hydride complexes HRhLxCCO)̂  depends on me ligand and the number of 

phosphoruss ligands coordinated. HRhL(CO)3 (L = la, lb) was never observed at atmospheric 

pressuree in the presence of an excess of ligand. In this case a phosphorus ligand replaces a 

carbonyll  ligand to form HRhLsCCOh. HRh(la)2(CO)2 is not stable for a longer period of time 

inn the absence of CO/H2 pressure, and the complex was observed in low concentrations only. 

Thee major part of die rhodium complex disproportionates, forming rhodium carbonyl clusters. 

HRh(lb)2(CO)22 was formed quantitatively from the mixture of lb, HRh(lb)2(CO)2 and 

HRh(lb)(CO)33 when the same procedure was followed as for ligand la. This complex is 

relativelyy stable in the absence of CO/H2 pressure but converts slowly to HRh(lb)3CO (4), 
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whichh was analysed by crystal structure determination. The structure of complex 4 (Figure 7, 

Tablee 8) reveals a slightly distorted trigonal bipyramidal geometry, the three phosphorus 

ligandss occupying equatorial positions. The structure has a crystallographic threefold axis 

alongg the Rh-CO bond. The rhodium atom is located slightly under the equatorial plane 

definedd by the phosphorus atoms, displaced towards the carbonyl ligand. The hydrogen atom 

couldd not be located in the crystal structure, but 'H NMR spectroscopy indicates that the 

hydridee occupies die apical position of the trigonal bipyramid. 

FigureFigure 7. Displacement Ellipsoid Plot, Plotted at 50 % Probability Level ofHRh(lb)3CO (4) 

Tablee 8. Selected Bond Distances (A) and Bond Angles (deg) for  4 

Bondd Distances 

Rh-C(15) ) 

C(15)-0(3) ) 

Rh-P(l) ) 

Pd)-N(l) ) 

P(l)-C(9) ) 

P(l)-N(3) ) 

1.9077 (6) 

1.1411 (9) 

2.28722 (9) 

1.7211 (3) 

1.827(4) ) 

1.718(4) ) 

Bondd Angles 

P(l)-Rh-P(l)' ' 

C(15)-Rh-H H 

Rh-Pd)-N(l) ) 

Rh-P(l)-N(3) ) 

Rh-P(l)-C(9) ) 

P(l)-Rh-C(15) ) 

119.13(10) ) 

180.0 0 

121.90(12) ) 

115.20(12) ) 

120.022 (13) 

95.388 (3) 

N(3)-P(l)-C(9) ) 

N(l)-P(l)-N(3) ) 

C(9)-P(l)-N(l) ) 

101.06(17) ) 

95.10(15) ) 

98.92(16) ) 
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Thee hydride complexes HRh(lc)x(CO)4.x and HRh(ld)x(CO)4.x (x = 1, 2) decomposed 

whenn the temperature was raised to 80 °C. HRh(lc)x(CO)4.x converts within one hour 

completelyy to [RMCCOn] (vco = 2074 cm"1 (s), 2068 cm"1 (s), 2043 cm"1 (m), 1885 cm"1 (m), 

withh 2-methyltetrahydrofuran as solvent)36 and this rhodium carbonyl cluster decomposes 

subsequentlyy to form [Rh5(CO)16] at 80 °C (vco = 2074 cm"1 (s), 1820 cm"1 (s), with 

2-methyltetrahydrofurann as solvent).36 The hydride complexes of Id disproportionate to form 

aa new hydride complex. We studied the decomposition of HRh(ld)x(CO)4.x using HP NMR 

andd HP IR spectroscopy. The phosphorus resonances in the 31P NMR spectrum belonging to 

thee hydride complexes HRh(ld)x(CO)4-x disappear when the solution is heated to 80 °C and a 

neww multiplet appears at 8 = 262 ppm. Additionally, a double triplet appears in the hydride 

regionn of the :H NMR spectrum (5 = -10.7 ppm, JPH= 18 Hz, jRhH= 14 Hz in toluene-af8). The 

H-- P COSY NMR spectrum shows only one correlation between this hydride signal and the 

phosphoruss signal at 262 ppm. The hydride resonance became a triplet when we decoupled the 

phosphoruss resonance selectively at 262 ppm. This indicates that we are dealing with a 

dimericc rhodium complex in which, surprisingly, one phosphorus atom is coordinated to two 

rhodiumm atoms. The low-field resonance of the phosphorus atom is strongly indicative of a 

phosphidoo group that bridges a metal-metal bond.37'38 

Thee IR spectrum of the complex shows two carbonyl bands at 2041 cm'1 (m), 

20033 cm" (m) indicating terminal positions. No bridging carbonyl bands were observed. The 

structuree consistent with all data is depicted in Figure 8. The formation of phosphido type 

complexess is not uncommon in these systems.39 Attempts to isolate this complex were not 

successful. . 

( ( 
NY

oc :Rh ^ Rhc co o 
occ y ĉo 

FigureFigure 8. Proposed Decomposition Product of HRh(ld)J,CO)4.x 

Thee hydride formation for the bidentate ligands 2a - 2f was studied using 

Rh(acac)(CO)22 in the presence of two equivalents (HP NMR) or five equivalents (HP IR) of 

ligandd under 20 bar of CO/H2 (1/1). Ligands 2a - 2d and 2f gave complete conversion of 
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Rh(acacXCO)22 to HRhLnL(CO)2 within one hour at 80 °C. In contrast to the complexes of 

thee monodentate ligands, decomposition was neither observed for the hydride complexes nor 

thee ligands. Ligand 2e did not coordinate to rhodium at all. [Rh6(CO)i6] is formed when a 

mixturee of Rh(acac)(CO>2 and 2e under CO/H2 is heated for one hour at 80 °C. Probably, the 

ligandd is too bulky to coordinate to the rhodium atom and Rh(acac)(CO>2 is converted into the 

rhodiumm carbonyl cluster. 

Tablee 9. NMR and IR Data of HRhL(CO)2 (L  = 2a-2d, 2f) 

Confound d 

HRh2a(CO)2 2 

HRh2b(CO)2 2 

HRh2c(CO)2 2 

HRh2d(CO)2 2 

HRh2f(CO)2 2 

6{ JiP)a(ppm) ) 

140c c 

143c c 

141 1 

145 5 

147 7 

145 5 

96 6 

JRM>(H2) ) 

244 4 

251 1 

218 8 

225 5 

226 6 

221 1 

185 5 

JPP(HZ) ) 

211 1 

190 0 

6(1H)) (ppm) 

-12.0(t,JpH=12Hz)c c 

-11.11 (s, broad) 

-11.77 (s, broad) 

-10.66 (s, broad) 

-10.. 2 (dt, JPH=17 Hz, 1,^=2 Hz) 

vco(cm,)b b 

2085,, 2041 

2070,, 2019 

2086,2031 1 

2067,, 2017 

2057,2004 4 

aa measured in Toluene-^g, b complexes with L = 2a, 2c measured in 2-methyl tetrahydrofuran, complexes with 

LL = 2b, 2d, 2f measured in cyclohexane,c measured in CD2C12 

Thee spectroscopic data of the hydride complexes HRhLnL(CO)2 formed with ligand 

2aa - 2d, 2f are presented in Table 9. The bidentate ligands form one single rhodium-hydride 

complex,, independent of the ligand concentration. The JRM> coupling constants of the 

complexess HRhL(CO)2 formed with L = 2a - 2d are all in the same ranges as the jRhP coupling 

constantss found for the monodentate ligands lc and Id, which indicates mat the electronic 

characterr of these ligands is indeed comparable. The JRI,P coupling constant of HRh2f(CO)2 is 

inn the same range as the JRhP coupling constants found for die monodentate ligands l a and lb. 

Thee hydride resonances of me complexes formed with 2b - 2d are broad singlets (W1/2 ~ 

100 Hz). This indicates that bom jRm and JPH coupling constants are small (< 3 Hz). The small 

JPHH coupling constants are indicative of an ee coordination mode. The hydride resonance of 

HRh2f(CO)22 is a double triplet (jRhH = 2 Hz, JPH =17 Hz). The JPH coupling constant indicates 

eee coordination in a distorted trigonal bipyramid. 

Evenn though ligand 2a is very bulky, me ligand coordinates in a bidentate fashion. 

Thee two phosphorus atoms in HRh2a(CO)2 are magnetically inequivalent and show a strongly 

coupledd NMR spectrum. The small JRMI (<3 Hz) and the JPH coupling constant of 12 Hz in 
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HRh2a(CO>22 are in agreement with of an ee coordination mode in a slightly distorted trigonal 

bipyramidall  structure. The distortion in the complex is probably a result of the bulkiness of 

thee ligand. In HRh2c(CO)2 the phosphorus atoms lose their time-averaged equivalence on 

coolingg from 80 °C to room temperature. At -25 °C the slow exchange region is reached, 

resultingg in a coupled NMR spectrum. The JPH and JRJ,H coupling constants remain small. 

Inn the ER spectra only two carbonyl bands are observed. The position of the carbonyl 

bandss of die complexes containing ligands 2b, 2d and 2f evidence an ee coordination mode of 

thee bidentate ligands in a distorted trigonal bipyramid, in accordance witii previous 

results.14,, l6 The carbonyl frequencies of HRh(2a)(CO)2 and HRh(2c)(CO)2, however, shift to 

higherr wavenumbers compared to those of hydride complexes containing 2b, 2d and 2f, and 

diee frequencies of the hydride complexes of the monodentate ligands. The crystal structure of 

2aa (Figure 6) shows huge steric hindrance close to the phosphorus atoms due to die phenyl 

substituentss on die nitrogen atoms. Coordination of die bidentate ligands 2a and 2c to a metal 

centree wil l increase this steric strain and distort die geometry of die trigonal bipyramid. This 

distortionn does not seem to affect die phosphorus-hydride coupling constant. The distorted 

geometryy may explain die difference in carbonyl frequencies of the hydride complexes of 2a 

andd 2c and die hydride complexes containing 2b, 2d and 2f. 

2.233 Hydroformylation of 1-Octene 

Thee ligands l a - Id were used in die rhodium-catalysed hydroformylation of 1-octene. 

Thee catalysts were prepared in situ from Rh(acac)(CO)2, die ligand, CO and H2 at 80 °C. In 

diee previous section we have shown diat two rhodium hydride complexes are formed, 

HRhL(CO)33 and HRhL2(CO)2, depending on die ligand properties and die ligand and rhodium 

concentrations.. The ligand and rhodium concentrations used in catalysis are much lower tiian 

diee concentrations used in die spectroscopic experiments. Therefore, die proportion of 

HRhL(CO)33 in die reaction mixture used in catalysis is assumed to be significandy higher tiian 

matt in die spectroscopic experiments. 

Thee results of die hydroformylation reaction of 1-octene obtained using L - l a - Id 

aree presented in Table 10. The very high activity of die catalysts formed is in die range of die 

activityy of die bulky phosphite ligands studied by van Leeuwen et al..40 They could show diat 

diee activity of mese bulky phosphite systems increases with die electron-withdrawing character 

off  die ligand. In die case of l a - Id, die activity is determined predominantly by die type of 

complexx ratiier tiian die ligand properties. A quantitative comparison of die selectivities and 
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activitiess of the catalysts formed having the monodentate ligands is difficult because two 

rhodiumm complexes (HRhL(CO)3 and HRhL2(CO)2) are present in each system and the ratio 

betweenn these two complexes is not equal in the four systems. An effect of the decreasing 

bulkinesss of the ligands on the selectivity in the hydroformylation reaction is not observed. A 

rhodiumm complex of composition HRhL2<CO)2 is more selective than a complex with the 

structuree HRhL(CO)3. All catalyst mixtures tested show approximately the same selectivity, 

becausee the amount of HRhL2(CO>2 increases with decreasing bulkiness of the ligand. 

Tablee 10. Hydroformylatio n Results of 1-Octene with L = la - Id* 

L L 

l a a 

l b b 

l c c 

I d d 

L/Rh h 

50 0 

50 0 

100 0 

100 0 

Conversionn (%) 

30 0 

33 3 

34 4 

32 2 

Vb Vb 

2.6 6 

2.3 3 

2.3 3 

2.2 2 

TOF* * 

24500 0 

10300 0 

7700b b 

4920c c 

Linearr  (%) 

60 0 

61 1 

56 6 

61 1 

2-octeness (%) 

17 7 

12 2 

19 9 

11 1 
aa Conditions: T = 80 °C, pco = Ac=10 bar, [Rh] = 0.2 mM, [1-octene] = 0.64 M in toluene, b (mol aldehyde)(mol 

Rh*h)'cc presuming that all rhodium added is active as a hydroformylation catalyst, 

ligandss lc and Id were tested under the same conditions as la and lb, although we 

observedd decomposition of the hydride complexes of the former ligands/complexes during the 

spectroscopicc experiments. Variation of the ligand concentrations (Rh/P = 1/50, 1/100, 1/200) 

showedd that the best results were obtained (activity versus selectivity and isomerisation) for 

Rh/LL = 1/100. Probably, the lower rhodium and higher ligand concentrations used in the 

catalysiss experiments compared to the spectroscopic experiments decrease the decomposition 

ratee of the catalyst. 

Wee were aiming at a catalyst system with improved activity compared to a catalyst 

systemm based on monodentate phosphine ligands and improved selectivity compared to 

catalystt systems based on monodentate phosphite ligands. The present monodentate ligands 

formm a significant amount of HRhL(CO)3, which unfortunately still gives low linear-to-

branchedd ratios, albeit at high rates. In order to obtain higher selectivities, we turned to 

bidentatee ligands. 

Thee bidentate ligands (2a - 2d, 2f) are more electron-withdrawing than phosphines 

andd introduce more steric hindrance close to the rhodium centre than phosphites. The 

spectroscopicc experiments described in the previous section showed that these ligands form 

stable,, well-defined rhodium complexes having the structure HRhLnL(CO)2. The results 

obtainedd in the hydroformylation reaction using these bidentate ligands are presented in Table 
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11.. Ligand 2e was not used in the hydroformylation reaction, because no hydride complex is 

formedd under hydroformylation conditions. The systems are less active than the catalyst 

systemss derived from the monodentate ligands (la - Id), because the rhodium centre is more 

electron-richh when two phosphorus ligands are attached to it. The selectivity is improved 

comparedd to monodentate ligand systems. The difference in activity and selectivity of the 

variouss bidentate ligands is less straightforward. The selectivities of the catalysts formed from 

ligandd 2a and 2c are lower than expected, in view of the phenyl substituents at the nitrogen 

atoms.. The ratio of 2-octene is high compared to other ligands in this work. In the HP NMR 

andd HP IR experiments we saw that complete conversion to a hydride complex is reached, 

althoughh the carbonyl frequencies of the hydride complexes formed with 2a and 2c are found 

att slightly higher wavenumbers than the wavenumbers observed for the hydride complexes 

usingg 2b, 2d and 2f. This led us to conclude mat the compounds assume a distorted trigonal 

bipyramidall  structure. We now tentatively propose that coordination of carbon monoxide after 

thee hydride migration is relatively slow in the distorted complexes (LnL is a bidentate 

ligand),, thus giving a high preference for ^-hydride elimination c.q. isomerisation.30 

Tablee 11. Hydroformylation Results of 1-Octene with L = 2a - 2d, 2f and 5a - 5ca 

L L 

2a a 

2b b 

2c c 

2d d 

2f f 

5ad d 

5bd d 

5ce e 

URh h 

100 0 

100 0 

10 0 

10 0 

5 5 

16 6 

2.5 5 

5 5 

Conversionn (%) 

26 6 

29 9 

30 0 

32 2 

26 6 

21 1 

27 7 

30 0 

Vb Vb 

3.9 9 

6.8 8 

3.1 1 

2.2 2 

10.4 4 

1.2 2 

2.2 2 

49 9 

TOF* * 

431 1 

780 0 

1600 0 

7950 0 

381 1 

520 0 

1550 0 

250 0 

Linearr  {%) 

51 1 

83 3 

59 9 

64 4 

86 6 

48 8 

55 5 

94 4 

2-octeness (%) 

36 6 

4 4 

22 2 

7 7 

5 5 

13 3 

20 0 

4 4 
aa Conditions: T = 80 °C, pco= PH2= 10 bar, [Rh] = 0.2 mM, [1-octene] = 0.64 M in toluene," (mol 

aldehyde)(moll  Rh)V\ c [Rh] = 2 mM, d [Rh] = 0.4 mM, [1-octene] = 1 M (see reference 31), * [Rh] = 1 mM, [1-

octene]]  = 0.64 M (see reference 30) 

Whenn we compare the hydroformylation results obtained using 2b, 2d and 2f with 

respectt to the selectivity for the linear aldehyde, we see that both the backbone and the 

substituentss on the phosphorus atoms determine the selectivity of the reaction. Comparison of 

thee results of 2b and 2d with those of phosphite ligands derived from the same backbones (5a, 

5b,, Figure 9)31 shows that the selectivity for die linear aldehyde is improved by the 
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introductionn of the nitrogen substituents without any decrease in activity. The backbone used 

forr ligand 2f has proven to form very selective hydroformylation catalysts30 for phosphorus 

substituentss of the type PAr: (5c, Figure 9). Also for these novel phosphorus diamide ligands 

thee xanthene backbone provided the most selective ligand, but aryl substituents on the 

phosphoruss atom give far higher linear-to-branched ratios (65). 

f-Buu <-Bu 

5aa 5b 5c 

FigureFigure 9. Ligand Structures of 5a - 5c 

2.33 Conclusions 

Thee introduction of nitrogen substituents on the phosphorus atom leads to very bulky 

n-acidicc ligands, thereby combining the good properties of phosphine and phosphite ligands 

withh respect to the hydroformylation reaction of terminal alkenes. The monodentate ligands 

formm a significant proportion of HRhL(CO)3. These complexes are very active in the 

hydroformylationn reaction, although the linear-to-branched ratio is low. The bidentate ligands 

formm catalysts with the structure HRhLnL(CO)2, which are active and selective 

hydroformylationn catalysts. The combination of ideal elements (backbone -thus bite angle-, 

stericc bulk and 7t-acidity) does not lead to a superior catalyst compared to catalysts containing 

PAr22 and P(OAr)2 substituents. It seems that the aryl substituents in PAr2 and P(OAr>2 play a 

veryy specific role in determining the shape of a selective catalytic site. 

2.44 Experimental Section 

Generall  Informatio n All preparations were carried out under an atmosphere of 

argonn using standard Schlenk techniques. Solvents were distilled from sodium/benzophenone. 

Al ll  glassware was dried by heating under vacuum. Column chromatography was performed 

usingg silicagel 60 230 - 400 Mesh obtained from Merck or activated neutral alumina 50 - 200 
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micronn obtained from Acros Organics. The NMR spectra were recorded on a Bruker 

AMX-3000 spectrometer (*H, 3IP, l3C), the high-pressure NMR spectra were recorded on a 

Brukerr DRX-300 spectrometer. Chemical shifts are given in ppm referenced to TMS or H3PO4 

(external).. (High-pressure) IR spectra were recorded on a Nicolet 510 FT-IR spectrometer. 

Hydroformylationn experiments were performed in a stainless steel autoclave 

(1966 mL). The autoclave is mechanically stirred and equipped with a reservoir, a pressure 

transducer,, a thermocouple and a sampling device. In a typical experiment the autoclave was 

flushedd 4 times with 4 bar of syngas. Rh(acacXCO)2 and the ligand were dissolved in 15 mL 

off  toluene, this solution was brought into die autoclave. After flushing 4 times with 4 bar of 

CO/H22 (1/1), the autoclave was put under a pressure of 15 bar. The autoclave was heated at 

800 °C After 1 hour the substrate solution (2 mL of alkene, 2 mL of toluene and 1 mL of 

decane)) was charged into the reservoir and added to the reaction mixture by overpressure. The 

initiall  pressure of the experiment was 20 bar. The alkene was filtered over neutral alumina to 

removee peroxides. During the reaction several samples were taken and immediately quenched 

byy adding an excess of P(C«-n-Bu)3, to form a hydroformylation inactive rhodium species. The 

sampless were analysed by GC using decane as internal standard. 

High-pressuree NMR experiments were performed in a 10 mm (i.d.) sapphire NMR 

tubee as described by Elsevier et aL.41 In a typical experiment 5 mg (0.019 mmol) 

Rh(acac)(CO)22 and 1, 2, 5 or 10 equivalents of ligand were dissolved in 1.5 mL of toluene-t/g. 

Forr ligand 2a CD2CI2 was used because of the poor solubility in toluene. The solution was 

broughtt into die argon-flushed tube. After closing, the tube was flushed 5 times wim 4 bar of 

syngass (CO/H2 =1/1) and put under a pressure of 20 bar. The tube was heated in the NMR 

machinee to 80 °C 

High-pressuree IR experiments were performed in an SS 316 50 mL autoclave 

equippedd with IRTRAN windows (ZnS, transparent up to 700 cm"1, 0=10 mm, optical path 

lengthh = 0.4 mm), a mechanical stirrer, a temperature controller and a pressure transducer. In a 

typicall  experiment 5 mg of Rh(acacXCO)2 and 5 or 20 equivalents of ligand were dissolved in 

155 mL of solvent under argon. The solution was brought to the CO/H2 (1/1) flushed autoclave 

andd after flushing, pressurising and heating of die mixture, the autoclave was placed in die 

infraredd spectrometer. The IR spectra were recorded while the samples were stirred. For the 

ligandss lb, Id, 2b, 2d and 2f cyclohexane was used as solvent during üiese measurements. 

Becausee of me low solubility of la, lc, 2a and 2c freshly distilled memyltetrahydrofuran was 

usedd for these ligands. 
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Triethyll  biuret was synthesised by the method describe by d'Silva et ah. " Because 

ethylisocyanatee is extremely toxic, special precautions were taken to prevent inhalation and 

contactt with the skin. Triphenylbiuret and ligand la were synthesised according to a literature 

procedure."55 Instead of 1 equivalent triethylamine an excess of triethylamine was used. An 

extraa purification step (filtration over silica, eluens CH2CI2) was performed to exclude the 

presencee of traces of triethylamine.HCl salt in the product. All chemicals were azeotropically 

driedd before using. AU frans-RhClCOÎ complexes were synthesised according to a literature 

procedure.""  The complex syntheses under pressure were performed in a magnetically stirred 

stainlesss steel autoclave with a volume of 6.5 mL, which was heated in an oil bath. 

N,N',N"-Triethylbiure tt  20 g (0.17 mol) of 1,3-diethylurea and 100 g (1.41 mol) of 

ethylisocyanatee were mixed together under argon. The suspension was heated to 50 °C. 

Duringg heating the diethylurea dissolved in the ethylisocyanate. The reaction mixture was 

stirredd for 2 days at 50 °C After this period the excess of ethylisocyanate was distilled off and 

carefullyy destroyed with alcoholic base. Traces of ethylisocyanate were removed by adding 3 

timess 100 mL of benzene to the reaction mixture and distilling it. The triethylbiuret was 

purifiedd by column chromatography on silicagel, eluens PE 40-60/ethylacetate=l/l (rf=0.4). 

Thee product was obtained as yellow oil: yield 23 g (72 %), *H NMR (CDCL3) 6 1.1 ppm (t, 

6H,, 3JHH=7 HZ, CH3CH2NH), 1.2 ppm (t, 3H, 3JHH=5 HZ, CHjCH2N(CO)2), 3.3 ppm (dq, 4H, 
3JHH=55 HZ, 3JHH=1 HZ CH3CH2NH), 3.7 ppm (q, 2H, 3JHH=7 HZ, CHsCH^COh), 13C NMR 

(CDCL3)) 14.1 ppm (s, CH3CH2N(CO)2), 15.1 ppm (s, CH3CH2NH), 35.6 ppm (s, 

CH3CH2NH),, 38.0 ppm (s, CH3CH2N(CO)2), 156.2 ppm (s, N(CO)2), IR (CH2C12) vco 1696 

cm'11 (vs), 1644 cm"1 (vs), VNH 1542 cm"1 (vs), 1509 cm'1 (vs), FAB/MS m/e 188, Anal. Calcd 

forr CgHi7N302: C, 51.32; H, 9.15. Found: C, 51.33; H, 9.39. 

13^-triethylbiuretphenylphosphonisdiamidee (lb) A solution of 1.9 g (11 mmol) PPhCl2 

inn 10 mL of toluene was added dropwise to a solution of 2.0 g (11 mmol) of N,N\N"-

triethylbiurett (1) in 40 mL of toluene and 5 mL of triethylamine (excess) at room temperature. 

Duringg addition triethylamine.HCl precipitated. When the addition was completed the mixture 

wass stirred overnight at 80 °C. Another 5 mL of triethylamine was added and the mixture was 

stirredd another 4 hours at 80 °C to complete the reaction. The mixture was cooled to room 

temperature,, the salts were filtered off and the toluene was evaporated under vacuum. The 

productt was purified by column chromatography on silicagel (PE40-60/ethylacetate= 4/1 
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(rf=0.5)).. Yield 1.86 g (58 %), mp 52 °C, JH NMR (C6D6) 8 1.0 ppm (t, 3H, 3JHH=7 Hz, 

CH3CH2N(CO)2),, 1.2 ppm (t, 6H, 3JHH=7 HZ , CHjCH2NP), 3.3 ppm (dq, 2H, 3JHH=7 HZ, 

3JPH=77 Hz, CH3CH2NP), 3.8 ppm (dq, 2H, 3JHH=7 HZ, 3JPH=7 HZ, CH3CH2NP), 4.0 ppm (q, 

2H,, 3JHH=7 HZ , CHaCH^CO^), 7.3-6.9 ppm (m, 5H, o,m,p-PhP), 31P{  'HJ NMR (C<-D6) 8 = 

63.44 ppm (s), 13C NMR (CDCL3) 5 13.3 ppm (s, CH3CH2N(CO)2), 15.3 ppm (d, 3JCP=5 HZ, 

CH3CH2NP),, 38.5 ppm (s, CH3CH2N(CO)2), 43.8 ppm (d, 2JCP=33 Hz, CH3CH2NP), 128.9 -

130.33 ppm (s, o,m,p-PMP\ 139.8 ppm (d, 1JCp=24 Hz, ipso-Ph), 154.7 ppm, (d, 2JCP=7 HZ, 

CO),, IR (CH2C12) Vco 1692 cm"1 (vs), 1658 cm"1 (vs), FD-MS, FD+=293, Anal. Calcd for 

Ci4H20N3O2P:: C, 57.33; H, 6.87; N 14.33. Found: C, 57.23; H, 6.93; N, 14.02. 

13^-tripfaenylbiuretphenoxyphosphorusdiamidee (lc) A solution of 1.03 g (11 mmol) 

phenoll  in 10 mL of THF was added to a solution of 2.77 g (11 mmol) of 

N,N',N"-triphenylbiurett phosphorus chloride in 50 mL of THF and 5 mL of triethylamine 

(excess)) at room temperature. Triethylamine.HCl precipitated directly. The reaction is 

completee after 1 hour stirring at room temperature and the salts are filtered off. The THF was 

removedd under vacuum. The product was filtered over neutral alumina to remove traces of 

triemylaminesaltss (eluens CH2C12, rf-l). Yield 3.15 g (98 %) of a white powder, mp 169 °C, 

'HH NMR (CDCL3) 8 7.6-7.0 ppm (m, o,m,^-Ph), 31P{1H}  NMR (CDCL3) 8 86.3 ppm (s), 
13CC NMR (CDCL3) 8 120.6 ppm (d, 3JCP=6 Hz, o-PhOP), 125.1ppm (s, />-PhOP), 128.5 ppm 

(s,, o-PhN(CO)2), 128.6 ppm (s, />-PhN(CO)2), 128.6 ppm (d, 3JCP=7 HZ p-PhNP), 129.0 ppm 

(d,, 2JCP=11 Hz o-PhNP), 129.7 ppm (s, m- PhN(CO)2), 130.5 ppm (s, m-PhOP), 136.5 (s, 

ipso-ipso- PhN(CO)2), 152.0 ppm (d, 2JCP=6 Hz, CO) 152.4 ppm (s, ipso-PhOP), IR (CH2C12) v c o 

== 1717 cm"1 (vs), 1681 cm"1 (vs), FAB/MS m/e 454, Anal. Calcd for C26H20N3O3P: C, 68.87; 

H,, 4.45; N, 9.27. Found: C, 68.71; H, 4.54; N, 9.11. 

Crystallisationn of the product from absolute ethanol gave colourless crystals suitable for crystal 

structuree determination. 

1^^,-triethyIbiuretphenoxyphosphorusdiamid ee (Id) A solution of 2.3 mL of (26.7 mmol) 

phosphoruss trichloride in 20 mL of toluene was added dropwise to a solution of 5 g 

(26.77 mmol) of N,N\N"-triethylbiuret in 80 mL of toluene and 20 mL of triethylamine 

(excess)) at room temperature. Triethylamine.HCl precipitated directly. The reaction was stirred 

overnightt at 80 °C. The mixture was cooled to room temperature, the precipitate was filtered off 

andd die toluene was evaporated under vacuum. The phosphorus chloride compound was 
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obtainedd as yellow oil and used directly without further purification. The purity of the 

compoundd was checked by NMR. A solution of 2.3 g (24 mmol) of phenol in 10 mL of THF 

wass added dropwise to a solution of 6.2 g (24 mmol) of N,N\N"-triethylbiuret phosphorus 

chloridee in 50 mL of THF and 5 mL of triethylamine (excess). The reaction mixture was 

stirredd at room temperature for 1 hour. The triemylamine salts were filtered off and the THF 

wass evaporated. The product was filtered over alumina to remove traces of triethylamine salts 

(eluenss CH2CI2). The product was obtained as a white powder after crystallisation from 

pentane.. Yield 5.3 g (65 %), mp 49 °C, *H NMR (CDCL3) 8 0.9 ppm (t, 3H, 3JHH=7 HZ, 

CH3CH2N(CO)2),, 1.3 ppm (t, 6H, 3JHH=7 HZ , CH3CH2NP), 3.6 ppm (m, 4H, CH3CH2NP and 

CH3CH2N(CO)2),, 3.9 ppm (m, 2H, CH3CH2NP), 6.8 ppm (d, 2H, 3JHH=8 HZ, o-PhOP), 

7.11 ppm (t, 1 H, 3JHH=7 HZ, p-PhOP), 7.3 ppm (t, 2 H, 3JHH=8 HZ, m-PhOP), 31P{!H}  NMR 

(CDCL3)) 5 87.4 ppm (s), 13C NMR (CDCL3) 8 13.3 ppm (s, CH3CH2N(CO)2), 15.3 ppm (s, 

CH3CH2NP)) 38.5 ppm (s, CH3CH2N(CO)2), 42.6 ppm (d, 2JCp=35 Hz, CH3CH2NP), 

121.00 ppm (d, 3JCP=35HZ, o-PhOP), 125.0 ppm (s, p-?hOP), 130.0 ppm (s, m-PhOP), 

151.00 ppm (d, 2JCP=6HZ, ipso-PhOP), 152.1 ppm (d, 2JCp=9 Hz, CO), IR (CH2C12) vCo 

16999 cm"1 (vs), 1656 cm1 (vs), FAB/MS m/e 310, Anal. Calcd for C14H2oN303P: C, 54.37; H, 

6.52;; N 13.59. Found: C, 54.60; H, 6.61; N, 13.47. 

2aa 2.2 g (12 mmol) 2,2'-hydroxy-l,r-biphenyl dissolved in 20 mL of toluene was added 

dropwisee to a solution of 2.4 g (6 mmol) of N,N',N"-triphenylbiuret phosphorus chloride and 

7.66 mL (60 mmol) triemylamine in 100 mL of toluene at room temperature. When the 

additionn was completed the mixture was stirred at 80 °C for 4 hours. The triethylamine salts 

weree filtered and the solvent was removed in vacuum. Purification by column chromatography 

onn silicagel (eluens PE(60-80)/EtOAc=7/3, rf=0.15) gave a white solid. Crystallisation of the 

productt from absolute ethanol gave colourless crystals suitable for crystal structure 

determination.. Yield 5.2 g (95 %), mp 284 °C (dec.), LH NMR (CDCL3) 8 6.9-7.4 ppm (m, 

o,m,p-Ph\o,m,p-Ph\ 31P{1H}  NMR (CDCL3) 8 91.0 ppm (s),13C NMR (CDCL3) 8 129.1 ppm, 

128.77 ppm, 127.8 ppm (s, o,m,p-Ph-N), 129.3 ppm (s, ipso-Ph-O-P), 132.4-118.1 ppm (s, 

o,m,p-Ph-0\o,m,p-Ph-0\ 136.2 ppm (s, ipso-Ph-N-P), 137.3 ppm (s, ipso-Ph-N-P), 137.5 ppm (s, ipso-Ph-

N-P),, 149.9 ppm (s, CO), 151.6 ppm (d, 2JCP=4 Hz, CO), IR (CH2C12) vco=1719 cm"1 (vs), 

16855 cm*1 (vs), FAB/MS m/e 905, Anal. Calcd for C52H38N6O6P2: C, 69.03; H, 4.20; N 9.29. 

Found:: C, 68.84; H, 4.36; N, 9.08. 

48 8 



Rhodiumm Complexes based on Phosphorus Diamide Ligands 

2bb A solution of 2.0 mL of (23 mmol) phosphorus trichloride in 20 mL of toluene was added 

dropwisee to a solution of 4.2 g (23 mmol) of N,N\N"-triethylbiuret in 80 mL of toluene and 

200 mL of triethylamine (excess) at room temperature. Triethylamine.HCl precipitated directly. 

Thee reaction was stirred overnight at 80 °C. The mixture was cooled to room temperature, the 

precipitatee was filtered off and the toluene was evaporated under vacuum. The phosphorus 

chloridee compound was obtained as yellow oil and used directly without further purification. 

Thee purity of the compound was checked by NMR. A solution of 2.1 g (11 mmol) of 2,2'-

hydroxy-l,r-biphenyll  in 10 mL of THF was added dropwise to a solution of 5.6 g (22 mmol) 

off  N,N',N"-triethylbiuret phosphorus chloride in 50 mL of THF and 10 mL mL of triethylamine 

(excess).. The reaction mixture was stirred at room temperature for 1 hour. The triethylamine 

saltss were filtered off and the THF was evaporated. The product was purified by filtration over 

neutrall  alumina to remove phosphite impurities with toluene as eluens. The product is flushed 

fromm the column with PE(40-60)/EtOAc=l/l. The product was obtained as colourless oil that 

crystallisedd after a week: yield 4.9 g (73 %), mp 76 °C, *H NMR (CDCL3) 8 0.9 ppm (t, 6H, 
3JHH=77 Hz, CH3CH2N(CO)2), 11 ppm (t, 12H, 3JHH=7 HZ, CHjCH2NP), 2.9 ppm (m, 4H, 

CH3CH2N(CO)2),, 3.5 ppm (q, 8H, 3JHH=7 HZ, CH3CH2NP), 6.9 ppm (d, 2H, 3JHH=8 HZ, O-

Ph),, 7.2 ppm (m, 6H, m,p-Ph), 31P{]H}  NMR (CDCL3) 8 89.9 ppm (s), 13C NMR (CDCL3) 8 

== 13.4 ppm (s, CH3CH2N(CO)2), 15.1 ppm (s, CH3CH2NP), 39.4 ppm (s, CH3CH2N(CO)2), 

41.99 ppm (d, 2Jcp=35Hz, CH3CH2NP), 120.8-132.5 ppm (m,/>-Ph), 130.5 ppm (s, o-Ph), 

149.22 ppm (d, 2JCP=3 Hz, ipso-Ph), 151.9 ppm (d, 2JCP=8 Hz, CO), IR (CH2C12) Vco=1702 cm" 
11 (vs), 1660 cm"1 (vs), FAB/MS m/e 617, Anal. Calcd for C^H^NeO :̂ C, 54.54; H, 6.21; N, 

13.63.. Found: C, 54.80; H, 6.23; N, 13.31. 

2cc 0.5 g (4.6 mmol) 2,2'-dimethyl-l,3-propanediol dissolved in 10 mL of THF was added 

dropwisee to a solution of 3.6 g (9.2 mmol) of N,N',N"-triphenylbiuret phosphorus chloride 

andd 10 mL (excess) of triethylamine in 150 mL of toluene at room temperature. When the 

additionn was completed the mixture was stirred for one hour at room temperature. The 

triethylaminee salts were filtered and the solvent was concentrated to 20 mL. The product was 

filteredd and washed with 60 mL of diethylether. The product was dissolved in dichloromethane 

andd washed with water. After evaporation of the dichloromethane the white solid was washed 

withh 20 mL of ether. Yield 1.6 g (43 %), mp 240-242 °C (dec.), lH NMR (CDCL3) 8 1.1 ppm (s, 

CH3,6H),, 3.9 ppm (d, 3Jra - 5 Hz, CH* 4H), 7.4-7.2 ppm (m, Ph, 30H), 31P{  lH} NMR (CDCL3) 

88 83.1 ppm (s), 13CNMR (CDCL3) 8 21.8 ppm (s, C(CH3)2), 36.5 (s, CH2), 69.6 (s, 
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C(CH3)2),, 129.3-128.1 ppm (m, o,m,p-Ph-N), 137.2 ppm (s, />so-Ph-(N(CO)2), 137.6 ppm (d, 
2JPCC = Hz, fpso-Ph-N-P), 152.3 ppm (CCKNPhk) 152.4 ppm (s, CO-N-P), IR (CH2C12) Vco 

== 1714 cm1 (vs), 1673 cm"1 (vs), FAB/MS m/e 823, Anal. Calcd for C45H4oN606P2: C, 65.69; 

H,H, 4.87; N, 10.22. Found: C, 65.17; H, 4.94; N, 10.16. 

2dd A solution of 2.3 mL of (26 mmol) phosphorus trichloride in 20 mL of toluene was added 

dropwisee to a solution of 4.9 g (26 mmol) of N,N',N"-triethylbiuret in 80 mL of toluene and 

200 mL of triethylamine (excess) at room temperature. Triethylamine.HCl precipitated directly. 

Thee reaction was stirred overnight at 80 °C. The mixture was cooled to room temperature, the 

precipitatee was filtered off and the toluene was evaporated under vacuum. The 

phosphoruschloridee compound was obtained as yellow oil and used directly without further 

purification.. The purity of the compound was checked by NMR. A solution of 1.1 g (10 

mmol)) of 2,2'-dimethyl-1,3-propanediol in 10 mL of THF was added dropwise to a solution 

off  5.13 g (20 mmol) of N,N',N"-triethylbiuret phosphoruschloride in 50 mL of THF and 10 

mLL of triethylamine (excess). The reaction mixture was stirred at room temperature for 1 

hour.. The triethylamine salts were filtered off and the THF was evaporated. The product was 

purifiedd by column chromatography over neutral alumina (eluens PE(40-60)/EtOAc=4/l, 

rf=0.6).rf=0.6). The product was obtained as a white powder, yield 3.2 g (60 %), mp 56 °C, *H NMR 

(CDCL3)) 8=0.8 ppm (s, 6H, Me) 1.1 ppm (t, 6H, 3JHH=7 HZ, CHjCH^CO^), 1.3 ppm (t, 

12H,, 3JHH=7 HZ, CHJCH2NP), 3.2 ppm (d, 4H, , 3JHP=5 HZ, CH2OP), 3.5 ppm (m, 8H, 

CHsCl&NP),, 3.9 ppm (q, 4H, 3JHH=7 Hz, O isCH^COk), 31P{ lH}  NMR (CDCL3) 8 

85.44 ppm (s), ,3C NMR (CDCL3) 8=13.7 ppm (s, CH3CH2N(CO)2), 16.1 ppm (s, CH3CH2NP), 

21.66 ppm (s, CtCHak), 36.2 ppm (d, 2JCP=3HZ, CH2OP), 38.2 ppm (s, CH3CH2N(CO)2), 42.4 

ppmm (d, 2JCP=35 Hz, CH3CH2NP), 68.5 ppm (d, 3JCP=6 HZ, C(CH^h), 152.7 ppm (d, 2JCP=10 Hz, 

CO),, IR (CH2C12) Vco= 1695 cm1 (vs), 1653 cm"1 (vs), FD-MS, FD+=534, Anal. Calcd for 

C2iH4oN606P2:: C, 47.19; H, 7.54; N, 15.72. Found: C, 47.07; H, 7.43; N, 15.47. 

2ee 3.2 mL (7.3 mmol) of n-BuIi (2.5 M in hexane) was added dropwise to a solution of 1.69 g 

(3.66 mmol) 4,5-dibromo-2,7-di-rert-butyl-9,9-dimethylxanthene in 70 mL of THF at -60 °C. 

Thee suspension was stirred for 1 hour at -60 °C The reaction mixture was slowly warmed to 

00 °C. 2.89 g (7.3 mmol) N,N',N'"-triphenylbiuretphosphoruschloride in 10 mL of THF was 

addedd dropwise to the suspension at -60 °C. The reaction was slowly warmed to room 

temperature.. The solution was filtered over neutral alumina and the THF was evaporated. The 
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whitee solid was crystallised from acetonitril/methanol. Yield 2.8 g (76 %), mp 341 °C, JH 

NMRR (acetone-d6) 6 1.5 ppm (s, 18H, tert-Bu), 1.9 ppm (s, 6H, (CHj^C), 6.8 ppm, 7.0 ppm, 

7.44 ppm (m, 30H, o,m,p-PhN), 7.6 ppm (m, (broad), 2H, CHCC(CH3)2CCH), 8.0 ppm (d, 
3JPH=22 Hz, CHCP), ^Pt'H}  NMR (CDCL3) 5 69.6 ppm (s), 13C NMR (CDCL3) 8 31.8 ppm 

(s,, (CH3)3C), 33.4 ppm (s, (CH3)2C), 34.9 ppm (s, (CH^Q, 35.2 ppm (s, (CH3)3C), 124.4 -

129.22 ppm (aromatic C xanthene backbone and o,m,p-NPh), 130.5 ppm (s, w-PhC(CH3)2), 

137.00 ppm(s, ,n-PhC(CH3)3), 140.1 ppm (t, o-OPhP), 154.3 ppm (s, CO), IR (CH2C12) Vco = 

17066 cm"1 (vs), 1675 cm"1 (vs), 1670 cm"1 (sh), FAB/MS m/e 1041.3, Anal. Calcd for 

C63H58N605P2:: C, 72.68; H, 5.62; N, 8.07. Found: C, 72.17; H, 5.72; N, 8.03. 

2ff  A solution of 1.37 g of (10 mmol) phosphorus trichloride in 20 mL of toluene was added 

dropwisee to a solution of 1.9 g (10 mmol) of N,N\N"-trietiiylbiuret in 80 mL of toluene and 

100 mL of triethylamine (excess) at room temperature. Triethylamine.HCl precipitated directly. 

Thee reaction was stirred overnight at 80 °C. The mixture was cooled to room temperature, the 

precipitatee was filtered off and the toluene was evaporated under vacuum. The 

phosphoruschloridee compound was obtained as yellow oil and used directly without further 

purification.. The purity of the compound was checked by NMR. 3.96 mL (9.9 mmol) of 

H-BuLii  (2.5 M in hexane) was added dropwise to a solution of 2.11 g (4.5 mmol) 

4,5-dibromo-2,7-di-ter^butyl-9,9-dimemylxanthenee in 70 mL of THF at -60 °C. The 

suspensionn was stirred for 1 hour at -60 °C. The reaction mixture was slowly wanned to 0 °C. 

2.277 g (9 mmol) N,N',N'"-triethylbiuretphosphoruschloride in 10 mL of THF was added 

dropwisee to the suspension at -60 °C. The reaction was slowly warmed to room temperature. 

Thee solution was filtered over neutral alumina and the THF was evaporated. The white solid 

wass washed with hot methanol. Yield 3.1 g (92 %), mp 259 °C, lH NMR (CDCL3) 8 1.2 ppm 

(m,, 18H, CHjCH2N), 1.3 ppm (s, 18H, tert-Bu), 1.6 ppm (s, 6H, (CH3)2C), 3.8 ppm (m, 12H, 

CH3CH2N),, 7.0 ppm (s (broad), 2H, CHCC(CH3)2CCH}, 7.4 ppm (d, 3JPH=2 Hz, CHCP), 
31P{JH}}  NMR (CDCL3) 8 57.1 ppm (s), 13C NMR (CDCL3) 8 13.6 ppm (s, CH3CH2N(CO)), 

14.77 ppm (s, CH3CH2NP), 31.1 ppm (s, (CH3)3C), 33.0 ppm (s, (CH^C), 34.5 ppm (s, 

(CH3)2C),, 39.2 ppm (s, CH3CH2N(CO)), 43.0 ppm (d, 2JCP=21 Hz, CH3CH2NP), 43.4 ppm (s, 

(CH^C),, 123.9 ppm (d, Jo*=39 Hz, ipso-PTh) 124.6 ppm (s, p-PhP), 126.5 ppm (s, o-PhP), 

129.66 ppm (s, m-PhC(CH3)2), 145.8 (s, m-PhC(CH3)3), 150.0 ppm (t, o-OPhP), 154.5 ppm (d, 
2JCP=44 Hz, CO), IR (CH2C12) Vco 1688 cm*1 (vs), 1653 cm*1 (vs), FAB/MS m/e 754, Anal. 

Calcdd for C39H58N605P2: C, 62.22; H, 7.77; N, 11.16. Found: C, 62.06; H, 7.75; N, 11.02. 
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7>ans-RhClCO(la)22 (3a) A solution of 176 mg (0.4 mmol) of l a in 2 mL of CH2C12 was 

addedd dropwise to a solution of 39 mg (0.1 mmol) [Rh(CO)2Cl]2 in 2 mL of CH2C12. When 

thee ligand was added CO evolved from the solution directly. The yellow solution was stirred 

forr 1 hour at room temperature. After 1 hour the solvent was concentrated to 1 mL and 10 mL 

off  pentane was added. The complex precipitated directly. The complex was filtered off and 

washedd with hot benzene. This resulted in a pure yellow powder. Yield 177 mg (85 %), mp 

2399 °C (dec.), [H NMR (CDCL3) 8 7.7-7.1 ppm (m, aromatic H), 3JP{'H}  NMR (CDCL3) 8 

101.22 ppm (doublet, 1JRhP=166Hz), 13C NMR (CD2C12) 8=130.5-135.3 ppm (tf,m,p-Ph), 

138.9-139.33 ppm (ipso-Ph), 154.1 ppm (NCO), the signal of the carbonyl ligand was not 

obtainedd in 13C NMR because of the combination of low intensity of the signal and low 

solubilityy of the compound. IR (CH2C12) vCo 1719 cm"1 (vs), 1694 cm"1 (vs), 1676 cm'1, 

VRh-coo 2004 cm'1 (vs), FAB/MS m/e [RhClCO(la)2]
+ 1041, [RhCO(la)2]

+ 1005, [Rh(la)2]
+ 

976,, Anal. Calcd for C53H4oN605P2ClRh.CH2Cl2: C, 60.16; H, 3.93; N 7.79. Found: C, 60.19; 

H,H, 4.02; N, 7.97. 

7>afi$-RhClCO(lb)22 (3b) A solution of 117 mg (0.4 mmol) of l b in 2 mL of CH2C12 was 

addedd dropwise to a solution of 39 mg (0.1 mmol) [Rh(CO)2Cl]2 in 2 mL of CH2C12. When 

thee ligand was added CO evolved from the solution directly. The yellow solution was stirred 

forr 1 hour at room temperature. After 1 hour the solvent was concentrated to 1 mL and 10 mL 

off  pentane was added. The complex precipitated directly. The complex was filtered off and 

washedd with 5 mL of pentane. This resulted in a pure yellow powder. Yield 119 mg (79 %), 

mpp 158 °C (dec.), lH NMR (CD2C12) 8 0.7 ppm (t, 6 H, 3JHH=7 HZ, (CO)2NCH2CH3), 1.3 

ppmm (t, 12H, 3JHH=7 HZ, P N C H ^ H J ), 3.6 ppm (q, 4 H, 3JHH=7 HZ, (CO)2NCH2CH3), 4.0 ppm 

(multiplet,, PNOfcCH;,), 7.4 ppm (multiplet, ojn,p-FtiP), 31P{  JH}  NMR (CD6C16) 8 91.1 ppm 

(d,, 'JRM^ISÓHZ),
 13C NMR (CDC13) 8 13.4 ppm (s, CH3CH2NCO), 14.6 ppm (s, 

CH3CH2NP),, 39.4 ppm ((s, CH3CH2NCO), 44.8 ppm (dd, Jcp=10 Hz JCRI,=10 Hz, 

CH3CH2NP),, 121.7-131.1 ppm (o,m,p,-PhP), 150.7 ppm (dd, Ja>=8 Hz Jciu,=8 Hz, NCO) 

150.88 ppm (s, i/MO-PhP), 183.1 ppm (dt, JCP=17 Hz JcRh=72 Hz, RhCO), IR (CH2C12) 

vco=17055 cm1 (vs), 1670 cm'1 (vs) v ^ o 2010 cm1, FAB/MS m/e [RhClCO(lb)2]+ 753, 

[RhCl(lb)2]
++ 724, [RhCCKlbhf 717, Anal. Calcd for C29H4oN605P2ClRh: C, 46.26; H, 5.35; 

NN 11.16. Found: C, 46.24; H, 5.53; N, 11.02. 
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7ra/is-RhClCO(lc)22 (3c). A solution of 181 mg (0.4 mmol) of lc in 2 mL of CH2C12 was 

addedd dropwise to a solution of 39 mg (0.1 mmol) [Rh(COhCl]2 in 2 mL of CH2C12. When 

thee ligand was added CO evolved from the solution directly. The yellow solution was stirred 

forr 1 hour at room temperature. After 1 hour the solvent was concentrated to 1 mL and 10 mL 

off  pentane was added. The complex precipitated directly. The complex was filtered off and 

washedd with hot benzene. This resulted in a pure pale yellow powder. Crystallisation of a 

smalll  fraction from CH2C12/Et20 resulted in crystals suitable for crystal structure 

determination.. Yield 202 mg (94 %), mp 161 °C (dec), lH NMR (CDC13) 7.55 ppm-6.55 ppm 

(m,, o,m,p-PhN, 0,m,p-PhOP), ^P^H) NMR (CDC13) 8 105 ppm (doublet, 1JRhP=212 Hz), 13C 

NMRR (CD2C12) 8=130-129 ppm (m, o,/vPhN(CO)2, o,p-PhOP), 131,0 ppm (s, m- PhN(CO)2), 

131.99 ppm (s, m,-PhOP), 135.8 ppm (dd, ipso-PhOP, JRW:=4 HZ, Jpc=4 Hz), 137.3 ppm (s, 

Zpso-PhN),, 151.0 ppm (s, N(CO)2), 181.8 ppm (dt, JRhc=73 Hz, Jrc=20 Hz), IR (CH2C12) Vco 

17255 cm"1 (vs), 1692 cm"1 (vs), VRh-co 2021 cm"1 (vs), FAB/MS m/e [RhClCO(lc)2]+ 1073, 

[RhCl(lc)2]
++ 1044, [RhCO(lc)2]

+ 1037, [Rh (lc)2]
+ 1008, Anal. Calcd for 

C53H4oN607P2ClRh:: C, 59.31; H, 3.76; N 8.07. Found: C, 59.18; H, 3.93; N, 7.74. 

7Wuts-RhClCO(ld)22 (3d) A solution of 124 mg (0.4 mmol) of Id in 2 mL of CH2C12 was 

addedd dropwise to a solution of 39 mg (0.1 mmol) [Rh(CO)2Cl]2 in 2 mL of CH2C12 When the 

ligandd was added CO evolved from the solution directly. The yellow solution was stirred for 1 

hourr at room temperature. After 1 hour the solvent was concentrated to 1 mL and 10 mL of 

pentanee was added. The complex precipitated directly. The yellow complex was filtered off 

andd washed with 5 ml of pentane. Crystallisation of a small fraction from benzene resulted in 

crystalss suitable for crystal structure determination. Yield 140 mg (89 %), mp 158 °C (dec.), 
llHH NMR (CD2C12) 8 0.6 ppm (t, 6 H, 3JHH=7 Hz, (COhNCH^Hj), 1.2 ppm (t, 12H, 3JHH = 

77 Hz, PNCH2CHj), 3,4 ppm (q, 4 H, 3JHH=7 Hz, (COhNQfcCHa), 4.1 ppm (multiplet, 

PNCH2CH3),, 6.9 ppm (d, 4H, 3JHH=8 HZ, o-PhOP), 7.2 ppm (t, 2H, 3JHH=7 Hz, p-PhOP% 

7.33 ppm (multiple!, m-PhOP), 31P{!H}  NMR (CDCI3) 8 101.2 ppm (doublet, 1JRhp=209 Hz), 
13CC NMR (CD2CI2) 8=15.0 ppm (s, CH3CH2N(CO)2), 16.3 ppm (s, CH3CH2NP), 40.7 ppm (s, 

CH3CH2N(CO)2),, 47.5 ppm (dd, CH3CH2NP, JRJ,C=16 Hz, JPC=16 HZ), 130.8 ppm (m, o,m,p,-

PhOP),, 139,0 ppm (dt, ipso-PhOP, JRJ,C=26 Hz, Jpc=4 Hz), 154 ppm (s, N^O^), 185 ppm 

(dt,, RhCO, JRI,C=72 Hz, Jpc=18 Hz), IR (CH2C12) v c o 1711 cm1 (vs), 1671 cm"1 (vs), V R ^ = 

20255 cm1, FAB/MS m/e [RhClCOUd)̂  785, [RhCl(ld)2]+ 756, [RhCCKldfe]*  749, [Rh 
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(ld)2]
++ 721, Anal. Calcd for C29H4oN607p2ClRh: C, 44.37; H, 5.14; N 10.71. Found: C, 

44.26;; H, 4.91; N, 10.73. 

HRh(lb) 3COO (4), 50 mg (0.2 mmol) of Rh(acacXCO)2 and 285 mg (1.0 mmol) of l b were 

dissolvedd in 20 mL of toluene. The solution was brought in the autoclave and pressurised to 

200 bar CO/H2 (1/1). The autoclave was heated for 1 hour at 80 °C and than heated to room 

temperature.. After depressurising the clear red solution was brought in a schlenk and saturated 

withh argon. Upon standing for one night under argon atmosphere compound (4) was formed. 

Evaporationn of the toluene and washing with benzene gave the pure compound (4). 

Crystallisationn of a small fraction from benzene resulted in crystals suitable for crystal 

structuree determination. Yield 20 mg (10 %), mp 106 °C (dec.), lH NMR (CD2C12) S=-10.7 

ppmm (broad, hydride), 0.5 ppm (broad, 9H, CH3CH2N(CO)2, 2.1 ppm (broad, 18H, 

CH3CH2NP),, 3.5 ppm (broad, 18H, CH3CH2N), 7.1 ppm and 7.3 ppm (broad, 15H, o,m,p-

PhP),, ^P^HJNMR (CD2C12) 6 117.2 ppm (broad doublet, ,JRhP=169 Hz), (Because of 

fluxionall  behaviour an accurate 13C NMR could not be obtained), IR (CH2C12) Vco 1695 cm"1 

(vs),, 1660 cm1 (vs), VR^C. 2019 cm"1, FD MS FD+=1012, Anal. Calcd. for C43H61N9O7P3RI1: 

C,, 51.04; H, 6.08; N 12.46. Found: C, 51.16; H, 5.91; N, 12.62. 

Crystall  structure determination of (lc, 2a, 3c, 3d) Detailed crystallographic information of 

thee structures lc, 2a, 3c, 3d is summarised in Table 12. An Enraf-Nonius CAD-4 

diffractometerr with graphite-monochromated CuKa radiation and co-20 scan was used for data 

collection.. The intensities of two reflections were measured hourly. Unit-cell parameters were 

refinedd by a least-squares fitting procedure using 23 reflections with 80<20<84 (lc), 80<26<82 

(2a,, 3c, 3d). Absorption correction was performed with the program PLATON,43 following the 

methodd of North et al.u using \|/-scans of five reflections, with transmissions in the range of 

0.851-0.9222 (lc), 0.677-0.913 (2a), 0.497-0.989 (3c), 0.589-0.991 (3d). The structure was 

solvedd by the PATTY option of the DIRDIF96 program system.45 The hydrogen atoms positions 

weree calculated. After isotropic refinement of the initial model for 3c, AF synthesis revealed 

threee independent peaks, which formed a six-member ring that was interpreted as benzene, one 

off  the solvents used during crystallisation. Full-matrix least-squares refinement on F, 

anisotropicc for the non-hydrogen atoms and isotropic for the hydrogen atoms restraining the 

latterr in such a way that the distance to their carrier remained constant at approximately 1.0 A, 

convergedd to R=0.058, Rw=0.058 (A/o)max=0.05, S=0.99 (lc); R=0.066, Rw=0.070 
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(A/o)max=0.32,, S=1.063 (2a); R=0.045, R ^ . 0 43 (AAj)max=0.66, S=1.008 (3c); R=0.045, 

Rw=0.0499 (A/a)max=0.08, S=1.094 (3d) 

AA weighting scheme of w = [ 1.5+0.01 *(a(Fobs))240.Ol/(a(Fobs))]"1 was used for lc and 2a. 

AA weighting scheme of w=[7.5+0.01*(<y(Fobs))2+0.01/(a(Fobs))]"1 was used for 3c. A 

weightingg scheme of w=[2.5+0.01*(cr(Fobs))2+0.01/(<y(Fobs))]-l was used for 3d. The 

secondaryy isotropic extinction coefficient46' 47 refined to Ext=0.059 (5) (lc), 0.207 (8) (2a), 

0.1166 (4) (3c), 0.291 (7) (3d). A final difference Fourier map revealed a residual electron 

densityy between -0.38 and 0.67 eA3 (lc), -0.45 and 0.42 eA"3 (2a), -0.9 and 1.19 eA"3 (3c), -

2.00 and 1.44 eA"3 (3d) in vicinity of the heavy atoms. Scattering factors were taken from 

Cromerr and Mann;48 International Tables for X-ray Crystallography.49 The anomalous 

scatteringg of Rh, CI and P was taken from Cromer and Mann.48 All calculations were 

performedd with XTAL,50 unless stated otherwise. 

Crystall  structure determination of (4) C43H61N9O7P3.3C6H6, fw = 1246.15, yellow block, 

0.555 x 0.30 x 0.10 mm3, trigonal, R3c (No. 161), a = b = 23.2546(17) A, c = 19.624(2) A, y = 

120°,, V = 9190.4(13) A3, Z = 6, p = 1.351 g cm"3. Intensities were measured on an Enraf-

Noniuss CAD4T diffractometer witii rotating anode (Mo-Kcc, X = 0.71073A) at a temperature 

off  150K. Absorption correction based on Psi-scans (PLATON,51 u = 0.416 mm*1, 0.86-0.97 

transmission).. 18616 measured reflections, 4700 unique reflections (Rim = 0.0773). The 

structuress were solved wim direct methods (S1R-97)52 and refined with me program 

SHELXL-97533 as an inversion twin against F2 of all reflections up to a resolution of (sin 

OÂ maxx = 0.65 A*1. The Flack x parameter was determined as 0.54 (4). Non hydrogen atoms 

weree refined freely with anisotropic displacement parameters. The hydride hydrogen atom was 

fixedd in a calculated position; me other hydrogen atoms were refined as rigid groups. The 

drawings,, calculations and checking for higher symmetry were performed with the PLATON 

package.511 R (I>2<J(I)): Rl = 0.0452, wR2 = 0.1016. R (all data): Rl = 0.0591, wR2 = 0.1078. 

S== 1.046. 
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Tablee 12. Crystal Data and Details of the Structure Determination of Id, 3c, 3d and 2a a 

empiricall  formula 

fw w 

temperature e 

wavelength h 

abs.. coeff. 

I d d 

C26H2oN3OjP P 

453.4 4 

roomm temperature 

X(CuKa)=1.5418A A 

H(CuKa)=13.22 cm' 

crystall  system monoclinic 

spacee group 

unitt  cell dimension! 

volume e 

Z Z 

density y 

F(000) ) 

crystall  size 

P2,/n n 

>> a=12.4340(10)A 

b=13.9618(9)A A 

c=13.55011 (7) A 

a=90° ° 

p=100.4677 (5)° 

y=90° ° 

2313.22 (3)A3 

4 4 

1.3022 gem3 

944 4 

0.25x0.25x0.555 mm 

rangee of data collection 4.4£6<74.80 

indexx ranges 

no.. f reflcns colled 

finalfinal  R 

0<h<15 5 

0<k<17 7 

-16<l£16 6 

4755 5 

0.0588 (for  3799 

obs.. reflcns) 

2a a 

Cs^gNeOsP: : 

904.8 8 

roomm temperature 

^(CuKa) == 1.5418 A 

uXCuKa^D.Scm" 1 1 

triclini c c 

PP r 
a=10.2617a=10.2617 (7) A 

b=14.1002(9)A A 

c== 17.043 (2) A 

0(^92.4633 (5)° 

p=99.118(6)° ° 

7=100.740(5)° ° 

2263.99 (4)A3 

2 2 

1.3277 gem"3 

940 0 

0.25x0.50x0.500 mm 

2.6^6<74.80 0 

-12<te£l2 2 

-17<k£17 7 

0<1<21 1 

9294 4 

0.0666 (for  7167 

obs.. reflcns) 

3c c 

C29H«)N607P2ClRh.C6H6 6 

785.0 0 

2533 K 

X(CuKa)=1.54188 A 

iKCuKa^SlJcmiKCuKa^SlJcm1 1 

3d d 

C53H4oN607P2ClRh h 

1073.2 2 

2333 K 

\(CuKa)=1.5418A A 

H(CuKa)=44.66 cm"1 

monoclinicc triclini c 

C2/c c 

a=18.800(4)A A 

b=14.402(l)A A 

c=15.312(3)A A 

ct=90° ° 

p=98.455 (1)° 

Y=90° ° 

4100.88 (12)A3 

2 2 

1.3988 gem3 

1784 4 

0.30x0.40x0.655 mm 

3.9<0<74.7o o 

-23<h<0 0 

0£k<17 7 

-18<1<19 9 

4205 5 

0.0455 (for  3874 

obs.. reflcns) 

PP T 

a=10.41400 (9) A 

b=11.0175(5)A A 

c=23.4011 (2) A 

a=83.9411 (7)° 

0=79.1833 (14)° 

Y=67.4800 (4)° 

2434.44 (3)A3 

4 4 

1.4644 gem"3 

1096 6 

0.30x0.50x0.600 mm 

3.8^0^74.8° ° 

-13<h<0 0 

-13<k<12 2 

-29<1<28 8 

10043 3 

0.0455 (for  9660 

obs.. reflcns) 

56 6 



Rhodiumm Complexes based on Phosphorus Diamide Ligands 

2.44 References 
11 Bath S. S.; Vaska, L.; /. Am. Chem. Soc, 1963, 85, 3500. 
22 Osborn, J. A.; Wilkinson, G.; Young, J. F., Chem. Commun., 196S, 17. 
33 Vaska, L., J. Am. Chem. Soc, 1966,88, 4100. 
44 Evans, D.; Osbom, J. A.; Wilkinson, G., J. Chem. Soc. A, 1968,3133. 
55 Yagupsky, G.; Brown, C. K.; Wilkinson, G., J. Chem. Soc. A, 1970,1392. 
66 Brown, C. K.; Wilkinson, G., J. Chem. Soc. A, 1970, 2753. 
77 Unruh, J. D.; Christenson, J. R., /. Mol. Cat., 1982,14, 19. 
88 Moasser, B.; Gladfelter, W. L.; Christopher Roe, D., Organometallics, 1995, 14,3832. 
99 Schmid. R; Herrmann, W. A.; Frenking, G., Organometallics, 1997,16, 701. 
100 van Rooy, A.; Kamer, P. C. J.; van Leeuwen, P. W. N. M., J. Organomet. Chem., 1997, 535, 201. 

"Matsubara,, T.; Koga, N.; Ding, Y.; Musaev, G.; Morokuma, K., Organometallics, 1997,16, 1065. 
122 Feng, J.; Garland, M., Organometallics, 1999,18,417. 
133 Casey, C. P.; Whiteker, G. T.; Melville, M. G.; Petrovich, L. M.; Gavney, J. A., Jr.; Powell, D. R., J. Am. 

Chem.Chem. Soc, 1992,114, 5535. 
144 Buisman, G. J. H.; van der Veen, L. A.; Klootwijk, A.; de Lange, W. G. J.; Kamer, P. C. J.; van Leeuwen, P. 

W.. N. M.; Vogt, D., Organometallics, 1997,16, 2929. 
155 Casey, C. P.; Paulsen, E. L.; Beuttenmueller, E. W.; Proft, B. R.; Matter, B. A.; Powell, D. R., / . Am. Chem. 

Soc,Soc, 1999,121, 63. 
166 van der Veen, L. A.; Boele, M. D. K.; Bregman, F. R.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.; Goubitz, 

K.;; Fraanje, J.; Schenk, H.; Bo, C, J. Am. Chem. Soc, 1998,120,11616. 
177 van Leeuwen, P. W. N. M.; Roobeek, C. F., /. Organomet. Chem., 1983,255,343. 
188 Jongsma, T.; Challa, G.; van Leeuwen, P. W. N. M., J. Organomet. Chem., 1991,421, 121. 
199 Tolman, C. A., Chemical Reviews, 1977,313. 
200 Moser, W. R.; Papile, C. J.; Brannon, D. A.; Duwell, R. A., J. Mol. Cat., 1987,41, 271. 
211 Tolman, C. A., J. Am. Chem. Soc, 1970, 92,2953. 
222 van Rooy, A ; Burger, D.; Kamer, P. C. J.; van Leeuwen, P. W. N. M., Reel. Trav. Chim. Pays-Bas, 1996,115, 

492. . 
233 Trzeciak, A. M.; Glowiak, T.; Grybek, R.; Ziólkowski, J., J. Chem. Soc, Dalton Trans., 1997, 1831. 
244 Breit, B., J. Mol. Cat., 1999,143,143. 
255 Naili, S.; Mortreux, A.; Agbossou, F., Tet. Asym., 1998,3421. 
266 Muller, C; Meyer, T.G.; Farkens, M.; Sonnenburg, R.; Schmutzler, R., Z Naturforschung, 1992,47b, 760. 
277 Fernandez, E.; Ruiz, A.; Claver, C; Castülon, S, Organometallics, 1998,17, 2857. 
288 Li Wu, M.; Desmond, M. J.; Drago, R. S., Inorg. Chem., 1979,18, 679. 
299 Haar, C. M.; Huang, J.; Nolan, S. P.; Petersen, J.L., Organometallics., 1998,17, 5018. 
300 van der Veen, L. A ; Kamer, P. C. J.; van Leeuwen, P. W. N. M., Angew. Chem. Int. Ed., 1999,38,336. 
311 van Rooy, A ; Kamer, P. C. J.; van Leeuwen, P. W. N. M.; Goubitz, K.; Fraanje, F.; Veldman, N.; Spek, A. L., 

Organometallics.,Organometallics., 1996,15,835. 
322 Frenz, B. A.; Ibers, J. A., "Th e hydride series", Vol L E.L. Muetterties, Ed. M. Dekker, New York N.Y. 1971, 

Chapterr m. 

57 7 



Chapterr 2 

Nozaki,, K.; Sakai, N.; Nanno, T.; Higashijima, T.; Mano, S.; Horiuchi, T.; Takaya, H., J. Am. Chem. Soc., 

1997,119,, 4413. 
344 Buisman, G. J. H.; Vos, E. J.: Kamer, P. C. J.; van Leeuwen, P. W. N. M., /. Chem. Soc. Dalton Trans, 1995, 

409. . 
355 Brown, J.M.; Kent, A.G., J. Chem. Soc. Perkin Trans, n, 1987, 1597. 
366 Cattermole, P. E.; Osborne, A. G., Inorg. Synth., 1977,17, 115. 
377 Arif , A. M.; Jones, R. A.; Seeberger, M. H.; Whittlesey, B. R.; Wright, T. C, Inorg. Chem., 1986, 25, 3943. 
388 Garrou, P. E., Chem. Rev., 1981, 81, 229. 
399 Sivak, A J.; Muettterties, E. L., J. Am. Chem. Soc., 1979,101,4878. 
400 van Rooy, A.; Orij, E. N.; Kamer, P. C. J.; van Leeuwen, P. W. N. M , Organometallics, 1995,14,34. 
411 Elsevier, C. J., J. Mol Cat., 1994, 92, 285. 
422 d'Silva, T. D. J.; Lopes, A.; Jones, R. L.; Singhawangcha, S.; Chan, J. K., /. Org. Chem., 1986,51, 3781. 
433 Spek, A. L., Acta Cryst. 1990, A46, C-34. 
444 North, A. C. T.; Phillips, D. C; Scott Mathews, F. S., Acta Cryst. 1968, A26, 351. 
455 Beurskens, P. T.; Beurskens, G.; Bosnian, W. P.; Gelder, R. de; Garcia-Granda, S.; Gould, R. O.; Israel, R.; 

Smits,, J. M. M., The DIRDIF-96 program system, Crystallography Laboratory, University of Nijmegen, The 

Netherlands,, 1996. 
466 Zachariasen, W. H„  Acta Cryst. 1967, A23,558. 
477 Larson, A. C, Crystallographic Computing. 1969, 291. 
488 Cromer, D. T.; Mann, J. B., Acta Cryst. 1968, A24,321. 
499 International Tables for X-ray Crystallography, Vol. IV, Birmingham, Kynoch Press, 1974, 55. 
500 Hall, S. R.; King, G. S. D.; Stewart, J. M., Eds. XTAL3.4 User's Manual. University of Western Australia, 

Lamb,, Perth, 1995. 
511 Spek, A. L., PLATON, A multipurpose crystallographic tool, 1999,Utrecht University, The Netherlands. 
522 Altomare, A.; Burla, M. C; Camalli, M.; Cascarano, G. L.; Giacovazzo, C; Guagliardi, A.; Molitemi, A G. 

G.;; Polidori, G.; Spagna, R., J. Appl. Cryst.. 1999,32, 115. 
533 Sheldrick, G. M., SHELXL-97, Program for crystal structure refinement, 1997, University of Gotongen, 

Germany. . 

58 8 







Chapterr  3 

Intramolecularr  Hydroformylatio n of 

Allyldiphenylphosphinee Using a Monodentate Phosphorus 

Diamidee Based Rhodium Catalyst: 

ann NM R Study 

Thee stepwise intramolecular hydroformylation reaction of allyldiphenylphosphine using a 

monodentatee phosphorus diamide based rhodium catalyst has been studied using NMR 

spectroscopy.. Reaction of the rhodium-hydride complex HRI1L3CO (L = triethylbiuret-

phenylphosphoruss diamide) with allyldiphenylphosphine results in the formation of 

HRhL2(allylPPh2)CO.. This compound undergoes hydride migration to form a cyclic rhodium-

alkyll  complex. When carbon monoxide is added to this complex, ligand exchange and CO 

insertionn occur, leading to the formation of the cyclic rhodium-acyl complex 

Rh(CO)OfeCH2CH2PPh2L(CO)2.. Addition of hydrogen completes the cycle forming the 

coordinatedd hydroformylated allyldiphenylphosphine ligand. The aldehyde-functionalised 

phosphinee ligand is hydrogenated to the corresponding alcohol. 
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3.11 Introductio n 
Thee rhodium-catalysed hydroformylation using phosphorus ligands is one of the most 

extensivelyy studied catalytic processes.1 " 6 Not only has the catalyst performance been an 

importantt aspect of the studies during the past decades but also the reaction mechanism and 

thee solution structure of the catalyst have been investigated in great detail.7'8 Although several 

intermediatess of the unmodified rhodium catalyst have been characterized,9 " ' ' only a small 

numberr of intermediates proposed for the phosphorus-modified catalyst have been 

identified,12""  u and very littl e is known about the reactivity of the reaction intermediates and 

thee reversibility of the reaction steps proposed.15'16 

Et t 

OyNy 0 0 

Ó Ó 
(1) ) 

FigureFigure 1. Monodentate Biuret-Based Ligand 1 

Inn chapter two, we presented a new group of phosphorus diamide ligands for the 

rhodium-catalysedd hydroformylation reaction17 that is based on a biuret structure. Although 

thee ligands are very bulky, moderate selectivity for the linear aldehyde was found in the 

hydroformylationn reaction of 1-octene;17 bulky diphosphate ligands for instance often lead to 

highh linear-to-branched ratios.18 Here we report on a detailed study of the stoichiometric 

hydroformylationn reaction of allyldiphenylphosphine using the monodentate phosphorus 

diamidee based rhodium catalyst HRh(l)3CO. The allyldiphenylphosphine rhodium complex 2 

(Figuree 2) is used as a model compound to investigate the hydroformylation reaction in a 

stepwisee manner. The structures of the hydroformylation reaction intermediates as proposed 

inn Figure 2 are investigated using NMR spectroscopy. Not only is this type of intramolecular 

hydroformylationn of interest from a mechanistic point of view, but coupling of the substrate 

andd ligand function can lead to increased selectivity for either the linear or branched product, 

ass has been shown by Jackson19 and Breit. 

Sincee this biuret-based rhodium catalyst shows moderate selectivity for the linear 

aldehydee in the hydroformylation of 1-octene,17 special attention will be paid to the 
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regioselectivityy of the hydride migration and isomerisation reaction. Van Leeuwen and co-

workers""  investigated the hydride migration of several alkenylphosphine-platinum 

complexes.. They observed for vinyldiphenylphosphine both the linear and branched alkyl-

platinumm complex. The branched alkyl complex, a tiiree-membered ring system, is the initial 

productt formed by kinetic control; the linear alkyl complex, a four-membered ring system, is 

thee thermodynamically more stable product formed after longer reaction times. They observed 

onlyy the linear (five-membered ring system) product for allyldiphenylphosphine. 

A A 
Ph2PP Rh; 

hydroformylatio n n 
produc t t CO O 

, \ \ 

Ui„„, Ui„„, / / 
J J 

Rhh p p h , 

CO O 

(2) ) 
V V 

W W 
Rh h 

Xc c CO O 

CO O 

rhodium-acyll complexes 

^ R h —— PPh? 

COO * CO 

rhodium-alkyll complexes 

FigureFigure 2. Possible Reaction Intermediates of the Intramolecular Hydroformylation of 

Allyldiphenylphosphine Allyldiphenylphosphine 

Recentlyy van Leeuwen et al. studied the stepwise hydroformylation reaction of 

allyldiphenylphosphinee using a rhodium catalyst containing a bidentate bulky phosphite 

ligand.. Similar to the platinum complexes, the linear rhodium-alkyl complex was observed 

exclusivelyy after hydride migration, but after CO insertion both the linear and branched 

rhodium-acyll  complexes were observed, indicating that the branched rhodium-alkyl complex 
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mustt have been formed as a transient intermediate. Thus kinetically the formation of small 

ringss seems to be favoured both in the rhodium and in the platinum systems. In this study we 

wil ll  focus on the reversibility of the hydride migration step and the effect of using 

monodentatee instead of chelating phosphorus ligands in this reaction step. Using the bidentate 

phosphite-basedd rhodium complex, all subsequent steps of the hydroformylation mechanism 

exceptt the hydrogenolysis were observed. The use of a monodentate ligand instead of a 

bidentatee ligand could enhance ligand dissociation and thereby the hydrogenolysis leading to 

thee hydroformylated allyldiphenylphosphine. 

3.22 Results and Discussion 
Thee rhodium-hydride complex HRh(l)3CO was used as starting material for this 

mechanisticc study. This complex has a trigonal bipyramidal structure with the hydride 

ligandd coordinated at an apical position. The JH, 13C and 31P NMR data for this complex are 

summarisedd in Table 1 to facilitate comparison with the data of the intermediates formed in 

thiss study. The 2JPH coupling constant of 13 Hz is relatively large for a pure c/s-orientation of 

thee phosphorus and hydride ligands indicating a small distortion of the trigonal bipyramidal 

structure.. The crystal structure confirmed that the hydride and carbonyl ligands are 

coordinatedd at an apical position.17 The rhodium atom is located slightly below the equatorial 

planee defined by the phosphorus atoms, displaced toward the carbonyl ligand. The 13C{1H} 

NMRR spectrum showed a doublet of quartets in the terminal CO region when the complex 

synthesiss was performed using 13CO. The large 2JCH coupling constant of 36 Hz for trans CO-

hydridee coordination in a trigonal bipyrimidal rhodium complex has also been reported by 

Brown155 and van Leeuwen.23 The P-Rh-CO angle is larger than 90 ° leading to a relatively 

largee 2Jpc coupling constant of 13 Hz. 

3.2.11 Reaction of HRh(l>3CO and Allyldiphenylphosphine 

Onee equivalent of allyldiphenylphosphine was made to react with HRh(l>3CO at 

2333 K. The difference in electronic ligand properties favours the exchange of a 7t-acidic 

phosphoruss ligand with an electron donating phosphine ligand. Free allyldiphenylphosphine 

wass not observed in the 31P NMR spectra (8(31P) = -13.6 ppm). The major compound formed 

iss the rhodium-hydride complex 2 (Figure 2), but in all cases approximately 10% of the 

disubstitutedd complex (HRh(l)(alrylPPh2)2CO) and HRh(l)3CO were obtained in the 
31PP NMR spectra (Figure 3, spectrum 1). When the reaction mixture was warmed to room 

temperaturee complete conversion to complex 2 was obtained, but at this temperature hydride 
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migrationn occurs. To characterise complex 2 completely, the solution was kept at 253 K after 

additionn of allyldiphenylphosphine to the rhodium-hydride complex. 

1 1 _JdLX_ _ 
JJLLL L 

3b b 
JUL,,,,.,..,,.. ,„ T = 253K 

JLBA. . 
-//' ' tJjyJ,,tJjyJ,,  I»! IIIW.UI »n<in m,i|mi l i m I»H fm  T - 203 K 

5a a 
ii  ^  T = 233K 

1222 118 114 110 106 102 60 56 44 36 26 20 12 
ppmm ppm 

FigureFigure 3. nP{lH] NMR spectra of Complexes 2, 3b and 5a (1) 31P{'H} NMR of complex 2 

obtainedobtained at 253 K, (2) 3'P{'H}  NMR of complex 3b obtained at 203 K, 31P{lH} NMR of 

complexcomplex 5a obtained at 233 K, * HRh(l)}CO, **  5b, A allyldiphenylphosphineoxide. 

Tablee 1. Spectroscopic Data of the Different Intermediates Observed 

Complex x 

HRh(l)3CO O 

2 2 

3b b 

5a a 

Sb b 

6 6 

7 7 

5(31P)a a 

(ppm) ) 

116(Pl)b b 

1166 (PI)" 

233 (P2) 

1199 (PI)" 

600 (P2) 

106(P1)C C 

166 (P2) 

106(P1)C C 

566 (P2) 

1099 (PI) 

277 (P2) 

117(Pl)e e 

255 (P2) 

JRM> > 

(Hz) ) 

1800 (PI) 

1888 (PI) 

1433 (P2) 

1955 (PI) 

1477 (P2) 

2055 (PI) 

1477 (P2) 

2055 (PI) 

1566 (P2) 

185 5 

122 2 

188 8 

141 1 

JpiP2 2 

(Hz) ) 

--
131 1 

112 2 

117 7 

117 7 

77 7 

130 0 

&Y 13C) ) 

(ppm) ) 

200c c 

202c c 

197d d 

1955 (broad)" 

2433 (broad)" 

n.d. . 

197 7 

202 2 

jRhC C 

(Hz) ) 

52 2 

52 2 

47 7 

n.d. . 

n.d. . 

63 3 

51 1 

Jpc c 

(Hz) ) 

13 3 

13 3 

16 6 

n.d. . 

n.d. . 

244 (PI) 

<< 3 (P2) 

13 3 

of'H) ) 

(Hz) ) 

-11.1" " 

-10.8" " 

--

--

--

-10.3 3 

-10.7 7 

JpH H 

(Hz) ) 

13 3 

11 1 

--

--

--

100 (PI) 

333 (P2) 

12 2 

JcH H 

(Hz) ) 

36 6 

48 8 

--

--

--

8 8 

n.d. . 

jRhH H 

(Hz) ) 

<3 3 

<3 3 

--

--

--

5 5 

<3 3 

**  PI belongs to the phosphorus diamide ligand resonance, P2 belongs to the allyldiphenylphosphine resonance, 

alll  spectra were recorded in CD2a2
 b determined at 253 K, c determined at 233, " determined at 203 K, ' 

determinedd at 268 K 

Thee structure of 2 (Figure 2) was elucidated using various NMR techniques (Table 1). 

Thee H NMR spectrum showed that the alkene moiety was still present. All allyl protons were 

shiftedd upfield compared to the resonances of noncoordinated allyldiphenylphosphine. The 
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hydridee resonance was shifted downfield. The magnitude of the phosphorus-hydride coupling 

constantt is approximately the same for both the phosphine and the phosphorus diamide 

ligandss and shows that the trigonal bipyramidal structure is still slightly distorted. The 2JCH 

couplingg constant of 2 (48 Hz) is slightly larger than the 2JCH coupling constant of HRh(l)3CO 

(366 Hz). The phosphorus NMR spectrum (Figure 3, spectrum 1) showed a doublet of doublets 

inn the rhodium-phosphorus diamide region and a doublet of triplets in the rhodium-phosphine 

regionn in a ratio of two to one. The large :Jpp coupling constant of 131 Hz is consistent with 

thee coordination of all three phosphorus atoms in the equatorial plane. The ^Cj'H) NMR 

spectrumm showed a doublet of quartets at 202 ppm for 2 prepared with l3CO. The 'JRIJC 

couplingg constant (52 Hz) and Jpc coupling constant (13 Hz) are in the same range as the data 

foundd for HRh(l)3CO, indicating that similar to this complex, the phosphorus ligands are 

coordinatedd in the equatorial plane and the carbonyl ligand and hydride ligands are 

coordinatedd at an apicall  position of the distorted trigonal bipyramid. 

3.2.22 Hydrid e Migratio n 

Whenn a solution of 2 in CD2CI2 was warmed to room temperature, additional (broad) 

resonancess in the phosphorus spectrum appeared. The intensity of the hydride and allyl 

resonancess in the JH NMR spectrum decreased in intensity and new resonances in the alkyl 

regionn appeared, indicating that the hydride migration reaction has started. When the solution 

off  2 was warmed for 10 minutes at 313 K, complete conversion of the rhodium-hydride 

complexx was reached. At room temperature, the 31P NMR spectrum showed a very broad 

resonancee at the position of the free phosphorus diamide ligand (64 ppm) and a broad doublet 

aroundd 60 ppm. The broad resonances in die phosphorus NMR spectrum indicate mat 

fluxionall  processes occur at room temperature (vide infra). When the temperature was 

decreasedd to 203 K, these processes became slow on me NMR time scale, and a doublet of 

doubletss in the rhodium-phosphorus diamide region (119 ppm) and a doublet of triplets at 

600 ppm in a ratio two to one appeared (Figure 3, spectrum 2). The downfield shift of the 

phosphinee chemical shift of approximately 40 ppm compared to die phosphine chemical shift 

off  complex 2 is characteristic of die formation of a five-membered ring.21,24 The formation of 

aa four-membered ring wil l lead to an upfield shift of approximately 40 ppm as reported by 

Garrou.244 We conclude from me downfield shift of the allyldiphenylphosphine resonance mat 

thee linear rhodium-alkyl complex 3b has been formed (Figure 4). 

Thee spectroscopic data of complex 3b are presented in Table 1. The 2Jpp coupling 

constantt found for 3b (112 Hz) is much smaller man me 2Jpp found for 2 (131 Hz). The 
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formationn of the five-membered chelate ring will lead to a more distorted trigonal bipyramidal 

structure,, resulting in a smaller P-Rh-P angle. The 13C{'H}  NMR spectrum showed a doublet 

off  quartets at 197 ppm for the 13CO complex. Both 'JRM: (47 Hz) and 2Jpc (16 Hz) coupling 

constantss are slightly different from that of complex 2, which indicates a change in the 

structuree of the complex. The branched alkyl 3d (Figure 4) was not observed in the 31P NMR 

spectra. . 

Twoo different mechanisms have been proposed for the hydroformylation reaction." 

Thesee mechanisms differ in the mode of attack of the alkene on the catalyst. In the associative 

pathwayy the alkene coordinates to the five-coordinated rhodium centre, the six-coordinated 

20-electronn complex undergoes hydride migration to form a rhodium-alkyl complex. 

Immediatelyy after coordination of the phosphine ligand, a very fast insertion would be 

expectedd according to this mechanism, which does not appear to be the case. In the 

dissociativee pathway, the commonly accepted mechanism,"5 the five-coordinated rhodium-

hydridee complex first splits off one ligand to form a 16-electron rhodium centre. The alkene 

coordinatess to this four-coordinated rhodium centre followed by hydride migration." 

L—Rh—L/CO O 
I I 
CO O 

14bi i 

L/"'Rh—CO O 

CO O 
(6) ) 

L™;Rh—PPh2 2 

CO O 

H H 
I I 

L—Rh—pph2 2 

CO O 

ƒ ƒ ^ ^ 

II ™2 "-ftp "-ftp 
COO r 

O coo L/'-l  > c° 
ii v r v ' ^ p -p --
!! ^Ph. 

OC*'' | ^ P ' 
COO p h2 

^ ^ 

COO v 

II I co \ | co 
====== L—Rh—PPh, =s=- L ' * ;Rh—pph, = =L—Rh—pph; ; 

CO O 
(3c) ) 

LMRUpPh2 2 

CO O 

C OO , i 

oc rr I 
CO O 
I4ci I4ci 

^ ^ 

COO P h 2 

(5b) ) 

FigureFigure 4. Overview of the Intermediates Formed in the Intramolecular Hydroformylation of 

Allyldiphenylphosphine Allyldiphenylphosphine 
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Att room temperature, the P NMR spectrum of the rhodium-alkyl complex showed very 

broadd resonances, indicating that fluxional processes occur at room temperature. The 31P 

NMRR spectrum showed a very broad resonance at the position of the free ligand (64 ppm) and 

aa broad doublet around 60 ppm. Similar to the phosphorus diamide ligands in HRh(l>3CO, the 

phosphoruss diamide ligands in complex 2 are in fast exchange with the free ligand.17 When 

wee consider the dissociative pathway for the hydride migration, this ligand 

coordination/dissociationn process creates a free coordination site for the alkene moiety at the 

rhodiumm centre (complex 2a, Figure 4). After alkene coordination (complex 2b/2c, Figure 4), 

hydridee migration can occur to form the four-coordinated (cyclic) alkyl complexes 3a and 3c 

(Figuree 4). Probably, these coordinatively unsaturated complexes will coordinate a 

phosphoruss ligand to form the five-coordinated alkyl complexes 3b and 3d. Comparison of 

thee reaction times to complete the hydride migration reaction using the monodentate biuret-

basedd rhodium complex (10 minutes at 313 K) with the bidentate phosphite-based rhodium 

complexx (three hours at 313 K)22 indicates that the hydride migration in the former case is 

muchh faster. The use of monodentate ligands instead of a bidentate ligand causes the faster 

hydridee migration observed in this study. The monodentate phosphorus diamide ligands are in 

fastt exchange on the NMR time scale with free ligand in solution. Ligand dissociation creates 

aa free coordination site for the alkene moiety at the rhodium centre. Formation of a free 

coordinationn site in case of the bidentate phosphite ligand is hindered by the formation of the 

rhodium-phosphitee chelate ring. Since the observed hydride migration is still orders of 

magnitudee slower than ligand exchange (NMR line broadening at 293 K), the alkene 

coordination/hydridee migration may involve dissociation of a ligand and hence a 16-electron 

species. . 

Inn the hydroformylation reaction of 1-octene using ligand 1, high isomerisation rates 

andd low selectivity toward the linear product are observed,17 but using the allyldiphenyl-

phosphinee as substrate the branched alkyl complex was not observed in the NMR spectra. 

Thiss in combination with the observation of the branched rhodium-acyl complex using the 

bidentatee bulky phosphite system suggests that the branched rhodium-alkyl complex is 

formedd in the reaction mixture. Fast equilibrium between the alkene complex 2b/2c and both 

alkyll  complexes 3a and 3c may occur at temperatures higher than 203 K and the branched 

rhodium-alkyll  complex could be formed in the reaction mixture. Similar to the 

vinyldiphenylphosphinee platinum complexes,21 the linear rhodium-alkyl complex (3b) could 

bee diermodynamically more stable than the branched rhodium-alkyl complex (3d) as a result 

off  the larger ring strain in the four-membered ring of complex 3d. Therefore complex 3b is 
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thee only rhodium-alkyl complex observed in the reaction mixture. To visualise the formation 

off  the branched alkyl complex, we performed the hydride migration reaction using the 

deuterio-rhodiumm complex instead of the hydrido-rhodium complex. When deuteride 

migrationn leads exclusively to the linear alkyl complex, only a deuterium label at the p-carbon 

atomm will be observed (complex 3b', Figure 5). When the branched alkyl complex is formed 

butt rearranges to the linear alkyl complex, a complex with a deuterium label at the a-position 

wil ll  be observed (complex 3b", Figure 5). For the deuteride migration using 

DRh(l)2(allylPPh2)COO (2') the same procedure was followed as for the hydride complex. The 

complexess formed were investigated using deuterium and phosphorus NMR spectroscopy. 

i < < 

ll  PPh. = ^ Fjhh PPh2 

CO O 

(2') ) 

pp Rh' 

FigureFigure 5. Position of the Deuterium Label after Deuterium Migration Complex 2c' has been 

omittedomitted for brevity. 

Afterr coordination of allyldiphenylphosphine to DPdi(l)3(CO), the solution was 

warmedd to room temperature. The 31P NMR spectra observed for die deuterated complexes 

aree identical to those of the hydride complexes. The deuterium resonances observed and the 

correspondingg proton chemical shifts are displayed in Table 2. The alkyl resonances of the 
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rhodium-alkyll  complex are not resolved in the 'H NMR spectrum because of overlapping 

withh the ethyl resonances of ligand 1. Directly after warming to room temperature, the 
2HH NMR spectrum clearly shows the (broad) deuteride resonance at -10.6 ppm, together with 

additionall  resonances at 5.0 ppm and 4.6 ppm. These chemical shifts correspond to those 

observedd for the protons of the coordinated allyldiphenylphosphine (5.2 ppm and 4.7 ppm) 

andd belong to the deuterium labels at the 0- and a-carbon atoms. Appearance of deuterium 

labelss at these positions of the allyl moiety shows that there is a fast equilibrium between the 

rhodium-hydride/deuteridee and the rhodium-alkyl complexes (hydride migration followed by 

p-hydridee elimination). The scrambling of the deuterium label between the a- and ^-position 

indicatess that both the four- and five-membered alkyl rings were formed. Together with the 

allyll  resonances, several broad resonances in the alkyl region appeared. Similar to the hydride 

migrationn experiments the reaction mixture was warmed for 10 minutes at 313 K. Completion 

off  the deuteride migration was checked using 31P NMR spectroscopy. After cooling to room 

temperature,, the two allyl resonances had disappeared and two broad resonances at 1.7 ppm 

andd 1.2 ppm were the only resonances remaining in the 2H NMR spectrum. The position of 

thesee two resonances is strongly indicative of a deuterium label at the a- or fi-carbon atom of 

thee linear rhodium-alkyl complex, indicating that the four-membered rhodium-alkyl complex 

wass formed. 

Tablee 2. Proton and Deuterium Chemical Shifts of the Allyl - and Alkyl-Rhodiu m 

Complexes s 

Rhodium-allyll  complexes 

HRh(l) 2(allylPPh2)COO (2) 

DRh(l)2(allylPPh2)COO (2') 

HRh(l)2(CH2CDbCH2PPhï)CO O 

HRh(l)2(CHDcCHCH2PPh,)CO O 

Rhodium-alkyll  complexes 

RI1CH2CHDCH2PPM11 )2CO Ob') 

RhCHDCH2CH2PPh2(l)2CO(3b") ) 

Hydride/Deuteride e 

(ppm) ) 

-10.88 ('H) 

-10.66 (broad) 

--

6(H/DY) ) 

(ppm) ) 

2.55 (m) ('H) 

SfltyDp) ) 

(ppm) ) 

5.22 (m) ('H) 

5.00 (m) 

1.77 (broad, m) 

--

S(H</Da) ) 

(ppm) ) 

4.77 (m) ('H) 

4.66 (m) 

1.22 (broad) 

Summarisingg the results of the deuterium migration, we conclude that initially both the 

linearr and branched rhodium-alkyl complexes are formed in the reaction mixture. Similar to 

thee vinyldiphenylphosphine platinum complexes, the larger ring system is the 
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thermodynamicallyy more stable product. Probably, the four-membered ring system is more 

sensitivee toward pVhydride elimination (as a result of the ring strain) than the five-membered 

ringring system. When the hydride migration is complete, all complexes present are converted to 

thee stable linear alkyl complex. 

3.2.33 CO Insertion 

Thee 31P NMR spectrum changed tremendously when the solution of 3b was 

pressurisedd with 5 bar CO at 253 K (Figure 3, spectrum 3). A sharp doublet of doublets 

appearedd in the rhodium-phosphorus diamide region, and a sharp doublet of doublets 

appearedd in the rhodium-phosphine region in a ratio of one to one. One of the phosphorus 

diamidee ligands is replaced by a CO ligand. The upfield shift of the phosphine resonance 

comparedd to complex 3b indicated that the phosphine ligand is now part of a six-membered 

ring.. The 13C{  'H}  NMR spectrum showed a very broad singlet (W1/2« 60 Hz) at 243 ppm and 

twoo very broad resonances around 195 ppm when 13CO was used. The 13C NMR resonance at 

2433 ppm is strongly indicative of a rhodium-acyl carbon atom, proving that CO insertion has 

occurred.. The broad carbonyl resonances in the 13C NMR spectrum indicate diat the 

equatoriall  and apical CO ligands are in slow exchange. A broad multiplet appeared in the 

carbonyll  ligand region when the solution was cooled to 193 K, but the acyl carbon resonance 

remainedd broad upon cooling to this temperature. The Jpc, JRhc and Jcc coupling constants 

remainedd unresolved. On the basis of me upfield shift of the phosphine resonance of 

approximatelyy 40 ppm compared to complex 3b, we conclude that the linear rhodium-acyl 

complexx 5a (Figure 4) is the major complex formed after CO insertion. 

Whenn CO was added to the solution of 3b at room temperature, approximately 10 % 

off  the rhodium-hydride complex HRh(l)2(CO)2 was formed next to the rhodium-acyl 

complexx 5a. Reformation of the rhodium-hydride complex (HRh(l)3CO) followed by 

exchangee of the phosphine ligand with CO can occur, since all reaction steps are reversible. 

Ann additional pathway to form the hydride complex HRh(l)2(CO)2 is ^-hydride elimination, 

onee of the main side reactions in the hydroformylation cycle. Dissociation of the phosphine 

ligandd induced by the ring strain will create a vacant site for the coordination of the hydride 

(Figuree 4). After fJ-hydride elimination a carbonyl ligand coordinates at the remaining vacant 

site.. P-Hydride elimination is not unlikely in this system, as was shown in the previous 

section. . 

Forr the hydride migration reaction, we proposed that initially bom the linear and 

branchedd rhodium-alkyl complexes were formed in the reaction mixture. As a result of ring 
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strain,, the four-merabered ring system was converted to the thennodynamically stable linear 

rhodium-alkyll  complex. To detect the branched product indirectly, we performed the hydride 

migrationn reaction in the presence of CO. When the branched alkyl complex is formed, it can 

immediatelyy give CO insertion, and die more stable five-membered acyl ring will be trapped. 

Thiss five-membered ring, if formed, will have the characteristic downfield shift in the 
31PP NMR spectrum as reported by Garrou.24 After the coordination of allyldiphenylphosphine 

too HRh(l)3CO, the (high-pressure) NMR tube was pressurised to 6 bar of CO at 253 K. The 

tubee was warmed to room temperature, and the reaction was monitored using NMR 

spectroscopy.. Initially, the 31P NMR spectrum showed two complexes: the hydride complex 2 

andd a small amount of the linear alkyl complex 3b. Different from the hydride migration 

experiments,, the tube was not warmed to 313 K, but it was kept at room temperature. Slowly, 

thee CO insertion started and the resonances of the linear acyl complex 5a appeared. An 

additionall  doublet of doublets appeared at 56ppm ('JRM» = 156 Hz, 2JRP =117 Hz). An 

additionall  resonance in the phosphorus diamide region was not observed, but a P COSY 

spectrumm showed cross-peaks for the resonance at 56 ppm and the phosphorus diamide 

resonancee 106 ppm. The resonance at 106 ppm also showed cross-peaks with the phosphine 

resonancee at 16 ppm, which belongs to me linear rhodium-acyl complex. On the basis of the 

downfieldd shift of this resonance, the correlation with the phosphorus diamide resonances that 

belongg to a rhodium-acyl complex, and the deuterium labelling experiments, we conclude mat 

thee phosphorus resonance at 56 ppm belongs to the branched rhodium-acyl complex 5b 

(Figuree 4). Additional proof for the formation of the branched alkyl/acyl complex is the 

presencee of both the resonances of me linear and branched aldehyde proton in the H NMR 

spectraa after addition of hydrogen. The deuterium experiments showed that the branched alkyl 

complexx is formed in the reaction mixture, although this complex was not observed in the 31P 

NMRR spectra. The presence of CO in the reaction mixture traps this branched product by the 

formationn of a five-membered ring system after CO insertion. 

3.2.44 Hydrogenolysis 

Afterr the CO insertion we bubbled H2 through the solution of 5a at room temperature. 

Underr atmospheric hydrogen pressure, hydrogenolysis did not occur. Deinsertion of CO is 

observed,, probably because the insertion-deinsertion equilibrium is driven to the rhodium-

alkyll  complex since CO is removed by the H2 flow. A flow of  13CO through a solution of the 
12COO rhodium-acyl complex 5a resulted in the appearance of the rhodium-acyl resonance of 

complexx 5a in the 13C{  *H}  NMR spectrum showing the reversibility of the CO insertion. The 
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rhodium-acyll  complex 5a and the hydride complex HRh(l)2(CO): were the only complexes 

observedd when a one to one mixture of CO and H2 was bubbled through the solution. These 

resultss indicate that the hydrogenolysis does not occur at atmospheric hydrogen pressure. This 

iss not unlikely since kinetic experiments with this ligand system showed that hydrogenolysis, 

dependingg on the conditions used, is one of the rate-determining steps.14 

Whenn the solution of the rhodium-acyl complex 5a was pressurised to 15 bar of 

COIHTT = 1:2, the hydrogenolysis occurred slowly overnight at room temperature. Directly 

afterr pressurising with hydrogen, a weak hydride resonance appeared in the hydride region of 

thee 'H NMR spectrum and aldehyde resonances appeared at approximately 10 ppm, proving 

thatt the hydrogenolysis had started. After complete conversion of the rhodium-acyl complex 

hass been reached, the aldehyde resonance is present only in low concentration in the proton 

NMRR spectrum. The IR spectrum of this solution showed a weak aldehyde absorption at 

17511 cm" and a medium absorption at 3340 cm" that probably belongs to the hydroxyl group. 

Jacksonn and co-workers13 performed the hydroformylation of a range of alkenylphosphines. 

Theirr results showed complete conversion of the allyldiphenylphosphine to the alcohol 

insteadd of the aldehyde. The presence of the aldehyde moiety in close proximity of the 

rhodiumm centre probably leads to further hydrogenation of the aldehyde to the corresponding 

alcohol.. (The hydrogenation of the aldehyde is one of the side reactions observed in the 

hydroformylationn reaction.). 

ee e 
11 IM ,y , ,  I T-293K 

1222 118 114 110 106 102 60 56 44 36 28 20 12 
ppmm ppm 

FigureFigure 6. }'P{'H}  NMR spectra of Complexes 6 and 7 measured in CD2Cl2 (1) 31P{'H} NMR 

ofof complex 6 obtained at 293 K, (2) 31P{'H} NMR of complex 7 obtained at 268 K, * 

HRh(l)HRh(l)22(CO)(CO)2 2 

Afterr complete conversion of the rhodium-acyl complex 5a, the 31P NMR spectrum 

showedd a doublet of doublets in both the phosphorus diamide (109 ppm) and phosphine 

regionn (27 ppm) (Figure 6, spectrum 1). Different from the previously described hydride 

complexx (2), the 2JPH coupling constants for the phosphine and the phosphorus diamide ligand 
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aree not equal (33 Hz and 10 Hz). Selectively decoupling of the phosphorus resonance at 

277 ppm or at 109 ppm showed that the large "JPH coupling constant of 33 Hz results from the 

phosphinee atom, whereas the small coupling of 10 Hz results from the phosphorus diamide 

atomm (Figure 7). The 2JPH coupling constant of 10 Hz is similar to the previously obtained 

data,, whereas the "JPH coupling constant of 33 Hz is too large for a cis coordination of the 

hydridee and phosphorus ligand. Two explanations can be brought forward: an equilibrium 

mixturee of ee-ea coordination giving averaged signals in the NMR spectra, provided that there 

iss a fast exchange of the ligand between the equatorial and apical positions;26 second, 

coordinationn of the phosphorus ligand in the equatorial plane of a slightly distorted trigonal 

bipyramidd would lead to an increase of the "JPH coupling constant. The large JpH coupling 

constantt suggests that the phosphine ligand is now coordinated to some extent at an apical 

positionn of the trigonal bipyramid (complex 6, Scheme 5). The phosphorus diamide ligand is 

stilll  coordinated at an equatorial position. The ' C NMR spectrum confirms this hypothesis 

showingg only one resonance for both carbonyl ligands having one large "Jcp coupling (24 Hz) 

andd one small MCP coupling constant (< 3 Hz). 

FigureFigure 7. Hydride Resonance after Selectively Decoupling of the Phosphine or Phosphorus 

DiamideDiamide Resonance, (1) Hydride resonance of complex 6, (2) Hydride resonance of complex 

66 after selective decoupling of the rhodium-phosphine resonance, (3) Hydride resonance of 

complexcomplex 6 after selective decoupling of the rhodium-phosphorus diamide resonance. 

Wee depressurised the NMR tube after the hydrogenolysis and hydrogenation reaction 

andd removed the hydrogen and CO gases by bubbling argon through the solution. After 

removingg the CO from die solution the phosphorus NMR spectrum showed a doublet of 

doubletss in the phosphorus diamide region (117 ppm) and a double triplet appears in the 

phosphinee region (25 ppm) (Spectrum 2, Figure 6). The multiplicity of the rhodium-
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phosphinee resonance shows that complex 6 exchanged a carbonyl ligand with a phosphorus 

diamidee ligand. The "JPH coupling constant (12 Hz) is again similar for both the rhodium-

phosphoruss diamide and die phosphine, indicating that the phosphine ligand has moved to the 

equatoriall  plane (complex 7, Figure 8). 

Thee hydrogenolysis reaction is much slower than the insertion reactions under the 

conditionss studied. At higher temperatures tiiese differences are less pronounced, and tiius we 

concludee that die activation enmalpy for the hydrogenolysis step is relatively high. 

ïï ï r^ 
occ I ̂ -\ co L I 

Ph2p-^AA O H CO 
(6)) ^ - / - (7) 

FigureFigure 8. Complexes Formed after Intramolecular Hydroformylation and Hydrogenation of 

ComplexComplex 2 

3.33 Conclusions 

Thee stepwise hydroformylation of allyldiphenylphosphine has been investigated using 

aa monodentate biuret-based rhodium catalyst. Coupling of the ligand and substrate functions 

stabilisedd the intermediates of die hydroformylation reaction and enabled the characterisation 

off  die complexes using NMR spectroscopy. 

Hydridee migration in the absence of CO led to complete conversion of the rhodium-

hydridee complex to the linear rhodium-alkyl complex (3b). The deuterium complex showed 

scramblingg of deuterium at die a- and P-positions of the allyl/alkyl moiety in the hydride 

migrationn reaction, indicating that botii the linear and the branched rhodium-alkyl complex 

hadd been formed. The linear rhodium-alkyl complex was shown as the thermodynamically 

stablee product formed after longer reaction times, similar to the results observed for 

comparablee platinum-alkyl complexes.21 Deuterium scrambling at die a- and ^-position of die 

allyll  moiety shows mat the hydride migration is a reversible process in the absence of carbon 

monoxide.. In chapter four, we studied die reversibUity of die hydride migration reaction in the 

hydroformylationn reaction of 1-octene using this biuret-based rhodium catalyst.14 These 

experimentss showed that under hydroformylation conditions die hydride migration is virtually 
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irreversible.. The results obtained using allyldiphenylphosphine are in agreement with the 

resultss observed for 1-octene. In the presence of CO the hydride migration was directly 

followedd by CO insertion, and both the linear and branched rhodium-acyl complexes were 

observedd in the 31P NMR spectra showing that in the presence of CO the hydride migration is 

irreversible.. On the basis of these observations we conclude that the selectivity in this system 

forr either the linear or branched aldehyde is determined by the ratios of the rates of reaction 

thatt can take place immediately after the hydride migration. 

3.44 Experimental Section 
Generall  information All preparations were carried out under an atmosphere of argon 

usingg standard Schlenk techniques. Dichloromethane-fife was distilled from calciumhydride. 

Otherr solvents were distilled from sodium/benzophenone. All glassware was dried by heating 

underr vacuum. The NMR spectra were recorded on a Bruker DRX-300 spectrometer. 

Chemicall  shifts are given in ppm referenced to TMS or H3PO4 (external), ligand 1 and 

HRh(l)3COO were synthesised according literature procedures.17 Because of the low yield of 

HRh(l>3COO described in the literature,17 an optimised procedure is described below. 

Inn a typical 5 mm tube NMR experiment 20 mg (0.020 mmol) of 2 was dissolved in 

0.55 mL of CD2C12. A 0.2 mL (0.020 mmol) portion of a 0.1 M stock solution of allyldiphenyl-

phosphinee in CD2CI2 was added dropwise to this solution at -40 °C. The yellow solution was 

stirredd for 15 minutes at this temperature before the NMR spectra were recorded. For the 10 

mmm high-pressure NMR tube, 80 mg (0.08 mmol) HRh(l)3CO in 1.5 mL of CD2C12 was used. 

HRh(l) 3COO 20 mg (0.078 mmol) Rh(acac)(CO)2 and 114 mg (0.39 mmol) ligand 1 

weree dissolved in 20 mL of cyclohexane. The solution was brought to an autoclave. The 

autoclavee was put under a pressure of 15 bar CO/H2 (1/1) and stirred at 40 °C for 2 hours. The 

solutionn was transferred to a Schlenk flask. (The solution was saturated with 13CO in the case 

off  the 13CO labelled complex.) The white complex precipitated when the solution was 

concentratedd to a volume of 5 mL. The complex was washed three times with 10 mL of 

pentanee and dried under vacuum. Yield 56 mg (72 %), mp 106 °C (dec). The precise NMR 

dataa of this compound are displayed in Table 1, IR (CH2CI2) VNCO 1695 cm*1 (vs), 1660 cm'1 

(vs),, vRh-co2019cm"1. 
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Mechanisticc Studies of the Hydroformylatio n of 1-Alkenes 

usingg a Monodentate Phosphorus Diamide Ligand 

Thee mechanism of the riiodium-catalysed hydroformylation reaction using a monodentate 

phosphoruss diamide ligand has been investigated. The system presents an ideal case to 

illustratee the basics of hydroformylation. A detailed kinetic study and (in situ) spectroscopic 

techniquess revealed that several of the elementary reaction steps are involved in the 

hydroformylationn rate control. Which step is rate determining depends strongly on the 

conditionss used. Deuterioformylation showed that alkene coordination followed by hydride 

migrationn is irreversible under the conditions studied. The rhodium-hydride complex 

HRhL2(CO)22 and several rhodium-acyl complexes were observed during the 

hydroformylationn reaction. The structures of the rhodium-acyl complexes have been 

characterisedd using 31P, 13C, and 103Rh NMR spectroscopy. The major rhodium-acyl complex 

formed,, RC(0)RhL2(CO)2, has a trigonal-bipyramidal structure with the two phosphorus 

ligandss coordinated in the equatorial plane. The exchange rates of the equatorial and apical 

carbonyll  ligands with dissolved carbon monoxide differ significantly, the equatorial carbon 

monoxidee being much more labile. 
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4.11 Introductio n 

Rhodium-catalysedd hydroformylation has been extensively studied. * An important 

aspectt of these studies has been the unravelling of the reaction mechanism in order to obtain a 

betterr understanding of the outcome of die overall reaction. Although the reaction kinetics 

havee been investigated many times, very littl e has been reported on the characterisation of the 

intermediatess present during the reaction. Nowadays high-pressure (HP) spectroscopic 

techniquess are regularly applied to identify organometallic compounds present under high 

pressures.3'' 8 " " HP IR is most often applied to identify in situ hydroformylation 

intermediates,, but only information about carbonyl ligands is obtained and full 

characterisationn cannot been achieved. HP NMR spectroscopy is a powerful technique for the 

characterisationn of complexes formed under high pressures. However, in situ characterisation 

off  complexes present during catalysis cannot be performed using a HP NMR tube because of 

diffusionn limitation of the reacting gases. A continuous supply of gas and optimal mixing is 

achievedd in a HP NMR flow cell,12 and therefore, this is an elegant tool for the 

characterisationn of hydroformylation reaction intermediates. The combination of (in situ) HP 

IRR and HP NMR spectroscopy can lead to complete structural analysis of the intermediates 

presentt during catalysis. 
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Thee generally accepted, dissociative mechanism proposed by Wilkinson is 

presentedd in Figure 1. The five-coordinate rhodium bisphosphine complexes shown in this 

Figuree can be resting states of the catalyst, but rhodium complexes with one or three 

phosphinee ligands may also be involved.1, 6*  8 The reactive species in this mechanism are 

coordinativelyy unsaturated complexes formed by dissociation of CO or phosphine. A free 

coordinationn site for alkene coordination is obtained in the CO dissociation step of the 

rhodium-hydridee complex 2a (steps 1 and 2). After hydride migration (step 3) and 

coordinationn of CO, insertion of CO occurs to give a rhodium-acyl complex (2g, steps 4 and 

5).. The unsaturated rhodium-acyl complex 2g undergoes either hydrogenolysis (step 6) or CO 

coordinationn (step 7). Hydrogenolysis completes the catalytic cycle with the regeneration of 

thee coordinatively unsaturated hydride complex 2b and the production of either the linear or 

thee branched aldehyde (step 6). Depending on the electronic and steric properties of the 

ligandss used, different steps will control die reaction rate and different intermediates will be 

presentt in the reaction mixture as the catalyst resting state. 

Manyy detailed studies on the reaction kinetics and the resting state of an unmodified 

rhodiumm carbonyl catalyst using various substrates have been performed.9, 10' 14, 15 These 

studiess showed that the rate-determining step of the hydroformylation reaction for this 

electron-poorr rhodium catalyst is hydrogenolysis. Garland and co-workers9, 16 identified a 

rhodium-acyll  intermediate as the resting state of the catalyst using in situ IR spectroscopy. 

Vann Leeuwen et al.17'18 investigated hydroformylation catalysts based on bulky monodentate 

phosphitee ligands. Kinetic studies of the hydroformylation reaction catalysed by this electron-

poorr rhodium catalyst revealed a zero order in alkene concentration and an approximate first-

orderr rate dependency on the hydrogen concentration, indicating that the rate-determining 

stepp is the hydrogenolysis.19 In situ IR studies confirmed this hypothesis by showing that the 

rhodium-acyll  complex is present as the resting state of the catalyst during the 

hydroformylationn reaction under these conditions.20 

Despitee their importance, very few kinetic studies have been performed on ligand 

modifiedd hydroformylation rhodium catalysts. Cavalieri d' Oro and co-workers21 investigated 

thee reaction kinetics of a triphenylphosphine-modified catalyst, which were different from the 

kineticss of catalysts containing bulky phosphite ligands. This study showed mat the rate 

equationn for this system depends on the substrate and phosphine concentrations. The reaction 

showedd a zero-order dependency on both CO and H2 concentration. The selectivity for the 

linearr aldehyde was found to depend dramatically on the ratio between CO and ligand 

concentrations.. Wilkinson22 and Brown2 and co-workers examined the coordination chemistry 
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off  several rhodium-phosphine complexes that are potential intermediates in the 

hydroformylationn reaction using IR and NMR spectroscopy. Under the conditions studied, 

HRh(PPh3)2(CO)22 was present as the most abundant species during the hydroformylation 

reaction,, as detected by in situ IR and NMR techniques.23' 24 Moser investigated the 

hydroformylationn reaction intermediates formed from a range of /?ara-substituted 

triphenylphosphinee ligands.3 From their data they concluded that when the electron density on 

rhodiumm is decreased, the rate-limiting step shifts from "just after the formation of 

HRhL2(CO)22 (L = PPh3) to just after formation of RhR(CO)2L2 (L = (p-ClPh)3P or L = 

(p-CF3Ph)3P)". . 

Inn chapter two, we reported on a new group of phosphorus diamides as ligands for 

thee hydroformylation reaction based on a l,3,5-N,N',N"-trisubstituted biuret structure.25 

Thesee ligands combine the 7t-acidity of phosphites with the steric properties of phosphines. 

Thiss unique combination of electronic and steric ligand properties leads to an increase of the 

hydroformylationn activity compared to that of phosphine-based catalyst systems. Under 

hydroformylationn reaction conditions, these bulky ligands formed exclusively the equatorial-

equatoriall  rhodium-hydride complex; although the ligands are very bulky, the catalyst 

selectivityy for the linear aldehyde remained moderate. This observation suggests that during 

thee catalytic cycle an equatorial-apical complex might be formed. Here we present a 

mechanisticc study using these phosphorus diamide ligands in order to understand the catalyst 

performance.. The rate-limiting step in the hydroformylation reaction of 1-alkenes using 

ligandd 1 was investigated and the solution structure of the resting state of the catalyst was 

studiedd using (in situ) high-pressure spectroscopic techniques. 
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4.22 Results and Discussion 
4.2.11 Kineti c Studies 

Thee rate-controlling steps of the hydroformylation reaction of 1-octene using 

HRh(l)2(CO)22 (2a) were determined by a detailed kinetic study. In this study the 

concentrationn dependency of the reaction rate of all the reactants was investigated. The initial 
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ratee of aldehyde production was determined over the first 10 % of conversion. Earlier research 

showedd that ligand 1 can form mixtures of two different hydride complexes (HRh(l)2(CO)2 

andd HRh(l)(CO)3) under hydroformylation conditions.25 The performances of these two 

catalystss in the hydroformylation reaction are different. Therefore, the optimal rhodium and 

ligandd concentrations were determined using high-pressure IR spectroscopy to ensure 

exclusivee formation of HRh(l)2(CO)2. 
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FigureFigure 2. Equilibrium between Monomeric and Dimeric Rhodium Complexes 

Onee of the important side reactions obtained under hydroformylation reaction conditions is 

thee dimerisation reaction depicted in Figure 2. High rhodium and low H2 concentrations and 

loww temperatures promote the formation of these dimeric rhodium complexes.11, 26' 27 To 

investigatee the effect of the rhodium concentration on the reaction rate, we varied this 

concentrationn between 0.5 and 4 mM (see Graph 1). The rate of aldehyde production is 

linearlyy proportional to the rhodium concentration. This first-order dependency indicates that 

dimerisationn of the rhodium complexes is not involved under the applied hydroformylation 

conditionss using ligand 1. 

33 4 5 
[Rh]]  (mM) 

GraphGraph 1. Variation of the rhodium concentration, Conditions: T - 41 "C, pCo = Pm = 10 bar, 

[L][L]  = 19 mM, [1-octene] = 0.59 M. Values of the rate are least-squares fits (r2 >0.998) of 

lineslines from plots ofmillimoles of aldehyde vs. time over 0-10% conversion. 
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GraphGraph 2. Variation of the Partial CO Pressure, Conditions: T = 41 "C, [Rh] = 2 mM, 

Rh/LRh/L - 1/10, pH2 - 10 bar, [1-octene] - 0.59 M. Values of the rate are least-squares fits (r~ > 

0.998)0.998) of lines from plots of millimoles of aldehyde vs. time overO -10 % conversion. 

Thee 1-octene concentration was varied between 0.4 and 1.2 M. The results depicted in Table 1 

showw a rate dependency of 0.3. The partial CO pressure was varied between 10 and 35 bar. 

Thee natural logarithm plot of the reaction rate against the partial CO pressure shows a 

negativee first-order dependency on the partial CO pressure (Graph 2). The partial hydrogen 

pressuree was varied between 10 and 40 bar (Table 2). The natural logarithm plot of the 

reactionreaction rate against the partial hydrogen pressure shows a large positive (0.8) dependency on 

thee hydrogen pressure. We studied the effect of the ligand concentration on the reaction rate 

byy varying this concentration between 19 and 67 mM. The results show a rate dependency of 

-0.33 (Table 3). 

Tablee 1. Substrate Concentration Dependency on the Hydroformylatio n Reaction Rate3 

[1-octene] ] 

(M) ) 

0.44 4 

0.59 9 

0.59 9 

0.88 8 

1.18 8 

Conversion n 

(%) ) 
22 2 

13 3 

20 0 

25 5 

23 3 

kk b 

"a id d 

152 2 

165 5 

162 2 

183 3 

201 1 

Vb Vb 

1.7 7 

1.7 7 

1.7 7 

1.9 9 

1.9 9 

2-octene e 

(%) (%) 
2 2 

2 2 

1 1 

2 2 

1 1 

aa Conditions: T = 41 °C, PCO = PHI= 10 bar, [Rh] = 1.9 mM, [ligand] = 19 mM. Samples were taken between 0-

10%% conversion.b (mol aldehyde)(mol Rhy'h"1 averaged over time. 
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Tablee 2. CO and H2 Partial Pressure Dependency on the Hydroformylatio n Reaction 

Rate' ' 

PHI PHI 

(bar) ) 

10.5 5 

10.6 6 

10.6 6 

10.5 5 

10.0 0 

10.6 6 

Poo Poo 

(bar) ) 

11.5 5 

12.1 1 

20.2 2 

24.3 3 

29.5 5 

38.5 5 

Conv. . 

(%) ) 

25 5 

23 3 

20 0 

23 3 

29 9 

18 8 

kaki kaki 

191 1 

183 3 

108 8 

93 3 

77 7 

52 2 

1/b b 

1.7 7 

1.8 8 

1.7 7 

1.8 8 

1.7 7 

1.7 7 

2-octene e 

(%) ) 

2 2 

3 3 

3 3 

2 2 

2 2 

2 2 

Pm Pm 

(bar) ) 

11.8 8 

18.1 1 

29.9 9 

34.7 7 

Pco Pco 

(bar) ) 

10.6 6 

10.5 5 

10.3 3 

10.5 5 

Conv. . 

(%) ) 

26 6 

26 6 

24 4 

24 4 

/ / 

193 3 

263 3 

407 7 

456 6 

1/b b 

1.8 8 

1.8 8 

1.8 8 

1.8 8 

2-octene e 

{%) {%) 

3 3 

3 3 

1 1 

2 2 

88 Conditions: T = 41 °C, [Rh] = 1.9 mM, [ligand] = 19 mM, [1-octene] = 0.59 M. Samples were taken between 0 

-- 10% conversion.b (mol aldehydeXmol Rh '̂h"1 averaged over time. 

Tablee 3. Ligand Concentration Dependency on the Hydroformylatio n Reaction Rate* 

[L ] ] 

(mM) ) 

19 9 

29 9 

37 7 

49 9 

67 7 

conversion n 

(%) ) 

25 5 

28 8 

26 6 

25 5 

22 2 

lrlr  b 

«aid d 

226 6 

206 6 

191 1 

183 3 

165 5 

Mb Mb 

1.9 9 

1.9 9 

1.9 9 

1.9 9 

2.0 0 

2-octene e 

(%) ) 
2 2 

2 2 

2 2 

2 2 

2 2 

**  Conditions: T = 41 °C, pCo = Pm = 10 bar, [Rh] = 1.9 mM, [ 1 -octene] = 0.59 M. Samples were taken between 0 

-10%% conversion.b (mol aldehydeXmol Rhy'h"1 averaged over time. 

Thee positive reaction order found for the alkene concentration and the negative 

reactionn order found for the CO pressure and ligand concentration are similar to the results 

foundd for the triphenylphosphine based catalyst.21 The rate equation for this type kinetics, as 

proposedd by van Leeuwen et al.28 as Type I kinetics, is given below. 

RateRate (Typel) = A[Rh][alkene] A[Rh][alkene] 
B[CO]B[CO] + C[alkene] + [L] 

(D D 

Rate-influencingg reactions are CO or ligand dissociation, alkene coordination, and hydride 

migration.. The resting state of the catalyst fitting this kinetics is the rhodium-hydride complex 

2a.. Type I kinetics is observed for most ligand-modified rhodium catalysts. The large positive 

reactionn order found for the hydrogen pressure suggests that the hydrogenolysis step is also 

importantt in detenmning the overall reaction rate. The rate equation fitting these results which 
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weree proposed as Type II kinetics is given below.28 Coordinatively saturated rhodium-acyl 

complexess such as 3a will be present in the reaction mixture as resting states of the catalyst. 

te»qfr«g).te»qfr«g). D t ^ l t H z l (D) 
E[CO]E[CO] + F[H2]  + [L] 

Thee kinetic data obtained for 2a show that the rate-determining step of the hydroformylation 

reactionn using this catalyst cannot be reduced to one single step of die hydroformylation 

mechanism.. Several reaction steps in the proposed mechanism are involved controlling the 

reactionn rate. The alkene coordination/hydride migration and the hydrogenolysis have very 

similarr rates leading to a combination of the Type I and Type II kinetics, as given in equation 

HI,, of the overall reaction rate of the approximate form. 

__ , ... G[Rh][H2][alkene] /TTTX 

RateRate (overall) = — - — (HI) 
H[CO]+K[alkene]H[CO]+K[alkene] + [H2] 

Thee overall reaction rate is strongly dependent on the reaction conditions used. At high 

hydrogenn pressure, the catalyst will show Type I kinetics, i.e. the alkene coordination or 

hydridee migration determines the overall rate of reaction. When the alkene concentration is 

increased,, the catalyst wil l show Type II kinetics: i.e. the hydrogenolysis determines the 

overalll  reaction rate. Therefore, the noninteger reaction orders given above are valid only 

withinn the window of the concentration and pressure ranges studied. As a result of these 

kinetics,, both rhodium-hydride and rhodium-acyl complexes (2a, 3a) are expected to be 

presentt under the conditions studied. 

4.2.22 Deuterioformylation Reaction 

Too determine the reversibility of the alkene coordination and hydride migration, we 

performedd a deuterioformylation experiment.29, M If rhodium-alkyl formation by hydride 

migrationn to the coordinated alkene is irreversible, then the aldehydes will contain deuterium 

labelss on the aldehyde carbon atom and the ^-carbon atom (Figure 3). Reversible rhodium-

alkyll  formation will result in a-deuteration. If alkene coordination and hydride migration are 

bothh reversible and fast, then deuterium will be incorporated into the alkene and the number 

off  deuterium labels present in the aldehyde molecule will differ in part from two. 
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FigureFigure 3. Position of the Deuterium Label after Deuterioformylation 

Thee deuterioformylation was performed under the same conditions as the 

hydroformylationn experiments (T = 41 °C, [Rh] = 1.9 mM, Rh/L = 1/10, [1-hexene] = 0.81 M, 

PcoPco - PD2 = 10 bar). 1-Hexene was used for the deuterioformylation instead of 1-octene to 

facilitatee comparison with literature data of the 'H and 2H NMR spectra.29 The rates and 

selectivityy for 1-hexene are comparable with those of 1-octene. The production of aldehydes 

wass monitored by gas chromatography. The number of deuteriums incorporated into 

1-hexene,, heptanal, and 2-methylhexanal was monitored by gas chromatography/mass 

spectroscopy.. The activity and selectivity for the deuterioformylation of 1-hexene were 

similarr to those of the hydroformylation of 1-hexene. Gas chromatography/mass spectroscopy 

showedd hardly any deuterium enrichment at low conversions of 1-hexene. At higher 

conversionn (> 95%), a slight deuterium enrichment of n-hexene (= 3%) was observed, which 

iss due to the increasing concentration of the less reactive 2-alkenes at high conversions. Two 

deuteriumm labels were incorporated in the aldehyde molecules. This suggests that (3-hydride 

eliminationn and alkene dissociation occur only in very few occasions. The linear and branched 

aldehydess were separated from the reaction mixture by distillation and column 

chromatographyy after complete conversion of 1-hexene. The deuterium distribution was 

determinedd using 'H and 2H NMR spectroscopy. We were not able to detect aldehydes 

containingg the deuterium on the a-carbon atom using JH NMR spectroscopy. The 2H NMR 

spectrumm of the mixture of the linear and branched aldehydes shows deuterium labels 

exclusivelyy at the aldehyde carbon and p-carbon atoms. Similar to the results of Casey and 

Petrovichh obtained for the bidentate phosphine ligands, a deuterium label at the a-carbon 
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wass not observed within the detection limits of the 2H NMR spectroscopy. Therefore, we 

concludee that for this ligand, under the conditions studied, hydride migration is virtually an 

irreversiblee process. Probably, the alkene dissociation is much faster than the hydride 

migration.. For a small percentage of molecules that do undergo P-hydride elimination, the 

alkenee dissociates before hydride migration occurs again. Both linear and branched 

rhodium-alkyll  complexes are formed irreversibly, and therefore the regioselectivity of the 

reactionn is determined in the hydride migration step. 

Absorpt i i 
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FigureFigure 4. Difference Spectrum of the in situ IR Experiment 

4.2.33 In Situ IR Studies 

Inn the previous section, we showed that several elementary reaction steps of the 

hydroformylationn reaction influence the overall reaction rate. On the basis of these results 

rhodium-hydridee and rhodium-acyl complexes were proposed to be present as potential 

'resting'' states during the hydroformylation reaction. The complexes present were 

investigatedd using in situ spectroscopic techniques. The results obtained in the in situ HP IR 

experimentss are presented in Table 4. In a typical experiment the hydride complex 2a was 

formedd in situ and after addition of 1-octene the hydroformylation reaction was monitored 
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usingg a rapid scan IR technique (7 scans/s). The difference spectra obtained (Figure 4) show 

negativee absorption bands for die carbonyl frequencies of complexes that are converted (in 

part)) to other complexes after addition of die substrate. Positive absorption bands are obtained 

forr carbonyl frequencies of complexes mat are formed during the hydroformylation reaction. 

Thee rhodium hydride complex 2a (Vco = 2070 cm"1, 2018 cm'1, Table 5) is the only rhodium 

complexx present in all experiments, both before addition and after complete conversion of 

1-octene.. The difference IR spectra show absorption bands in the terminal carbonyl region 

only.. No absorptions of bridging carbonyls are observed, which confirms that inactive 

rhodiumm dimers or clusters are not present during the reaction, as already concluded from the 

first-orderr rate dependency on the rhodium concentration observed in the kinetic experiments. 

Tablee 4. Absorptions Obtained in in situ IR experiments 

Pco Pco 

(bar) ) 

7 7 

7 7 

7 7 

Pm Pm 

(bar) ) 

7 7 

32 2 

7 7 

[1-octene] ] 

(M) ) 

0.22 M 

0.22 M 

0.66 M 

Vcoo (cm1)4 

Disappearing11 1 

20700 (2a), 2018 (2a) 

20700 (2a), 2018 (2a) 

Appearing" " 

20855 (w), 2077 (sh), 2028 (w), 2010 (sh), 2001 (m) 

19911 (m), 1967 (w) 

20855 (w), 2077 (sh), 2028 (w), 2010 (sh), 2001 (m) 

19911 (m), 1967 (w) 
aa All experiments were performed in cyclohexane at 40 °C, b Appearing absorption bands are obtained for 

carbonyll  frequencies of complexes that are formed during the hydroformylation reaction, disappearing 

absorptionn bands are obtained for carbonyl frequencies of complexes that are converted to other complexes. 

Tablee 5. NMR and IR data HRhdyCO)^., , (x = 1,2,3) complexes. 

Compound d 

HRh(lXCO) 3 3 

HRhdWCO),, (2a) 

HRh<l)3CO O 

cVH)" " 

(ppm) ) 

-10.3 3 

-10.6 6 

(broad) ) 

-11.1 1 

d(d(i]i] P)' P)' 

(ppm) ) 

104 4 

110 0 

117 7 

c^CO) 1 1 

(ppm) ) 

n.d.c c 

194d d 

200 0 

Couplingg constants 

JRU,, < 3 Hz, ^ = 1 7 7 Hz, JPH=15 Hz 

JRU,, < 3 Hz, JRU^IS I  HZ , JCP=22 HZ, 

jRhc=588 Hz, Jctf=16 Hz, Jr a < 3 Hz 

JnhHH < 3 Hz, JRU>=169 Hz, JPH=13 Hz, 

Jo^l 33 Hz, JRhc=52 Hz, Jcn=36 Hz 

vCo(cm')b b 

2095,, 2045, 2008 

2070,, 2018 

2019 9 

11 all NMR experiments were performed in toluene-dg, b measured in cyclohexane, c not determined, a the 

equatoriall  and apical carbonyl ligands are in fast exchange under the conditions studied. 

Thee kinetic experiments indicate die presence of both coordinatively saturated rhodium-

hydridee and rhodium-acyl complexes during the hydroformylation. The spectroscopic data of 

severall  rhodium-hydride complexes obtained with ligand 1 are depicted in Table 5. Rhodium-
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hydridee complexes containing two phosphorus ligands can have either equatorial-equatorial 

(ee)) or equatorial-apical (ea) coordinated phosphorus ligands.31 The formation of the ea 

isomerr is not likely since complexes with ea coordinated phosphorus ligands were never 

observedd under hydroformylation conditions using ligand 1. Immediately after addition of 

1-octene,, the strong absorption band of nonanal (1734 cm"1) appeared in the IR spectrum, 

provingg that the hydroformylation reaction has started. The amount of 2a dropped 

considerablyy upon addition of 1-octene. However, comparing the intensity of the carbonyl 

frequenciess of 2a before and after addition of 1-octene showed that 2a was still present in low 

concentrationn during the hydroformylation reaction. Seven new absorptions appeared in the 

terminall  carbonyl region, indicating that complex 2a was converted (in part) to several new 

carbonyl-containingg rhodium complexes. Only one rhodium-hydride complex was observed 

duringg the hydroformylation reaction, the rhodium-hydride complex containing two 

phosphoruss diamide ligands (Table 5). 

L//,„. . Rhh CO 

CO O 

3a a 

Un„. Un„. Rhh CO 

CO O 

3b b 

OC//,„ . . 

o c ^ ^ 
Rh--

L L 

3c c 

OC///„ . . 

o c ^ ^ 
Rh--

L L 

3d d 

FigureFigure 5. Possible Structures of Rhodium-Acyl Complexes 

Thee kinetic experiments showed that the hydrogenolysis (step 6, Figure 1) is a 

relativelyy slow step in the hydroformylation reaction and rhodium-acyl complexes are 

expectedd to be present during the hydroformylation reaction. Several possible structures of 

rhodium-acyll  complexes are depicted in Figure 5. Since the catalyst does not show high 

selectivityy for the linear aldehyde, it can be concluded that both the linear and branched 

rhodium-acyll  complexes are formed (3a, 3b). Coordination of one of the phosphorus atoms at 

ann apical position leading to ea coordinated complexes is also possible. The ea coordination 

modee has not been observed for the hydride complex (2a), but coordination of the larger acyl 

moietyy at one of the apical positions can lead to distortion of the trigonal-bipyramidal 

structuree or coordination of a phosphorus ligand trans to the acyl ligand. The new carbonyl 

bandss obtained in the IR spectrum probably belong to several of the rhodium-acyl complexes, 
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ass depicted in Figure 5. The strong amide bands of the ligand in this region obscure the 

expectedd rhodium-acyl absorption band around 1600-1700 cm"1.10'20 Therefore, the absorption 

off  rhodium-acyl species could not be observed in the IR spectra. 

Rhodiumm hydride complex 2a was the only rhodium complex observed during the 

hydroformylationn reaction when the partial hydrogen pressure was increased to 32 bar (Table 

4).. Higher hydrogen pressures facilitate the hydrogenolysis step, and the simplified Type I 

kineticc equation becomes valid (vide supra). The absence of terminal carbonyl bands in the 

differencee IR spectra observed under high partial hydrogen pressure indicates that under these 

conditionss only the rhodium-hydride complex 2a is present. The amount of 2a decreased and 

thee intensity of the additional carbonyl bands increased with increasing alkene concentration. 

Thiss indicates that at higher alkene concentration the contribution of die hydrogenolysis step 

ass the rate controlling step increases, finally resulting in Type II kinetics. The shift of rate 

control,, depending on the conditions used, shows that the rate expression of this catalyst 

systemm is strongly dependent on the conditions used. 

Tablee 6. IR frequencies Obtained in the Stoichiometric Reaction of 2a, 1-Octene, CO 

andd H2 

Conditions* * 

2aa under 5 bar of CO 

2aa + 25 equiv. of 1-octene under 5 bar of CO 

2aa + 25 equiv. of 1-octene under 10 bar of CO/H2=l/l 

Vcoo (cm1) 

2070,, 2017 

20855 (w), 2077 (sh), 2028 (w), 2010 (sh) 

20011 (ra), 1991 (m), 1967 (w) 

2070,, 2017 

Al ll  reactions were performed in cyelohexane at room temperature. 

4.2.44 Stoichiometric Reactions 

Thee hydroformylation reaction was investigated in a stepwise manner by the 

subsequentt reactions of 2a with alkene, CO, and H2 in an attempt to characterise the 

complexess formed during the hydroformylation reaction. In the absence of H2, complex 2a, 

alkene,, and CO can undergo all hydroformylation reaction steps except die hydrogenolysis 

stepp and rhodium-acyl complexes may be formed (Figure 6). The IR data obtained after the 

subsequentt reaction steps are presented in Table 6. The carbonyl frequencies obtained after 

thee reaction of 2a, 1-octene and CO were identical with those obtained in the in situ IR 

experimentss obtained during the hydroformylation reaction, except for the absence of the 

carbonyll  frequency due to the aldehyde. Subsequent addition of hydrogen showed aldehyde 

formation,, and after all the 1-octene was converted and 2a was the only complex present 

91 1 



Chapterr 4 

again.. Therefore, we conclude that the complexes formed in the stoichiometric reaction of 2a, 

alkene,, and CO are equal to the most abundant complexes present during the 

hydroformylationn reaction at low H2 pressure. This indicates that in this instance the 

stoichiometricc reaction is an elegant and reliable method to study the intermediates of the 

hydroformylationn reaction in a stationary system. 

R'h-**LL ^ n r — ( L " * L - ^ n r _ R h - * L 

FigureFigure 6. Possible Sequence for the Stoichiometric Reaction of 2a, 1-Hexene, and CO 

4.2.55 NMR Study of the Complexes Obtained in the Stoichiometric Reaction 

High-pressuree (HP) NMR spectroscopy is a powerful technique to determine the 

precisee structure of complexes present during the hydroformylation reaction. Higher sample 

concentrationss and longer collection times are needed for NMR studies. The stoichiometric 

hydroformylationn of 1-hexene using NMR spectroscopy was investigated using the same 

proceduree as that for the IR experiments. The experiments were performed in a high-pressure 

NMRR flow cell as described by Iggo and co-workers.12 The advantages of an HP flow cell 

insteadd of an HP NMR tube32 are the continuous supply of reactants and optimal mixing of 

thee reactants (minimisation of diffusion problems). Homogeneously catalysed reactions can 

bee monitored using this flow cell, and stable intermediates can be characterised using 

differentt NMR techniques. 

Rhodiumm complex 2a was prepared in situ in the NMR cell from the rhodium 

precursorr (Rh(acac)(CO)2) and 5 equivalents of ligand 1 by heating at 80 °C for one hour 

underr 20 bar of CO/H2 (1/1) (spectrum a, Figure 7). Complex 2a is the only rhodium complex 

obtainedd according to the 31P NMR spectrum. The hydrogen gas was removed by bubbling 

COO through the solution for 30 minutes at 253 K. Approximately 25 equivalents of 1-hexene 

weree injected into the NMR cell at 253 K, and the solution was warmed slowly to room 

temperature.. When the temperature was raised, the 31P NMR spectrum started to broaden and 

bothh the *H NMR and 31P NMR spectra showed that the resonance due to the hydride 

complexx decreased in intensity. To trap all complexes present, the solution was cooled 
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immediatelyy to 253 K. This results in NMR spectrum b as presented in Figure 7. The 

spectrumm at this temperature showed an additional (broad) doublet (8 = 109.5 ppm, JRHP = 

2055 Hz) upfield from the doublet of 2a (spectrum b, Figure 7). 

e e 

ii  i i 
111  i ' '  i  '  i  i ' '  i

1133 111 109 107 ppm 

FigureFigure 7. Overview of the P{ H} NMR Spectra of Stepwise Reaction of 2a, 1-Hexene and 

COCO and H2 (a) 31P{1H} NMR spectrum of 2a under 5 bar of CO; (b) 3'P{'H}  NMR spectrum 

ofof 2a in the presence of 5 bar of CO and 25 equivalents of 1-hexene; (c) 31P{'H} NMR 

spectrumspectrum after complete conversion of 2a; (d) 3IP{1H} NMR spectrum after addition of 5 bar 

ofof CO/H2 {1/1). All spectra are recorded at 253 K 

Complexx 2a was converted almost completely to the new compounds by warming 

thee solution to room temperature again. The additionally formed doublet is only visible at 

2533 K (spectrum c, Figure 7). A broad resonance appeared downfield from the doublet, 

indicatingg that probably more than one complex was present. The 31P NMR spectrum at room 

temperaturee showed a very broad peak at the position of the free ligand (64 ppm), indicating 

thatt the coordinated phosphorus ligands are in exchange with the free phosphorus ligand. The 

hydridee resonance in the H NMR spectrum has disappeared, and no aldehyde resonance was 

observed.. We were not able to obtain a sharp 31P resonance of the doublet formed under these 

conditionss because of the temperature limits of the NMR flow cell. When die gas flow was 

changedd from 5 bar of CO to 5 bar of CO/H2 (1/1), the broad doublet in the phosphorus NMR 

spectrumm disappeared and the characteristic doublet due to the hydride complex 2a was 

observedd (spectrum d, Figure 7). The 'H NMR spectrum showed the reappearance of the 

hydridee resonance at -10.6 ppm together with an aldehyde resonance at 9.3 ppm. Repeating 

thiss sequence using this NMR sample gave the same results, indicating die retention of 

XA XA 
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activityy for the rhodium-catalysed reaction. These results confirm that the complex formed in 

thee absence of Hi is an intermediate of the hydroformylation reaction. 

Thee new complexes could also be prepared in an NMR tube, and they are stable for 

severall  days under 3 bar of CO at 193 K. The 3IP NMR spectrum showed again a very broad 

resonancee at the position of the free ligand at room temperature. When the sample was cooled 

too 253 K, the 31P NMR spectrum showed the appearance of the broad doublet at 109.5 ppm 

(JRIIPP = 205 Hz) together with the broad resonance downfield from this doublet. The spectrum 

broadenedd when the temperature was decreased. The 31P NMR spectrum obtained at 193 K 

wil ll  be discussed in more detail later. 

Thee in situ IR experiments revealed that rhodium-acyl complexes may be formed in 

thee reaction of 2a, 1-hexene, and CO. Rhodium-acyl carbon atoms have characteristic 

chemicall  shifts in the 13C NMR spectrum around 235 ppm. Therefore, the reaction was 

performedd with 13CO to enable the identification of the rhodium-acyl resonance in 13C NMR. 

Figuree 8 shows an overview of the i3C{  *H}  NMR spectra obtained in a variable temperature 

experiment.experiment. All the resonances in the 13C NMR spectrum were very broad at room 

temperature.. The resonances sharpened when the temperature was decreased. This indicates 

thatt several intra- and intermolecular exchange processes are involved (vide infra). The 

CC NMR spectrum at 223 K (spectrum 3a, Figure 8) showed two rhodium-acyl resonances (8 

== 230.0 ppm and 8 = 227.2 ppm) and three different rhodium-carbonyl resonances (8 = 

194.77 ppm, 8 = 193.7 ppm and 8 = 190.6 ppm), indicating that we are dealing with two 

differentt rhodium-acyl complexes. The structures of these two rhodium-acyl complexes will 

bee discussed in the following sections. 

4.2.66 Characterisation of Rhodium-Acyl Complexes 3a/3b 

Thee 13C{  lH]  NMR spectrum at 253 K (spectrum 3a, Figure 8) showed two rhodium-

acyll  resonances and three different rhodium-carbonyl resonances. The ' C COSY90 spectrum 

showedd strong cross-peaks for the carbonyl ligand at 8 = 193.7 ppm and 8 = 190.6 ppm and 

weakk cross-peaks for the carbonyl ligand at 8 = 190.6 ppm and the rhodium-acyl resonance at 

88 = 230.0 ppm. Therefore, we conclude that these three carbonyl resonances belong to the 

samee rhodium-acyl complex. We were not able to obtain information about the rhodium acyl 

resonancee at 8 =: 227.2 ppm and the terminal CO resonance at 8 = 194.7 ppm using two-

dimensionall  NMR techniques, because of the low concentration of this complex. Selective 

decouplingg of the phosphorus resonance at 8 = 109 ppm at 233 K led to simplification of the 

carbonn NMR spectrum to doublets of doublets for the acyl resonance at 230.0 ppm and the 
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carbonyll  resonance at 190.6 ppm. From this spectrum the rhodium-carbon coupling constants 

weree calculated to be 18 Hz for the acyl carbon and 42 Hz for the carbonyl ligand. This 

spectrumm also shows the two-bond carbonyl-acyl coupling constant of 28 Hz. The large "Jcc 

couplingg constant of 28 Hz is indicative of a trans orientation of the carbonyl ligand and the 

acyll  ligand. 

TT = 253 K ,i T = 223 K 

2322 23 0 22 8 £»" "  '  19 6 18 2 18 8 18 4 

TT = 233 K 

II 1 1 , . , . , 1 , 1 1 , 1 1 , U 

2322 2» 228 228 T B S 1 82 IBB 'Ï84 1888 182 188 
PPM M P̂M M 

FigureFigure 8. Variable Temperature C^H} NMR Spectra obtained after the Reaction of 2a, 

1-Hexene1-Hexene and CO (la) 13C{lH} NMR spectrum obtained at 253 K; (lb) Simulation of the 
1313C{C{22HjHj  NMR spectrum la; (2a) '3C{1Hj NMR spectrum obtained at 233 K; (2b) Simulation 

ofof the BC{'H} NMR spectrum 2a; (3a) UC{'H} NMR spectrum obtained at 223 K; (3b) 

SimulationSimulation of the 13C{'H} NMR spectrum of 3a at 223 K; (3c) Simulation of the UC{'H}  NMR 

spectrumspectrum of 3c at 223 K; (3d) Simulation of the 13C{1H} NMR spectrum obtained at 223 K of 

3a3a ;3d= 1: 0.4. * Impurity. 

Severall  103Rh-13C HMQC spectra were recorded using different delay times (x = 

l/[2JRhd)-- Spectrum la in Figure 9 shows the 103Rh-13C HMQC spectrum obtained using a 

delayy time T calculated from jRhc = 70 Hz. The carbonyl resonance at 193.7 ppm showed 

cross-peakss with a rhodium resonance at approximately -70 ppm. The multiplicity of the 

rhodiumm resonance (triplet) shows that two phosphorus atoms with approximately equal 7RI,P 

couplingg constants are coordinated to the rhodium nucleus. Cross peaks were obtained for die 

carbonn resonances at 190.6 ppm and 230.0 ppm and the triplet at = -70 ppm in the rhodium 

dimensionn in the 103Rh-13C HMQC spectrum when a delay time x calculated from 

J«hc=J«hc= 40Hz was used (spectrum lb, Figure 9). A rhodium resonance at the same chemical 

95 5 



Chapterr 4 

shiftt was observed in the 103Rh-3IP HMQC spectrum. From the results of the various NMR 

experimentss we conclude that the major complex obtained at 223 K after reaction of 2a, 

1-hexene,, and CO is a rhodium-acyl complex having two equatorially coordinated phosphorus 

ligandss and two magnetically inequivalent carbonyl ligands. 

ppm m 

ppm m 

FigureFigure 9. mRh-13C HMQC Spectra recorded at 183 K. (la) The delay time r (l/[2JRhC]) 

calculatedcalculated from JRI,C = 70 Hz was used (lb) The delay time t (l/[2JRi,c]) calculated from JMC 

==  40 Hz was used. 

Thee precise NMR data obtained after simulation are presented in Figure 10, the 

simulatedd C{  H}  NMR spectrum corresponding to these data is presented in Figure 8, 

spectrumm 3b. The two phosphorus atoms are coordinated in the equatorial plane of the 

trigonal-bipyramidall  structure. The carbon resonance at 193.7 ppm shows a large coupling 

constantt to the phosphorus nuclei (37 Hz), as also reported for equatorial carbonyl ligands in 

rhodium-hydridee complexes (HRhLnL(CO)2, LnL = bidentate phosphite ligand).33 The large 

couplingg constant of the equatorial carbonyl to the rhodium nucleus ('JcRh = 70 Hz) has also 

beenn reported by Brown and Kent." The cis coupling of the carbonyl with the acyl carbon 

resonancee is unresolved. The magnitude of the carbon-phosphorus coupling constant for the 

apicall  carbonyl (20 Hz) is larger than normally observed for "JCP in a pure cis orientation. 

Thiss relatively large "JQP might be explained by distortion of the trigonal-bipyramidal 

structure.. This is not unlikely, since distortion of the trigonal-bipyramidal structure is also 

observedd for hydride complexes containing bulky monodentate and bidentate phosphite and 

phosphoruss diamide ligands.25'33 

96 6 



Mechanisticc Studies 

4.2.77 Characterisation of Rhodium-Acyl Complexes 3c/3d 

Thee second (minor) acyl resonance in the carbon NMR spectrum at 8 = 227.2 ppm 

showss a double triplet at 253 K (Figure 8, spectrum la). Selective decoupling of the 

phosphoruss resonance at 109 ppm led to simplification of the acyl resonance to a doublet 

CC = 17 Hz). This indicates that the acyl resonance belongs to a complex that contains two 

(time-averaged)) equivalent phosphorus atoms. The /<x coupling constant of the acyl 

resonancee and the carbonyl ligands is small, indicative of a cw-relation. When the temperature 

wass decreased, the phosphorus atoms lost their time-averaged equivalence. At 223 K, die 

slow-exchangee region was reached and a doublet of doublets appeared at 5 = 227.2 ppm 

== 17 Hz, JQP = 83 Hz, Jcp- ^ 3Hz). Simulation using uiese data results in spectrum 3c 

(Figuree 8). This acyl resonance belongs to a complex that contains one equatorial and one 

apicall  phosphorus atom (3c/3d, Figure 5). A similar complex for triphenylphosphine has been 

reportedd by Brown and Kent. The two carbonyl ligands in die equatorial plane show a sharp 

doublett in the terminal carbonyl region (8 = 194.7 ppm, 7RI,C = 79 Hz). The terminal carbonyls 

exhibitt equal coupling constants to bodi phosphorus nuclei due to intramolecular exchange of 

thee phosphorus atoms. When me temperature is decreased, me terminal carbonyl resonance 

broadened,, and at 193 K a multiplet was observed. The JQP coupling constants could not be 

resolvedd because of the overlap of uiis resonance and the terminal carbonyl resonance of the 

otherr acyl complex. 

8(13C)) = 230.0 ppm 
JRhcc = 18 Hz, JPC< 3 Hz, J0c<3 Hz (CO equatorial), 

Jccc = 28 Hz (CO apical) 

8(13C)) = 193.7 ppm 

J R h cc = 70 Hz, JPC= 37 Hz, 

Jcc<< 3 Hz (acyl), Jcc < 3 Hz (CO apical) 

8(13C)) = 190.6 ppm 

JflhCC = 42 Hz, JPC= 20 Hz, 

Jccc = 28 Hz (acyl), Jcc < 3 Hz (CO equatorial) 

FigureFigure 10. NMR Data of the Major Rhodium-Acyl Complex formed in the Reaction of 2a, 

1-Hexene1-Hexene and CO 

> O C —— rar"** P£=7 
5(31P)) = 109.5 ppm 

JRhpp = 205 Hz, Jpc= 37 Hz (CO equatorial), 

Jpc<< 3 Hz (acyl), J P C = 20 Hz (CO apical) 
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Summarising,, we conclude that in the reaction of 2a, 1-hexene, and CO, two 

rhodium-acyll  complexes are formed. Spectrum 3d (Figure 8) shows the complete simulation 

off  the 13C{  'H}  NMR spectrum obtained at 223 K. The 13C{  'HJ NMR spectrum contains both 

rhodium-acyll  complexes 3a/3b and 3c/3d in a ratio of 1 to 0.4. Both rhodium-acyl complexes 

havee a trigonal bipyramidal-structure with the acyl moiety coordinated at an apical position. 

Bothh complexes contain two phosphorus ligands and two carbonyl ligands. The major 

complexx formed contains two phosphorus ligands coordinated in the equatorial plane of the 

trigonall  bipyramid; the minor complex has one phosphorus atom coordinated at an equatorial 

positionn and one at an apical position of the trigonal bipyramid. In Figure 5, we proposed four 

differentt structures for the acyl complexes present (3a-3d). On the basis of the NMR data 

obtained,, we are not able to distinguish between the linear- and branched-acyl structures. 

However,, since the branched-acyl ligand introduces more steric hindrance close to the 

rhodiumm centre than the linear-acyl ligand, it is tempting to suggest that the major rhodium-

acyll  complex contains a linear acyl ligand (complex 3a) whereas the minor rhodium-acyl 

complexx contains a more bulky branched acyl ligand (complex 3d). The linear-to-branched 

ratioo found in the catalytic reaction cannot be explained by the ratio of 3a to 3d found in the 

NMRR experiments, because these two rhodium-acyl complexes can have different reactivities 

towardss hydrogen. 

COO +OC*—Rh; „>\ P P 

CO O 

3a'" " 

COO ligan d 
exchang e e 

COO + OC—Rh; ,„»P P 

c*o o 
3a" " " 

OC—Rh; ; oCO O 
^ pp + P * 

P P 
3c c 

PP ligan d 
exchang ee , , , 

= == O C — R h ^ , C O + P 
|| ^ P 7 P 
P/P* * 
3c' ' 

isomerizatio n n 

C OO + OC—Rh^ v P + p* 

II p 
CO O 

11 3a 

PP ligan d 
exchang e e 

, —— "  O C — R h ^ l K + p 
|| ^ P * 
CO O 
3a' ' 

l<33 CO insertion-deinsertio n 

OC—Rh; ; „vP P 

CO O 

2f f 

FigureFigure 11. Different Exchange Processes of Rhodium-Acyl Complexes 
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4.2.88 Exchange Processes Observed for  the Rhodium-Acyl Complexes 

Thee rhodium-acyl complexes 3a - 3d are involved in several exchange processes, 

dependingg on the temperature. An overview of the exchange processes is presented in Figure 

11.. The complexes containing the branched aldehyde have been omitted for the sake of 

brevity.. At room temperature one broad resonance for the free ligand is observed in the 

P{{  H}  NMR spectrum, indicating that there is an exchange with the coordinated ligand. A 

broadd doublet at 109.5 ppm and a sharp resonance for the free ligand are observed when the 

temperaturee is decreased to 253 K. The exchange process of the coordinated and free ligand is 

sloww on the NMR time scale at this temperature. One average resonance is observed for the 

twoo rhodium-acyl complexes with ee and ea coordinated phosphorus ligands. The 

isomerisationn between 3a/3b and 3c/3d is still fast on die NMR time scale. The phosphorus 

NMRR broadens again upon cooling to 193 K indicating that the isomerisation becomes slow 

onn the NMR time scale. In both complexes die phosphorus ligands lose their equivalence. 

Becausee of me low concentration of complex 3d we were not able to resolve phosphorus 

couplingg constants and chemical shifts of this complex. 

1188 118 114 112 110 106 106 104 102 PPM 

FigureFigure 12. 31P{'H} NMR Spectrum Obtained after Reaction of 2a, 1-Hexene and CO at 193K, 

(la)(la) experimental data, (2a) simulation lP{'H} NMR spectrum of rhodium-acyl 3a at 193 K, 

**  This resonance belongs probably to (minor) rhodium acyl 3d. 

Thee 31P NMR spectrum obtained at 193 K is shown in Figure 12. It should be noted 

matt the free ligand shows fluxional behaviour between two conformers. A variable-

temperaturee 31P NMR experiment of die free ligand at 173 K showed two different 

conformerss in a 1:1 ratio (8 = 65.7 ppm and 8 = 64.7 ppm). The 31PNMR spectrum la 

displayedd in Figure 12 is a result of two different processes in which complex 3a is involved. 

First,, die two coordinated phosphorus atoms become magnetically inequivalent upon cooling 

(8(P1)) ~ 112 ppm, 8(P2) = 105 ppm). Second, interconversion between two ligand 

conformationss becomes important; one of die phosphorus ligands is still in a fast exchange 
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andd the second phosphorus atom reaches the slow-exchange region. Simulation of these two 

processess results in the spectrum presented spectrum lb, Figure 12. Chemical shifts and 

couplingg constants are presented in Table 7. 

Tablee 7.31P{1H} NMR Data of 3a after  Simulation of the Spectrum Obtained at 193 K 

Compound d 

Isomerr  1 

Isomerr  2 

5(31P) ) 

(ppm) ) 

P(l)) 112.3 

P(2)) 105.8 

P(( 1)112.4 

P(2)) 106.2 

JR. . 

(Hz) ) 

117 7 

115 5 

JRW> > 

(Hz) ) 

P(( 1)202 

P(2)235 5 

P(( 1)203 

P(2)) 222 

Thee carbonyl ligands of complex 3a are involved in several exchange processes at 

temperaturess above 223 K. One averaged resonance at 6 = 193 ppm for both carbonyl ligands 

andd dissolved 13CO was observed in the 13C NMR spectrum at room temperature, and one 

veryy broad resonance in the acyl region was observed. The averaged signal at 193 ppm is due 

too fast exchange of the carbonyl ligands with the dissolved 13CO. The resonance of the 

equatoriall  CO is still very broad at 253 K (Figure 8, spectrum la), but the resonance of the 

apicall  CO sharpens. No resonance for the dissolved ! CO gas was observed at this 

temperature.. Simulation of the ^Cj'H}  NMR data (Figure 8, spectrum lb) showed that the 

carbonyll  ligands exchange with dissolved 13CO gas at different rates as already proposed 

(Figuree ll). 28 The pseudo-first-order rate constants obtained are ki = 450 s"1 and ki - 25 s"1. 

Thee acyl group is involved in an insertion-deinsertion equilibrium (&3 = 25 s"1). The 
13C{'H}}  NMR shows the immediate appearance of the acyl resonance of complex 3a after 

bubblingg 13CO through a solution of the 12CO rhodium-acyl complex at 253 K. This proves 

thee presence of an insertion-deinsertion equilibrium. The rate of this insertion-deinsertion 

reactionn (Figure 11, IC3) is much lower than the exchange rate of the equatorial carbonyl ligand 

withh carbon monoxide in solution. Both the apical carbonyl and the rhodium-acyl resonances 

aree well resolved at 233 K indicating that exchange of botii these ligands with dissolved 13CO 

iss slow on the NMR time scale at this temperature (Figure 8, spectrum 2a, simulation 

spectrumm 2b). The resonance of the equatorial carbonyl ligand is still very broad (ki = 175 s"1). 

Att 223 K (Figure 8, spectrum 3a), the exchange of the equatorial carbonyl ligand with 

dissolvedd l CO is also slow on the NMR time scale (£3 = 20 s") and a sharp resonance was 

observedd for the equatorial carbonyl ligand together with a sharp resonance for dissolved 
13CO.. The ^C^H}  NMR spectrum broadens again when the temperature was decreased 
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further.. This broadening is due to loss of equivalence of the phosphorus atoms. We were not 

ablee to resolve the different JQP coupling constants of the inequivalent phosphorus atoms 

becausee the spectra remained broad upon cooling to 193 K. 

4.33 Concluding Remarks 
Whilee both kinetics and in situ studies seem rather complicated at first sight, the 

systemm presents an ideal case to illustrate the basics of hydroformylation. The two most 

commonn types of kinetics are observed and the effects of raising or lowering the 

concentrationn of any of the substrates leads to the result expected. In most ligand-modified 

rhodiumm systems the oxidative addition of H2 plays no role in the kinetics. As shown 

previously,255 the present ligands have high ^-values -higher than those of most phosphites-

andd a relatively slow oxidative addition may indeed be expected. The rate-determining step of 

thee hydroformylation reaction using this catalyst system cannot be attributed to one single 

stepp and is strongly dependent on the reaction conditions used. Therefore, the coordinatively 

saturatedd rhodium-hydride complex 2a and the coordinatively saturated rhodium-acyl 

complexess 3a-3d are present in solution during the hydroformylation reaction, which was 

provenn by in situ HP IR and HP NMR studies. 

Thee deuterioformylation experiments showed that the rhodium-alkyl complex 2c is 

irreversiblyy formed after alkene coordination and hydride migration. Therefore, we conclude 

thatt the regioselectivity for either the linear or the branched aldehyde is determined in these 

reactionn steps. 

Inn previous studies both we and others have discussed whether a ^«-equatorial 

coordinationn mode of the phosphorus ligands should lead to high linear-to-branched ratios. 

Thee phosphorus diamide ligand used forms exclusively a hydride complex in which the 

phosphoruss ligands are coordinated in the equatorial plane. The rhodium-acyl complexes 

observedd contain phosphorus ligands coordinated in both the ee and ea coordination modes. 

Ass already argued by van der Veen and co-workers,31 formation of a hydride complex having 

&/5-equatoriallyy coordinated phosphorus ligands does not guarantee a high linear to-branched-

ratioo in the product. As shown above, monodentate ligands may well have the flexibilit y to 

formm ea complexes for the more hindered branched-alkyl and acyl complexes. 
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4.44 Experimental Section 
Generall  Information . All preparations were carried out under an atmosphere of 

argonn using standard Schlenk techniques. All solvents were distilled from sodium. ligand 1 

wass prepared according to literature procedures.25 One-dimensional (high-pressure) NMR 

spectraa (lH, 31P and 13C) were recorded on a Bmker DRX-300 spectrometer. The two-

dimensionall  (high-pressure) NMR spectra were recorded on a Braker AMX-200 

spectrometer.. The NMR flow cell experiments were recorded on a Braker AM 200 WB 

spectrometerr using a probe developed in Liverpool.12 Chemical shifts are given in ppm 

referencedd to TMS or H3PO4 (external). The in situ IR experiments were recorded on a BIO-

Radd FTS-60A spectrophotometer. Every 1 s seven IR spectra were recorded that were 

averagedd to one spectrum. The IR spectra for the stoichiometric reactions were recorded on a 

Nicolett 510 FT-IR spectrometer. 

Hydroformylatio nn Experiments. These were performed in a stainless steel (SS 316) 

autoclavee (196 mL). The autoclave is stirred mechanically and equipped with a reservoir, a 

pressuree transducer, a thermocouple, and a sampling device. The autoclave is kept under 

constantt pressure by a second pressurised stainless steel autoclave equipped with a reducing 

valve.. In a typical experiment Rh(acac)(CO)2 and ligand 1 were dissolved in 15 mL of toluene 

andd introduced to the autoclave. After the autoclave was flushed with CO/H2 (1/1), the 

autoclavee was put under a pressure of 20 bar. The autoclave was heated to 41 °C, and after 2 

hourss the substrate solution was charged into the reservoir and added to the reaction mixture 

byy overpressure. The alkene was filtered over neutral alumina to remove peroxides. During 

thee reaction, several samples were taken and immediately quenched by adding an excess of 

P(0-w-Bu)3,, to deactivate hydroformylation or isomerisation active rhodium species. The 

sampless were analysed by GC using decane as internal standard. In a typical 

deuterioformylationn experiments, 10 mg (3.8 UJTIOI) of Rh(acacXCO)2 and 10 equivalents of 

ligandd 1 were dissolved in 15 mL of toluene and introduced to the autoclave. The autoclave 

wass pressurised with 15 bar of CO/D2 (1/2). The autoclave was heated to 41 °C and after 2 

hourss the substrate solution was charged into the reservoir and added to the reaction mixture 

byy overpressure of CO. The alkene was filtered over neutral alumina to remove peroxides. 

Thee autoclave was pressurised up to 20 bar using CO. During the reaction several samples 

weree taken and quenched immediately by adding an excess of P(0-n-Bu)3, to deactivate 

hydroformylation-- or isomerisation-active rhodium species. The samples were analysed by 

GCC using decane as internal standard. The deuterium contents in the substrate and products 

duringg the reaction were determined using gas chromatography/mass spectrometry. After 2 
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hours,, complete conversion was reached and the reaction mixture was quenched with 

P(0-n-Bu>3.. The aldehydes were distilled off and further purified by column chromatography 

onn silica gel. As eluent pentane was used to remove toluene and decane from the sample 

(RKaldehydes)) = 0), dichloromethane was used to recover the mixture of linear and branched 

aldehydess (Rf(aldehydes) = 1). 'H and 2H NMR data of the aldehydes were identical to the 

dataa obtained by Casey et al.29 

High-Pressuree FT IR Experiments. These were performed in a stainless steel (SS 

316)) 50 mL autoclave equipped with IRTRAN windows (ZnS, transparent up to 700 cm"1, 10 

mmm i.d., optical path length = 0.4 mm), a mechanical stirrer, a temperature controller, and a 

pressuree transducer. In a typical experiment 10 mg (0.039 mmol) of Rh(acac)(CO)2 and 114 

mgg (0.39 mmol) of ligand 1 were dissolved in 15 mL of cyclohexane. The yellow solution 

wass introduced to the autoclave and put under a pressure of 15 bar of CO/H2 (1/1). Complete 

conversionn to HRhL2(CO)2 (2a) is reached after one hour of heating at 80 °C or two hours 

heatingg at 40 °C. For the stoichiometric reactions, after complete conversion to the hydride 

complexx the autoclave was cooled to room temperature. After depressurisation the autoclave 

wass flushed with CO, to remove the H2, and 1.0 mL (6.4 mmol) of 1-octene was added 

slowly.. The autoclave is put under a pressure of 5 bar of CO, and the IR spectra were 

recordedd at room temperature. Finally 10 bar of H2 was added, and the reaction was followed 

usingg IR spectroscopy. In the in situ IR experiments the autoclave is equipped with an extra 

reservoir.. A 0.5 mL (3.2 mmol) amount of 1-octene was added by overpressure. The IR 

spectraa were recorded at 40 °C. Recording was started several seconds before the alkene was 

added. . 

High-Pressuree NMR Experiments. In a typical NMR tube experiment, 20 mg 

(0.0799 mmol) of Rh(acac)(CO)2 and 114 mg (0.39 mmol) of ligand 1 were dissolved in 2.0 

mLL of toluene-^8- The yellow solution was introduced to an argon-flushed (10 mm) sapphire 

HPP NMR tube31 and put under a pressure of 15 bar of CO/H2 (1/1). Complete conversion to 

2aa was reached after 1 hour of heating at 80 °C, and the NMR tube was depressurised. CO 

wass bubbled through the solution, and 0.3 mL (2.4 mmol) of I-hexene was added. The pale 

yelloww solution becomes bright yellow when 1-hexene is added. The HP tube was pressurised 

withh 3 bar of CO, and the NMR spectra were recorded. A 10 mm thick-walled glass tube 

insteadd of the sapphire HP tube31 was used for the two-dimensional NMR experiments to 

obtainn better resolution. In a typical NMR flow cell12 experiment, 20 mg (0.079 mmol) of 

Rh(acacXCO)22 and 114 mg (0.39 mmol) ligand 1 were dissolved in 5 mL of toluene-^g. The 

celll  was pressurised to 20 bar of CO/H2 (1/2). The sample was cooled to room temperature 
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afterr one hour of heating at 80 °C. 1-Hexene was injected at -20 °C, and the NMR spectra 

weree recorded. Simulations of the carbon and phosphorus NMR data were performed using 

gNMRV4.1.0. . 
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Chapterr  5 

Rhodium-Catalysedd Hydroformylatio n using Pyrrolyl -

Basedd Phosphorus Amidit e Ligands: 

Influencee of Electronic Ligand Properties 

Thee influence of electronic ligand properties on the catalyst performance in the rhodium-

catalysedd hydroformylation of alkenes has been investigated. Several monodentate and 

bidentatee phosphorus amidite and phosphinite ligands have been synthesised. These ligands 

havee similar steric properties but they differ in terms of 7t-acidity. Spectroscopic studies 

showedd that under hydroformylation conditions the monodentate ligands form mixtures of 

HRhL2(CO>22 and HRI1L3CO depending on the ligand and rhodium concentrations and the CO 

pressure.. The bidentate ligands form mixtures of HRh(LnLXCO>2 and HRh(LnL)(LnL')CO, 

havingg one LnL' coordinated as a monodentate ligand, depending on the reaction conditions 

used.. All ligands have been tested in the hydroformylation. Increasing the rc-acidity of the 

ligandd resulted in an increase of the hydroformylation rate. The monodentate ligands showed 

highh activity but moderate selectivity for die linear aldehyde. The catalyst formed using the 

bidentatee phosphorus amidite ligand revealed high regioselectivity for the linear aldehyde 

togetherr with a high isomerisation rate. Deuterioformylation experiments showed that the 

hydridee migration is a reversible step under these hydroformylation reaction conditions. Both 

linearr and branched rhodium-alkyl complexes prefer (J-hydride elimination instead of CO 

insertionn resulting in a high percentage of 2-alkenes. The linear rhodium-alkyl finally 

undergoess CO-insertion leading to high linear-to-branched ratios. 



Pyrrolyl-Basedd Phosphorus Amidites 

5.11 Introduction 
Onee of the highlights when investigating the hydroformylation reaction is the 

developmentt of new ligands in order to obtain highly active and selective catalysts.1 

Importantt aspects of these studies are die steric and electronic ligand properties and for 

bidentatee ligands the bite angle.""7 Many examples of modified phosphine ligands are known 

inn literature.13'6' 8 These ligands can form very selective catalysts although the activity in the 

hydroformylationn reaction is often moderate. Many examples of phosphite ligands are known 

thatt form very active hydroformylation catalysts, but since these ligands introduce less steric 

hindrancee close to the rhodium centre compared to phosphines, bulky substituents are 

necessaryy to obtain high selectivity for the linear aldehyde.9 " 14 Phosphorus amide ligands 

introducee more steric bulk close to the phosphorus atom compared to phosphites because of 

thee high degree of substitution of nitrogen, while their x-values15 can be in the same range as 

thosee of phosphites.16'17 This combination of steric and electronic properties results in bulky, 

electron-poorr catalysts, which might increase both die activity and selectivity of die 

hydroformylationn catalyst. Recent years many examples of n-acidic phosphorus amides as 

ligandss in metal-catalysed reactions have been published.1 ~ " For the hydroformylation 

reactionreaction only several examples are known.  ' ~ 5 The results obtained using tiiese ligands 

showedd improved activity compared to phosphine systems and improved selectivity compared 

too phosphite systems. 

FigureFigure 1. Monodentate and Bidentate Phosphorus Amidite and Phosphinite Ligand Structures 

Moloyy and co-workers found that pyrrolyl substituents on the phosphorus atom are 

veryy effective to create rc-acidic phosphorus ligands.16 Ziólkowski and co-workers 

investigatedd die rhodium-catalysed hydroformylation reaction using several monodentate N-

pyrrolylphosphinee ligands."1 The results showed that these ligands form active and selective 

hydroformylationn catalysts. Here we report on novel monodentate and bidentate phosphorus 

amiditee ligands tiiat contain two pyrrolyl substituents (Figure 1, ligands 1 and 3). The 

108 8 



Chapterr 5 

performancee of the hydroformylation catalyst based on these ligands has been compared to 

similarr diphenyl substituted phosphinite ligands (Figure 1, ligands 2 and 4). The substitution 

off  the phenyl substituent for a pyrrolyl substituent influences the rc-acidity of the ligand. 

Usingg these ligands (1 - 4), the electronic effect on the catalyst performance can be 

investigatedd with a minimal change in steric influences. The electronic properties of the 

ligandss have been determined by comparison of the IR stretching frequency of the carbonyl 

ligandd in fra/w-RhOCOLa (L - 1, 2). The solution structures of the rhodium complexes 

formedd under hydroformylation conditions have been studied and the ligands have been tested 

inn the hydroformylation of alkenes. The hydroformylation reaction mechanism was studied 

usingg ligand 3. 

5.22 Results and Discussion 

5.2.11 Synthesis and Determination of the Electronic Ligand Properties 

Alll  phosphorus ligands (1 - 4) were prepared in a straightforward way by the reaction 

off  either cWorodUpyrrolylphosphine or chlorodiphenylphosphine and the corresponding 

alcoholl  in presence of a base. The ligands were purified by crystallisation, washing or column 

chromatography.. Although the ligands are remarkably stable towards water and oxygen, they 

aree stored under an inert atmosphere. In order to investigate the electronic properties of these 

phosphoruss amidite and phosphinite ligands, /rans-RhClCO(l)2 (5) and /ranj-RhClCO(2)2 (6) 

weree synthesised. The carbonyl frequency in the IR spectrum is a measure for the re-acidity of 

ligandss l - 4 . , 6 ! 7 ' 2 6 

Tablee 1. IR frequencies of the carbonyl ligands of various RhClCOL^ 

Ligand d 

PPh3 3 

Ph2P(OPh)) (2) 

(pyrrole^PPh h 

P(OPh)3 3 

(pynolebPOPhh (1) 

P(pynole)3 3 

VcoCcm1)* * 

1978" " 

1991 1 

2007* * 

2016b b 

2019 9 

2024' ' 

11 measured in CH2C12>
b see reference 26 and 27,c see reference 16. 

Thee IR frequencies of the carbonyl ligands of the fra/ts-RhClCOLs (L = 1, 2) complexes are 

depictedd in Table 1. The position of the carbonyl frequency of /rans-RhClCO(l)2 (5) in the IR 

spectrumm shows that the electronic character of ligand 1 is similar to that of triphenyl 
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phosphite.. Comparison of the carbonyl frequency of trans-KhClCCHZh (<>) with that of trans-

RhClCO(PPh3)22 shows that the electron-donating character of ligand 2 is in the same range as 

thatt of triphenylphosphine. The comparison of the carbonyl frequencies of frans-RhOCO(l)2 

(5)) and /rans-RhClCO(2)2 (6) shows that ligand 1 is a stronger rc-acid than ligand 2, whereas 

theyy will have similar steric properties. We consider the electronic properties of the bidentate 

ligandss 3 and 4 to be analogous to those of ligand 1 and 2 respectively, because of the 

similarityy of the substituents used. 

5.2.22 Catalyst Characterisation Studies 

Thee structure of the complexes formed under hydroformylation conditions was 

monitoredd using high pressure (HP) NMR and IR spectroscopy. The catalyst formation was 

studiedd using Rh(acac)(CO)2 in presence of various ligand concentrations at 20 bar of CO/Hi 

(1/1).. The spectroscopic data of the hydride complexes observed are presented in Table 2. The 

monodentatee ligands formed two different complexes under syngas pressure: HRhL2(CO)2 

andd HRI1L3CO. The ratio between these two complexes depends on the rhodium and the 

ligandd concentrations and the carbon monoxide pressure. Higher rhodium and ligand 

concentrationss resulted in a larger amount of HRI1L3CO. The presence of both complexes is 

nott unusual for these relatively small monodentate ligands; similar results have been obtained 

forr triphenylphosphine and triphenyl phosphite.28'29 

Tablee 2. Spectroscopic Data of Several HRhiLMCO)^ Complexes (x = 2,3) 

Complex x 

HRh(l) 2(CO)2 2 

HRh(2)2(CO)2 2 

HRh(PPh3)2(CO)2
c c 

HRh(P(OPh)3)2(CO)2
e e 

HRh(l) 3CO O 

HRh(2)3CO O 

HRh(PPh3)3COd d 

HRh(P(pyrrolyl) 3)3COd d 

HRh(P(OPh)3)3COd d 

S('H)(ppm)a a 

-10.11 (broad) 

-9.55 (broad) 

-9.88 (dq.) 

-9.44 (dq.) 

-9.11 (m) 

-9.11 (dq.) 

-10.99 (dq.) 

S^PHppm)' ' 

137 7 

145 5 

37 7 

134 4 

142 2 

47 7 

109 9 

141 1 

JHP(HZ) ) 

n.d. . 

n.d. . 

7 7 

13 3 

n.d. . 

8 8 

3 3 

JHRh(Hz) ) 

n.d. . 

n.d. . 

3 3 

3 3 

n.d. . 

3 3 

3 3 

jRhp(Hz ) ) 

219 9 

165 5 

139 9 

217 7 

169 9 

133 3 

211 1 

240 0 

Vcoo (cm')b 

2076,, 2024 

2045,, 1970 

2042,, 1981 

2070,2018 8 

2063 3 

1943 3 

2040' ' 

2079' ' 

2060' ' 
11 Measured in toluene-̂ or benzene-̂ b measured in cyclohexane, c see reference 29, d see reference 21, 

'' measured in KBr 
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Rhodiumm complexes of the form HRhL^CO)̂  (x = 1, 2, 3) generally have a 

(distorted)) trigonal bipyramidal structure. Detailed NMR and IR studies have shown that the 

hydridee ligand coordinates at an apical position of the bipyramide.4' 13, x The phosphorus 

atomss can either coordinate at the equatorial positions or at the remaining apical position. The 

coordinationn mode of the phosphorus ligands can be assigned by the absolute value of JPH 

NMRR coupling constant as has been shown in many catalyst characterisation studies.3'4'31 

Thee hydride resonances observed for the complexes containing two monodentate 

ligandss (HRhL2(CO)2, L = 1, 2) are broad (Table 2). The resonance did not sharpen upon 

coolingg to -70 °C. Therefore it was not possible to determine the coordination mode of the 

twoo ligands using die JPH and JRUI coupling constants. The value of jRhp coupling constants 

indicatess ee coordination of the monodentate ligands. The JRJ,P coupling constant of 

HRh(l>2(CO)22 was in the same range as those found for similar phosphite ligands (219 Hz), 

whilee the JRhp coupling constant of HRh(2)2(CO)2 was comparable to those in phosphine 

complexess (165 Hz). This is consistent with the electronic character of ligands 1 and 2 

comparedd with phosphites and phosphines. 4' 31 The IR spectra of the hydride complexes 

HRhL2(CO)22 (L = 1, 2) showed only two (terminal) carbonyl frequencies indicating that only 

onee isomer is present and that isomerisation of the phosphorus ligands between the ee and ea 

coordinationn mode did not occur.4' 31 The position of the carbonyl frequencies of 

HRh(l>2(CO)22 were similar to those observed for the ee coordinated rhodium-triphenyl 

phosphitee complex. The position of the carbonyl frequencies of HRh(2)2(CO)2 were 

comparablee to those of the ee coordinated rhodium-triphenylphosphine complex (Table 2).29 

Dependingg on the ligand concentration, a significant amount of HRI1L3CO (L = 1, 2) 

wass formed under conditions used for the spectroscopic studies. These hydride complexes 

havee relatively large JPH coupling constants for a pure cis coordination (7 Hz and 13 Hz 

respectively)) indicating a slight distortion of the geometry of the trigonal bipyramidal 

structure.26'' 27 Again, the JRUI coupling constant (3 Hz) and the JRI,P coupling constants 

observedd for the rhodium-hydride complexes were in the same range as those found for 

similarr phosphine or phosphite containing hydride complexes (Table 2).21 The position of 

carbonyll  frequencies observed in the high-pressure IR spectra are consistent with the 

n-acidityy of the ligands. 

Analogouss to results observed for the monodentate ligands 1 and 2, mixtures of two 

differentt hydride complexes were found for the bidentate ligands 3 and 4 depending on the 

ligandd and rhodium concentrations and the carbon monoxide pressure. In the NMR 

experimentss ([Rh] = 10 mM), a hgand-to-rhodium ratio of 1 is enough to get complete 
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conversionn to the hydride complex. For the high-pressure IR experiments, lower rhodium 

concentrationss are used and therefore higher ligand concentrations are prerequisite to obtain 

completee conversion to the rhodium-hydride complex. In these experiments, a ligand-to-

rhodiumm ratio of 1.5 is enough using ligandd 3, but for ligand 4 a ligand to rhodium ratio of 3 is 

necessaryy to get complete conversion of the rhodium precursor (Rh(acac)(CO>2) to the 

hydridee complex. 

Tablee 3. Spectroscopic Data of Several HRh(L) x(CO)4.x Complexes (x = 2 ,3 and 4) 

Complex x 

HRh(3)(CO)2 2 

DRh(3)(CO)2 2 

HRh(4)(CO)2 2 

HRh(3)2CO O 

DRh(3)2CO O 

HRh(4)2CO O 

HRh(3)2 2 

Sf'HMppm)3 3 

-10.77 (broad) 

-9.22 (dt) 

-10.55 (broad q.)c 

-9.6(dq.)c c 

-10.99 (dqui.) 

-10.33 (dqui.) 

6(31P)(ppm)a a 

138 8 

149 9 

1355 (m) 

H l ( s )d d 

1533 (m) 

115(s)d d 

129 9 

130 0 

JHP P 

(Hz) ) 

n.d. . 

5 5 

6 6 

13 3 

36 6 

36 6 

JHRII(HZ) ) 

n.. d. 

4 4 

<3 3 

3 3 

6 6 

6 6 

JRIJJJ (Hz) 

218 8 

166 6 

n.d.< < 

ad .' ' 

203 3 

203 3 

Vcoo (cm ')b 

2078,, 2026 

2067,, 2020 

2055,, 1996 

2069 9 

2041 1 

2036 6 

--

--
aa Measured in toluene-d8 or benzene-,̂ measured in cyclohexane, c Al l phosphorus atoms have similar JHP 

couplingg constants. d This chemical shift belongs to the non-coordinated phosphorus atom of (LnL'). e not 

determined. . 

Thee spectroscopic data of the observed hydride complexes using 3 and 4 are 

presentedd in Table 3. The hydride resonance of HRh(3XCO)2 was broad and remained broad 

uponn cooling to -60 °C, therefore the values of the JRJ,H and JPH coupling constants are 

unresolved.. Based on the NMR data, no detailed information about the trigonal bipyramidal 

structuree can be given. The IR spectrum obtained from the NMR sample of HRh(3XCO>2 

showedd two absorption bands for the carbonyl ligands. Based on the number and position of 

thee carbonyl frequencies we conclude that only the ee isomer is present.4 The hydride 

resonancee of HRh(4XCO>2 was sharp and all JXH coupling constants (X = 103Rh or 31P) were 

resolvedd after selective decoupling of the phosphorus resonance on the hydride complex. The 

JRJIHH and JPH coupling constants of 4 Hz and 5 Hz respectively are indicative of coordination 

off  both phosphorus atoms in the equatorial plane of the trigonal bipyramid. The presence of 
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onlyy two carbonyl absorption bands in the IR spectrum obtained from the NMR sample of 

HRh(4)(CO>22 indicates that only the ee isomer is present. The position of the phosphorus 

resonancess and JRM> coupling constants of HRh(3)(CO)2 and HRh(4)(CO): are similar to those 

foundd for the monodentate ligands. 

H H 

HRh(LAL)2 2 

FigureFigure 2. Geometry of the Possible Hydride Complexes formed using the Bidentate Ligands 

Ass already mentioned earlier, for both ligand 3 and 4 ligand-to-rhodium ratios higher than one 

aree required to obtain complete conversion to the rhodium-hydride complexes in the (high-

pressure)) IR experiments performed under hydroformylation reaction conditions. The high-

pressuree IR spectra using L/Rh > 1.5 showed a third carbonyl frequency in the terminal CO 

region.. When the high-pressure NMR experiments were performed using L/Rh > 1.5 

additionall  hydride resonances were observed. The multiplicity of these hydride resonances 

(doublee quartets) indicates that three phosphorus atoms are coordinated to the rhodium centre. 

Thee 31P NMR spectra showed complicated multiplets in the region of the coordinated 

phosphoruss atom resonance together with an additional singlet close to the resonance of the 

freee phosphorus ligand. Based on these results we conclude that in presence of more than one 

equivalentt of ligand compared to rhodium some of the rhodium-hydride complexes 

HRh(LnL)(CO)22 are converted to hydride complexes of the form HRh(LnL)(LnL')CO. One 

off  the bidentate ligands coordinates in a monodentate fashion.32 The geometry of this type of 

rhodium-hydridee complexes is depicted in Figure 2. The concentration of 

HRh(LnL)(LnL')COO present in solution is depending on the ligand and rhodium 

concentrationss and the carbon monoxide pressure. High-pressure IR studies showed that 

HRh(LnL)(CO>22 and HRh(LnL)(LnL')CO in presence of excess ligand can interchange by 

addingg or removing CO pressure. Except for the HP NMR experiment using L/Rh = 1, 

HRh(LnL)(CO)22 was never observed without HRh(LnL)(LnL')CO. Both HRh(3)2CO (9) 

andd HRh(4)2CO (10) have relatively large JHP coupling constants (6 and 13 Hz respectively), 

indicatingg a slight distortion of the trigonal bipyramidal structure.13' 30 The complicated 

H H 

CO O 

HRh(LAL)(CO)2 2 

CO O 

L//;,., , Rhh if 

CO O 

HRh(LAL)(LAL)(CO) ) 

CO O 
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multiplett observed for the phosphorus resonances of these complexes indicated that the 

phosphoruss atoms were inequivalent on the NMR time scale. 

Whenn we used a L/Rh > 2 for ligand 4 a third hydride resonance (multiplet) at 

-9.77 ppm was observed in the JH NMR spectrum. In the 31P NMR spectrum additional 

resonancess appeared in the region of the coordinated phosphorus ligand. Selectively 

decouplingg of the phosphorus resonance at 153 ppm showed a doublet in the hydride region, 

havingg a JRI,H coupling constant of 3 Hz. The IR spectrum did not show any additional 

terminall  or bridging carbonyl bands. Based on these results, the structure of the hydride 

complexx might be HRh(4)2. The ratio between HRh(4>2CO (10) and this additional hydride 

complexx remained constant (1:1) upon increasing the ligand concentration and removing CO. 

Attemptss to synthesise HRh(4)2 were unsuccessful. 

Whenn we increased the ligand-to-rhodium for ligand 3 no additional hydride 

resonancess were observed. In a separate experiment we synthesised HRh(3)2 (11) by the 

reactionn of Rh(acac)(CO)2 and two equivalents of ligand 3 under hydrogen pressure. The 

spectroscopicc data of this complex are depicted in Table 3. Two hydride resonances, double 

quintets,, were observed in the !H NMR spectrum, and two doublets were observed in the 31P 

NMRR spectrum having identical JRI,H, JPH and JRM> coupling constants indicating that two 

isomerss of 11 are present in solution. Addition of CO to a solution of 11 results in complete 

formationn of 10, having one bidentate ligand coordinated in a monodentate fashion, 

illustratingg the absence of 11 under hydroformylation reaction conditions. 

5.233 Hydroformylatio n of Alkenes 

Thee ligands 1 - 4 were applied in the rhodium-catalysed hydroformylation of 

1-octene.. The catalysts were prepared in situ from Rh(acacXCO)2, the necessary amount of 

ligand,, CO and H2 at 80 °C. As already mentioned in the previous section, several rhodium-

hydridee complexes can be formed under hydroformylation reaction conditions depending on 

thee ligand and rhodium concentrations and the CO pressure. The ligand and rhodium 

concentrationss used in catalysis are much lower than the concentrations used in the 

spectroscopicc experiments. Therefore, the proportion of HRhL^CÔ  (x = 2 for L = 1, 2 and 

xx = 1 for L = 3, 4) in the reaction mixture used in catalysis is significantly higher than in the 

spectroscopicc experiments. The hydroformylation reaction has been performed using several 

ligand-to-rhodiumm ratios, to investigate the effect of the ligand concentration on the catalyst 

activityy and selectivity. 
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Thee results of the hydroformylation reaction of 1-octene obtained using 1 and 2 arc 

presentedd in Table 4. The activity, selectivity and percentage of 2-octenes obtained using 

ligandd 1 are in the range of those observed using bulky phosphite ligands.5 The ligand-to-

rhodiumm ratio of 5 is the minimum amount of ligand applicable; the use of lower L/Rh ratios 

resultedd in a large amount of alkene isomerisation, and we observed that the catalyst activity 

increasedd during the reaction. These results are indicative of incomplete catalyst formation 

usingg L/Rh < 5. Increasing the ligand-to-rhodium ratio from 10 to 50 results in a large 

decreasee of the activity. This negative dependency of the reaction rate on ligand concentration 

cann be explained by the competition of either coordination of a phosphorus ligand or an 

alkenee molecule.29'33"35 

Tablee 4. Results of the Hydroformylatio n of 1-Octene using Ligands 1,2* 

Ligand d 

1 1 

2 2 

IVRh h 

5 5 

10 0 

50 0 

5 5 

5C C 

50c c 

Conversionn (%) 

35 5 

32 2 

30 0 

3 3 

32 2 

35 5 

1/b b 

3.1 1 

3.7 7 

3.5 5 

2.3 3 

2.6 6 

2.3 3 

TOF" " 

10*10̂  ^ 

12*103 3 

4*103 3 

15 5 

n.d.d d 

219 9 

%% linear 

61 1 

68 8 

66 6 

50 0 

56 6 

68 8 

%% 2-octenes 

18 8 

14 4 

16 6 

27 7 

22 2 

2 2 
aa Conditions used T = 80 °C, [Rh] = 0.2 mM, pco = Prc> = 10 bar, [1-octene] = 0.55 M in toluene.. b TOF in mol 

aldehydee (mol Rh*h)"',c [Rh] = 0.5 mM, d The TOF could not be determined because of incomplete catalyst 

formation. . 

Ligandd 2 was tested in the hydroformylation reaction using the same reaction 

conditionss as ligand 1. Using the low ligand and rhodium concentrations as used for ligand 1, 

thee catalyst was hardly active and a high percentage of 2-octenes was formed (Table 4). The 

largee amount of 2-octenes indicated that using low phosphinite ligand concentrations small 

amountss of Rh(acac)(CO)2 are present in solution, that can be converted to HRh(CO)4, which 

iss a good isomerisation catalyst. In order to ensure complete catalyst formation, we increased 

thee rhodium and ligand concentrations 2.5 times to [Rh] =0.5 mM. In this case the catalyst 

didd not show any activity during the first 2.5 hours after addition of the substrate. After 2.5 

hours,, the reaction started indicating that the catalyst formation time of one hour was not 

enoughh to obtain complete conversion of the rhodium precursor. Again, a high percentage of 

2-octeness was found using these higher concentrations. When we used three hours catalyst 

formationn time instead of one hour, the catalyst activity decreased tremendously indicating 

115 5 



Pyrrolyl-Basedd Phosphorus Amidites 

decompositionn of the catalyst in the absence of substrate. Increasing the Ugand-to-rfiodium 

ratioo to 50 using one hour catalyst formation time, the catalyst activity did not change in time. 

Thee low percentage of isomers found indicates that the catalyst formation is complete using 

thesee high ligand and rhodium concentrations. 

Thee hydroformylation results using the monodentate ligands show that the reaction 

conditionss necessary to obtain complete conversion of the rhodium precursor to the rhodium-

hydridee complex depends on the electronic properties of the ligands used. High ligand and 

rhodiumm concentrations are essential for the electron-donating ligand 2 to obtain complete 

hydridee formation. The spectroscopic experiments showed that the type of hydride complexes 

presentt in solution change with the ligand and rhodium concentrations. The increase of the 

7t-acidityy probably causes the higher catalyst activity observed for ligand 1, but the possibility 

off  increasing activity caused by different catalyst complexes present in solution may not be 

ignored. . 

Tablee 5. Results of the Hydroformylation of 1-Octene using Ligands 3,4* 

Ligand d 

3 3 

4C C 

L/Rh h 

1.5 5 

3 3 

10 0 

50 0 

3 3 

5 5 

50 0 

Conversionn (%) 

33 3 

20 0 

46 6 

23 3 

24 4 

20 0 

21 1 

1/b b 

107 7 

110 0 

98 8 

104 4 

7 7 

9 9 

6 6 

TOF* * 

10*10' ' 

10*103 3 

5*103 3 

1*103 3 

424 4 

246 6 

240 0 

%% linear 

86 6 

91 1 

86 6 

85 5 

80 0 

85 5 

83 3 

%% 2-octenes 

11 1 

7 7 

13 3 

15 5 

5 5 

5 5 

4 4 

aa Conditions used T = 80 °C, [Rh] = 0.2 mM, pa, = PH2= 10 bar, [1-octene] = 0.55 M in toluene. b TOF in mol 

aldehydee (mol Rh*h) \ c 3 hours instead of 1 hour catalyst formation time was used. 

Thee hydroformylation reaction of 1-octene using the bidentate ligands 3 and 4 was 

alsoo performed using various ligand-to-rhodium ratios. The results obtained are depicted in 

Tablee 5. A ligand-to-rhodium ratio of 1.5 was the minimum applicable for ligand 3 using this 

loww rhodium concentration (0.2 mM). Using smaller amounts of ligand resulted in a high 

percentagepercentage of 2-octenes formed and low hydroformylation activity indicating incomplete 

catalystt formation. The catalyst formed using pyrrolyl-based ligand 3 was very active in the 

hydroformylationn reaction and a high regioselectivity for the linear aldehyde was observed. 

Thee percentage of 2-octenes formed during the reaction ) is rather high resulting in a 

moderatee overall catalyst selectivity (  85%). The combination of both high hydroformylation 
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andd isomerisation activity is similar to that observed for bulky (bidentate) phosphite ligands. 

Thiss similarity can be explained by the electronic-withdrawing character of these phosphorus 

amiditee ligands. Generally, electron-withdrawing phosphorus ligands show an increase of the 

reactionn rate as a result of the facile carbon monoxide dissociation and stronger alkene 

coordination.. *7' The linearity observed using this bidentate phosphorus amidite ligand (3) is 

muchh higher than that observed for bidentate phosphite ligands having similar backbones.13 

Thiss might be a result of increasing steric hindrance close to the rhodium centre caused by the 

pyrrolyll  substituents. A decrease of die hydroformylation activity together with a constant 

selectivityy was observed when the concentration of ligand 3 was increased. The decrease in 

hydroformylationn activity is probably caused by coordination of additional ligand resulting in 

ann increasing amount of hydride complex 9 as was shown in die spectroscopic experiments. 

Ligandd coordination might be in competition with the alkene coordination as was mentioned 

alreadyy for the monodentate ligands.M '33"35 

Usingg ligand 4 in the hydroformylation reaction of 1-octene, at least 3 equivalents of 

ligandd and three hours of catalyst formation time are necessary to obtain complete conversion 

off  me rhodium precursor to the rhodium-hydride complex. A longer catalyst formation time 

(fivee hours) led to a decrease of the activity indicating catalyst decomposition in die absence 

off  substrate. Using a catalyst formation time of three hours, no reaction was observed during 

thee first three hours after alkene addition. The use of higher rhodium and ligand 

concentrationss did not have any effect. The activity and selectivity observed using ligand 4 

weree moderate and comparable to that observed for phosphine ligands having similar 

electron-donatingg properties.4,37 

Comparisonn of the hydroformylation results of ligands 3 and 4 shows that increasing 

diee electron-withdrawing capacity of the ligand, witfi only a small change in steric hindrance, 

resultss in improved activity and selectivity. The difference in activity of 3 and 4 can be 

explainedd by die electronic difference of die ligands (vide supra). The large change in the 

regioselectivityy is probably a result of bom electronic and steric ligand properties. 

Becausee of die combination of high activity and high regioselectivity obtained using 

HRh(3XCO)2,, tiiis catalyst was tested in die hydroformylation reaction of styrene. In this 

experimentt die optimal ligand to rhodium ratio of 1.5 was used. Using styrene as substrate, a 

selectivityy die linear aldehyde of Vb = 0.84 was found at 80°C, which is moderate, die turn 

overr frequency of 2800 mol aldehyde (mol Rh*h)~' is relatively high, specially compared to 

phosphine-basedd systems.4,13 
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5.2.44 Deuterioformylation using Ligand 3 

Thee hydroformylatioii results using ligand 3 showed high isomerisation activity 

togetherr with high selectivity for the linear aldehyde. The number and the position of the 

deuteriumm atoms that are incorporated in the substrate and aldehyde molecules during a 

deuterioformylationn experiment give detailed information about the reversibility of the 

subsequentt hydroformylation reaction steps proposed in the reaction mechanism.38, 39 If 

rhodium-alkyll  formation by hydride migration to the coordinated alkene is irreversible, then 

thee aldehydes will contain two deuterium labels, one at the aldehyde carbon atom and the 

otherr at the ^-carbon atom (Figure 3). Reversible rhodium-alkyl formation will result in 

partiall  a-deuteration. If alkene coordination and hydride migration are both reversible and 

fast,, then deuterium will be incorporated into the alkene and the number of deuterium labels 

presentt in the aldehyde molecule can differ from two. 

Thee deuterioformylation using ligand 3 was performed under the same conditions as 

thee hydroformylation experiments (T = 80 °C, [Rh] = 0.2 mM, L/Rh = 1.5, [1-hexene] = 

0.811 M, pco = Poi = 10 bar). 1-Hexene was used for the deuterioformylation instead of 

1-octenee to facilitate comparison with literature data of the !H and 2H NMR spectra.38 The 

hydroformylationn reaction rate of 1-hexene and the percentage of 2-hexenes formed were 

similarr to those observed for 1-octene. The linear-to-branched ratio was slightly different, for 

1-hexenee a linear-to-branched ratio of 158 was observed instead of 107 observed for 1-octene. 

Thee aldehyde production was monitored by gas chromatography. The number of deuterium 

atomss incorporated into 1-hexene, 2-hexene, and heptanal was monitored by gas 

chromatography/masss spectroscopy. The activity and selectivity for the deuterioformylation 

off  1-hexene were similar to those of the hydroformylation of 1-hexene. The deuterium 

distributionn observed using gas chromatography/mass spectroscopy is depicted in Table 6. 

Tablee 6. Deuterium Distributio n observed in the Deuterioformylation of 1-Hexene" 

Conversion n 

(%) ) 

26 6 

100" " 

l-hexene-rfxCfc) ) 

x =x = 0 

84 4 

x = l l 

15 5 

xx = 2 

1 1 

2-hexene-rfxx (%) 

xx = 0 

5 5 

22 2 

x = l l 

4 4 

41 1 

xx = = 2 

12 2 

25 5 

x =x = 3 

71 1 

9 9 

xx = 4 

8 8 

2 2 

Heptanal-*/**  (%) 

x = l l 

32 2 

26 6 

xx = 2 

68 8 

52 2 

xx = 3 

22 2 

**  Conditions used T = 80 °C, [Rh] = 0.2 mM, pco= pm = 10 bar, [1-hexene] = 0.81 M, in benzene, The positions 
off  the deuterium labels in 1 -hexene and 2-hexene have not been determined. b The reaction mixture contains 
100 % 2-hexenes and 90 % heptanal at 100 % conversion of 1-hexene 
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Att low conversion (26 %) both 1-hexene and 2-hexene were enriched with deuterium. 

Deuteriumm enrichment of the substrate can occur when the linear or branched rhodium-alkyl 

complexx formed by hydride migration undergo (J-hydride elimination followed by alkene 

dissociationn (Figure 3, steps 1, 2 and 3). Without determination of the position of the 

deuteriumm label in heptanal, we can already conclude that under the conditions studied the 

hydridee migration step is a reversible step in the reaction mechanism. The absolute amount of 

deuteriumm observed in 1-hexene compared to the amount of deuterium in 2-hexene suggests 

thatt l-hexene-rfx is derived from both the linear and branched rhodium-alkyl complex. The 

deuteriumm enriched substrate is not hydroformylated at low conversions (< 50 %) but 

disappearss in the bulk 1-hexene-db. Therefore, heptanal-̂ was observed only at high 

conversions.. The large amount of 2-hexent-di is not understood and might have been due to 

ann experimental artefact. 

Whenn p-hydride elimination is followed by alkene dissociation, a significant amount 

off  the rhodium-hydride complex is formed in the reaction mixture (Figure 3, steps 1, 2 and 3). 

Thiss rhodium-hydride complex can influence the deuterium distribution in several ways. The 

rhodiumm hydride can coordinate a 1-hexene molecule and undergo hydride migration (Figure 

3,, step 3'). fi-Hydride elimination can occur, but will not be observed since no deuterium 

labell  is involved. When the rhodium-alkyl complex undergoes CO insertion, the formed 

aldehydee molecule will contain one deuterium label only. The label will be positioned at the 

aldehydee carbon atom (Figure 3, step 3'). Second, the rhodium-hydride complex can undergo 

H/DD exchange with D2 (Figure 3, step 4). At low conversion, die rhodium-deuteride complex 

formedd will coordinate a 1-hexene molecule and deuterium distributions similar to those 

describedd above will be found. Studies by Jongsma et al. showed that though the absolute 

amountt of H/D and H2 in me system is low, the concentration in solution can be high because 

off  the relatively slow gas movement from and to the solution.36 Furthermore, due to the 

isotopee effect, H/D and H2 are more reactive than D2. When H/D exchange occurs and the HD 

orr H2 molecule are used in the hydrogenolysis, an aldehyde-î molecule will be observed 

havingg a hydrogen atom at the aldehyde carbon atom. 

Approximatelyy 30 % of the aldehyde molecules contained one deuterium atom only. 

' HH NMR spectrum collected at 100 % conversion showed approximately 3 % of aldehyde 

havingg a proton at the aldehyde carbon atom and the IR spectrum showed the C(0)D 

absorptionn band only (1722 cm"1 in pentane).36' m This shows that the monodeuterated 

aldehydess contain predominantly a deuterium label at the aldehyde carbon atom. Furthermore, 
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itt indicates that in the presence of substrate the H/D exchange rate is relatively slow compared 

too the other reaction steps proposed in Figure 3. 

Absorbance e 

0.100 U 

0.055 -

0.00 0 

-0.05 5 

-0,100 -

-0,15 5 

20266 cm" 

mmmm w i i » ^ i l 

**  2041cm" 
DRh(3),CO O 

20200 cm" 

2200 0 2100 0 
— i i 
2000 0 1900 0 1800 0 1700 0 

cm m 

FigureFigure 4. Difference IR Spectrum Obtained after Addition ofÜ2 to a Solution ofDRh(3)(CO)2 

andand DRh(3)2(CO) under CO pressure at 80 "C. 

Wee studied die H/D exchange rate in the absence of substrate using IR spectroscopy. 

Changingg from a rhodium-deuteride to a rhodium-hydride complex, influences the position of 

diee carbonyl ligands in die IR spectrum significantly (Table 3). For the investigation of the 

H/DD exchange rate, we syndiesised DRh(3)2(CO>2 in situ from Rh(acac)(CO>2 and 1.5 

equivalentss of ligand 3 under 20 bar CO/D2 (1/1). Beside DRh(3)(CO)2, a small amount of 

DRh(3>2(CO)) (9) was formed in the reaction mixture. After complete conversion to die 

deuteridee complex, die D2 was removed by flushing several times with 5 bar of CO. The 

exchangee process was monitored using rapid scan high-pressure IR spectroscopy at 80 °C (1.3 

spectra/s).. The H/D exchange was initiated by adding 10 bar of hydrogen to DRh(3)2(CO>2 

underr 10 bar of CO. The difference IR spectra obtained (Figure 4) show negative absorption 

bandss for the carbonyl frequencies of complexes that disappear after addition of the hydrogen 

gass (DRh(3)(CO)2). Positive absorption bands are obtained for carbonyl frequencies of 

complexess that are formed after the addition of hydrogen gas (HRh(3)(CO)2). The difference 

IRR spectrum presented in Figure 4 shows that die rhodium-deuteride complexes DRh(3)(CO>2 
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andd DRh(3)2(CO) (vCo=2067, 2041 and 2020 cm"1) are quantitatively converted into the 

rhodium-hydridee complex HRh(3)(CO)2 (VCo= 2078 and 2026 cm"1). The presence of small 

amountss of HRh(3)2(CO) (9) could not be determined because of overlap with one of the 

absorptionss of the deuteride complex. 

1B B 

_ ,, , J 

55 10 15 20 
timetime  (8) 

GraphGraph la and lb. Kinetic data of the H/D exchange (la) Exponential decay of the 

VcoVco at 2020 cm vs. time (lb) Logarithm plot of the decay of the relative absorption 

atat 2020 cm' vs. Time. 

Thee exponential decay of the strongest carbonyl absorption is presented in Graph la 

(Vcoo = 2020 cm"1) The maximum absorbance of this frequency was taken as 100 %. The 

naturall  logarithm of the relative absorption of the carbonyl frequency at 2020 cm"1 versus 

timee is presented in Graph lb. The decay of the carbonyl frequency of the deuteride complex 

showss first order kinetics. The calculated slope of the line through the data depicted in Graph 

lbb is the negative of the H/D exchange rate. Based on these results, a H/D exchange rate of 

11400 h"1 was calculated. The r2 coefficient of the least square fit of the line is 0.999. Although 

thee H/D exchange reaction is fast in the absence of substrate, the hydroformylation reaction 

ratee of 10*  103 mol aldehyde (mol Rh*h)~' is still an order of magnitude faster. The alkene 

coordination/hydridee formation (Figure 3, steps 1 and 2) is favoured over the oxidative 

additionn of D2 (Figure 3, step 4). Therefore, we conclude that at low conversions the H/D 

exchangee is not significant. This leaves the rhodium-hydride complex as a source for the 

monodeuteratedd aldehyde. It is important to notice, that the hydroformylation reaction rate at 

highh conversion is much lower, because of the negative dependence of the alkene 

concentration.. Therefore, the H/D exchange may become an important step and small 

amountss of heptanal having a proton at die aldehyde carbon will be formed. 

Afterr complete conversion of 1-hexene, the aldehydes were separated from the 

reactionn mixture by distillation.. The deuterium distribution between die a- and Impositions 
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wass determined using 2H NMR spectroscopy. Because of the high selectivity for the linear 

aldehyde,, we were not able to detect the branched aldehyde using *H or 2H NMR 

spectroscopy.. The 2H NMR spectrum of the linear aldehyde showed deuterium labels both at 

thee a- and fJ-carbon atoms and at the aldehyde carbon. The presence of deuterium labels at 

thee a-carbon atom shows that the hydride migration is a reversible step in the reaction 

mechanism,, as was already concluded from the deuterium enrichment of 1-hexene. The 'H 

NMRR spectrum showed approximately 3 % heptanal having a proton at the aldehyde carbon 

atom.. At high conversions, the H/D exchange process will be relatively fast compared to the 

hydroformylation,, and HD and H2 will be formed in solution. Heptanal with three deuterium 

labelss is formed via hydroformylation of deuterium enriched 1-hexene (Figure 3, steps 5 and 

6).. The heptanal-̂ molecules are formed bom by hydroformylation of hexene-rfo by the 

rhodium-deuteridee complex (Figure 3, steps 1, 1', 2, 2') and hydroformylation of hexene-î 

byy the rhodium-hydride complex. 

Summarisingg the results observed in the deuterioformylation experiments, we 

concludee that the linear and branched rhodium-alkyl complex undergo (J-hydride elimination, 

showingg that the hydride migration is a reversible step under the conditions studied. Based on 

mee large amount of deuterium in 1-hexene originating from both linear and branched alkyl 

complex,, we conclude that the CO insertion is a slower reaction step than the alkene 

coordinationn and dissociation, hydride migration and fj-hydride elimination. Probably, the CO 

insertionn is mainly determining the reaction rate under the conditions studied and therefore 

inducingg the high linear-to-branched ratio observed for this catalyst. 

5.2.55 Hydroformylatio n Reaction of Internal Alkenes 

Thee hydroformylation catalyst formed using ligand 3 showed the combination of 

highh isomerisation rates together with high preference for the linear aldehyde. The deuterio-

formylationn experiments showed that the rate of the CO insertion for branched rhodium-alkyl 

complexx is slow compared to that of the linear-alkyl complex. This combination of catalyst 

propertiess might be ideal for the hydroformylation of internal alkenes to linear aldehydes. The 

reactionn conditions for the hydroformylation of internal alkenes are different from the 

conditionss used for 1-alkenes. Often high temperatures are used to enhance the isomerisation 

reaction,, together with low syngas pressures to facilitate the CO dissociation and alkene 

coordination.411 The hydroformylation of 2-octene was performed at 120 °C, [Rh] = 1.0 mM, 

Rh/LL = 1/1.5, [2-octene] = 0.55 M, pco = Pm ~ 2.5 bar. After 15 hours 3 % conversion of 

2-hexenee to aldehydes was observed showing a linear-to-branched ratio of 1. Probably, the 
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branchedd rhodium-alkyl complex that is formed after hydride migration undergoes (3-hydride 

eliminationn resulting in a very slow hydroformylation reaction rate (TOF =3 mmol aldehydes 

mmoll  Rh"1 hour"1). 

5.33 Conclusions 
Introductionn of the electron-withdrawing pyrrolyl substituents resulted in very active 

catalystt for the hydroformylation of 1-octene. Especially the bidentate pyrrolyl-containing 

ligandd formed a catalyst that showed high activity together with a high regioselectivity for the 

linearr aldehyde and large amount of 2-octenes. 

Investigationn of the hydroformylation reaction mechanism using the pyrrolyl-based 

bidentatee ligand showed that the hydride migration is a reversible step under the conditions 

studied.. Both linear and branched rhodium-alkyl complexes prefer (3-hydride elimination 

insteadd of CO insertion resulting in a high percentage of 2-alkenes. The linear rhodium-alkyl 

finallyy undergoes CO insertion leading to high linear-to-branched ratios as was shown by the 

deuterioformylationn experiments. Determination of the H/D exchange rate showed that this 

exchangee process is not significant at low conversions. 

5.44 Experimental Section 
Generall  Informatio n All preparations were carried out under an atmosphere of 

argonn using standard Schlenk techniques. Solvents were distilled from sodium/benzophenone. 

Al ll  glassware was dried by heating under vacuum. Column chromatography was performed 

usingg silicagel 60 230-400 Mesh obtained from Merck or activated neutral alumina 50-200 

micronn obtained from Acros Organics. All chemicals were azeotropically dried before using. 

Thee routine NMR spectra were recorded on a Varian Mercury-VX (300 MHz) spectrometer 

('H,, 31P, 13C). The high-pressure NMR experiments were recorded on a Braker DRX (300 

MHz)) spectrometer. Chemical shifts are given in ppm referenced to TMS or H3PO4 (external). 

IRR spectra were recorded on a Nicolet 510 FT-IR spectrometer. 

High-pressuree NMR experiments were performed in a 10 mm (i. d.) sapphire NMR 

tubee described by Elsevier et al..42 In a typical experiment 5 mg (0.019 mmol) Rh(acacXCO)2 

andd 1, 1.5, 2, or 5 equivalents of ligand were dissolved in 1.5 mL of toluene-ĝ or benzene--̂

Thee solution was brought into the argon-flushed tube. The tube was flushed with syngas 

(CO/H2=l/l)) and put under a pressure of 20 bar. The tube was heated in the NMR machine to 

800 °C and the complex formation was monitored in time. 

124 4 



Pyrrolyl-Basedd Phosphorus Amidite Ligands 

High-pressuree IR experiments were performed in a 50 mL autoclave (SS 316) 

equippedd with IRTRAN windows (ZnS, transparent up to 700 cm"1, i. d. 10 mm, optical path 

lengthh = 0.4 mm), a mechanical stirrer, a temperature controller and a pressure transducer. In 

aa typical experiment 5 mg of Rh(acac)(CO)2 and 1.5, 3, 5 or 10 equivalents of ligand were 

dissolvedd in 15 mL of cyclohexane under argon. The solution was brought into the autoclave 

andd the autoclave was pressurised with 15 bar of CO/H2 (1/1). The autoclave was placed in 

thee infrared spectrometer and heated to 80 °C. The IR spectra were recorded while die sample 

wass stirred. 

Hydroformylationn experiments were performed in a stainless steel (SS 316) 

autoclavee (196 mL). The autoclave is stirred mechanically and equipped with a substrate 

reservoir,, a pressure transducer, a thermocouple and a sampling device. In a typical 

experimentt Rh(acac)(CO)2 and die ligand were dissolved in 15 mL of toluene and brought 

intoo the autoclave. After flushing the autoclave with CO/H2 (1/1), die autoclave was put under 

aa pressure of 15 bar. The autoclave was heated at 80 °C, after 1 hour die substrate solution (2 

mLL of alkene, 1 mL of decane and 2 mL of toluene) was charged into the reservoir and added 

too the reaction mixture by overpressure. The alkene was filtered over neutral alumina to 

removee peroxides. During the reaction several samples were taken and immediately quenched 

byy adding an excess of P(0-n-Bu)3, to deactivate hydroformylation or isomerisation active 

rhodiumm species. The samples were analyzed by GC using decane as internal standard. The 

concentrationss used in the deuterioformylation experiment were similar to those used in the 

hydroformylationn experiments. Instead of toluene benzene was used as solvent to facilitate 

thee separation of aldehyde and solvent. The autoclave was pressurised witii 15 bar of CO/D2 

(1/2).. The autoclave was heated to 80 °C and after 1 hour the substrate solution was charged 

intoo die reservoir and added to the reaction mixture by overpressure of CO. The alkene was 

filteredd over neutral alumina to remove peroxides. The autoclave was pressurised up to 20 bar 

usingg CO. During the reaction several samples were taken and quenched immediately by 

addingg an excess of P(0-«-Bu)3, to deactivate hydroformylation- or isomerisation-active 

rhodiumm species. The samples were analysed by GC. The deuterium contents in the substrate 

andd products during die reaction were determined using gas chromatography/mass 

spectrometry.. After 2 hours, complete conversion was reached and die aldehydes were 

distilled.. *H and 2H NMR data of die linear aldehydes were identical to die data obtained by 

Caseyy et al..38 

Chlorodipyrrolylphosphine,, the monodentate and bidentate phosphinite ligands 2 and 

44 were synuiesised according literature procedures.16*  43' **  The syntheses are given below, 
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becausee no detailed information about the synthesis, purification and characterisation of these 

compoundss was given in literature. The trans-RhClCOL2 complexes were prepared according 

literaturee procedures.26 

Chlorodipyrollylphosphinee A solution of 13.9 mL (0.2 mol) of pyrrole and 100 mL of 

triethylaminee (excess) in 50 mL of THF was added dropwise to a solution of 8.7 mL (0.1 mol) 

off  phosphorustrichloride in 200 mL of THF at 0 °C. Triethylamine.HCl precipitated directly 

uponn addition. The reaction mixture was stirred overnight at room temperature. The 

suspensionn was diluted using 100 mL of THF and the salts were filtered off. The product was 

obtainedd as colourless oil after vacuum distillation (bp. 88 °C, 2.7 mm Hg). Yield 51 %, lH 

NMRR (CDC13) 8 = 6.5 ppm (m, 4 H, CHCHNP), 7.2 ppm (m, 4 H, CHCHNP), 31P{  lK) NMR 

(CDCI3)) 8 = 104.8 ppm, l3C NMR (CDCI3) 8 = 122.9 ppm (d, 2JPC=17 HZ, CHCHNP), 114.0 

ppmm (d, 3JPC=5 Hz, CHCHNP). 

Phenyldipyrrolylphosphorusamiditee (1) A solution of 1.58 g (17 mmol) phenol dissolved in 

100 mL of toluene was added dropwise to a solution of 3.34 g (17 mmol) of 

chlorodipyrollylphosphinee and 10 mL of triethylamine (excess) dissolved in 50 mL of toluene 

att room temperature. The triemylamine.HCl salt were filtered off after stirring for one hour at 

roomm temperature. The solvent was removed in vacuum. The product was dissolved in toluene 

andd filtered over neutral alumina and crystallised from pentane at -30 °C. At room 

temperaturee the product is obtained as colourless oil. Yield 3.49 g (80 %), *H NMR (CDCI3) 

88 = 6.5 ppm (m, 4 H, CHCHNP), 7.0 ppm (m, 3 H, o, p-PhOP), 7.2 ppm (m, 4 H, CHCHNP), 

7.44 ppm (m, 2 H, m-PhOP), 31P{!H}  NMR (CDCI3) 8 =108.4 ppm, 13C NMR (CDC13) 

88 = 113 ppm (d, 3JPC = 5 Hz, CHCHNP), 120 ppm (d, 2JPC = 9 Hz, CHCHNP), 122.0 ppm (d, 

3JPCC = 5 Hz, o-PhOP), 125 ppm (s, p-PhOP), 131 ppm (s, m-PhOP), 154 ppm (d, 2JPC= 11 Hz, 

ipso-PhPXipso-PhPX FAB/MS m/e = 256.08, Anal. Cald for O4H13N2OP: C, 65.62; H, 5.11; N, 10.93. 

Foundd C, 65.27; H, 4.94; N, 10.90. 

Phenoxydiphenylphosphinitee (2). A solution of 1.41 g (15 mmol) of phenol dissolved in 20 

mLL of toluene was added dropwise to a solution of 2.69 mL (15 mmol) of 

chlorodiphenylphosphinee and 10 mL of triethylamine (excess) dissolved in 100 mL of toluene 

att room temperature. The triethylamine.HCl salt were filtered off after stirring for one hour at 

roomm temperature. The solvent was removed in vacuum. The product was obtained as 

colourlesss oil. Yield 3.62 g (87 %), ]H NMR (CDC13) 8 = 7.2 ppm (m, 1 H, p-PhOP), 7.3 ppm 
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(m,, 2 H, o-PhOP), 7.4 ppm (m, 2 H, m-PhOP), 7.5 ppm (m, 6 H, o, /?-PhP), 7.8 ppm (m, 4 H, 

m-PhP),, 3lP{  lH}  NMR (CDC13) 8 = 111.8 ppm, 13C NMR (CDCI3) 8=119 ppm (d, 2Jpc = 11 

Hz,, o-PhP), 123 ppm (s, p-P\\OP), 129 ppm (d, 3Jr c = 6 Hz, m-PhP), 130.8 ppm (s, p-PhP), 

131.11 ppm (s, m-PhP), 141 ppm (d, 'JPC = 17 Hz, ipso-PhP), 158 ppm (d, 2Jrc = 10 Hz, ipso-

PhOP),, FAB/MS m/e = 278.09. 

(3)) A solution of 2.8 g (15 mmol) 2,2'-dihydroxy-l,r-biphenyl in 10 mL of THF was added 

dropwisee to a solution of 6.0 g (30 mmol) chlorodiphenylphosphine and 10 mL of 

triethylaminee (excess) in 50 mL of THF at room temperature. The triethylamine.HCl salts 

weree filtered off after one hour stirring at room temperature and the solvent was removed 

underr vacuum. The white solid was dissolved in toluene and filtered over neutral alumina 

(rf=l).. The product precipitated when the toluene was concentrated. Yield 68 %, mp = 95 °C, 
llHH NMR (CDCI3) 8 = 6.2 ppm (m, 8 H, CHCHNP), 6.7 ppm (m, 8 H, CHCHNP), 6.9 ppm (d, 

2H,, 3JHH = 7 Hz, o-Ph), 7.2 ppm (d, 2H, 3JHH= 7 Hz, m-Ph-Ph), 7.3 ppm (m, 4H, m,p-Ph), 
31P{1H}}  NMR (CDCI3) 8= 109.4 ppm, 13C NMR (CDCI3) 8= 112.5 ppm (d, 2Jr c = 4 Hz, 

CHCHNP),, 119.5 ppm (d, 3Jpc = 12 Hz, o-Ph), 121.6 ppm (d, 3Jpc=5 Hz, CHCHNP), 124.7 

ppmm (s, p-Ph), 129.7 ppm and 132.0 ppm (s, m-Ph), 130.2 ppm (d, 3JPC = 4 Hz, o-Ph-Ph), 

151.11 ppm (d, 2JPC= 10 Hz, ipso-Ph), FAB/MS m/e = 511, Anal. Cald for C28H24N4O2P2: C, 

65.88;; H, 4.74; N, 10.98. Found C, 65.91; H, 4.66; N, 10.85. 

(4)) A solution of 1.8 g (10 mmol) 2,2'-dihydroxy-l,l'-biphenyl in 7 mL of THF was added 

dropwisee to a solution of 4.4 g (20 mmol) chlorodiphenylphosphine and 7 mL of 

triethylaminee (excess) in 35 mL of THF at room temperature. The triethylamine.HCl salts 

weree filtered off after one hour stirring at room temperature and the solvent was removed 

underr vacuum. The white solid was dissolved in toluene and washed with water. Yield 4.0 g 

(733 %), mp = 77 °C, lH NMR (CDC13) 8 = 7.3 - 7.1 ppm (all aromatic H), 31P{1H}  NMR 

(CDCI3)) 8= 111.9 ppm, 13C NMR (CDCI3) 8=118 ppm (d, 2Jr c = 16 Hz, oPhP), 123 ppm (s, 

/>-PhOP),, 128 ppm (d, 3JPC= 7 Hz, m-PhP), 129 ppm (s, m-PhOP), 129.5 ppm (s, p-PhP), 130 

ppmm (d, 3JPC = 22 Hz, o-PhOP), 131 ppm (d, 3JPC = 4 Hz, o-PhOP), 132 ppm (s, w-PhOP), 141 

ppmm (d, 'JPC = 17 Hz, ipso-PhP), 155 ppm (d, 2Jpc = 7 Hz, ipso-PbOP), FAB/MS m/e = 

554.16. . 

7>ans-RhClCO(l)22 (5). A solution of 0.1 g (0.4 mmol) of ligand 1 dissolved in 3 mL of 

dichloromethanee was added dropwise to a solution of 38 mg (0.1 mmol) of [RhCl(CO)2]2 
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dissolvedd in 5 mL of dichloromethane. Carbon monoxide evolved immediately upon addition 

off  the ligand. The yellow solution was stirred for one hour at room temperature. The solvent 

wass reduced to 1 mL. The product precipitated immediately when 10 mL of pentane was 

added.. Yield 50 mg (37 %), mp = 133 °C (dec.), *H NMR (CDC13) 8 = 6.4 ppm (m, 8 H, 

CHCHNP),, 7.0 ppm (m, 6 H, o, p-PhOP), 7.1 ppm (m, 8 H, CHCHNP), 7.3 ppm (m, 4 H, m-

PhOP),, 3lP[ lH) NMR (CDCI3) 5 = 111.4 ppm (JRI* = 190 Hz), I3C NMR (CDCI3) ,3C NMR 

(CDCI3)) 6 - 113 ppm (CHCHNP), 122ppm (CHCHNP), 124 ppm (o-PhOP), 126 ppm (s,p-

PhOP),, 131 ppm (s, m-PhOP), 152 ppm (ipso-PhOP), 180 ppm (m, RhCO), 1R (CH2C12) 

VRhcoo = 2018 cm"1, FAB/MS m/e =, 

7>Yi»s-RhClCO(2)22 (6). A solution of 0.1 g (0.4 mmol) of ligand 2 dissolved in 3 mL of 

dichloromethanee was added dropwise to a solution of 38 mg (0.1 mmol) of [RhCl(CO)2]2 

dissolvedd in 5 mL of dichloromethane. Carbon monoxide evolved immediately upon addition 

off  the ligand. The yellow solution was stirred for one hour at room temperature. The solvent 

wass reduced to 1 mL. The product precipitated as yellow oil. Yield 112 mg (78 %), 'H NMR 

(CDCI3)) 6 = 7.1 ppm (m, 2 H, p-PhOP), 7.2 ppm (m, 8 H, o,m-PhOP), 7.4 ppm (m, 12 H, o,p-

PhP),, 7.8 ppm (m, 8 H, m-PhP), 31P{!H}  NMR (CDCI3) 5= 123 ppm (JRM» = 143 Hz), 
13CC NMR (CDCI3) 8 = 121 ppm (s, o-PhP), 124 ppm (s, p-PhP), 128-133 ppm (m,/>-PhP, o,m-

PhOP),, 136 ppm (dt, JCP = 26Hz, JRM; = 3 Hz, ipso-PhP) 155 ppm (s, ipso- PhOP), the 

carbonylcarbonn atom was not observed, IR (CH2C12) VRhco= 1991 cm"1, FAB/MS m/e 

[RhCl(2)2-CO]== 694.1. 
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Thee rhodium-catalysed hydroformylation using phosphorus ligands is one of the most 

extensivelyy studied catalytic processes. One of the highlights of these studies is the 

developmentt of new ligands in order to obtain highly active and selective catalysts. Important 

aspectss of the investigations are the steric and electronic ligand properties and for bidentate 

ligandss the bite angle. Not only the catalyst performance has been important, but also the 

reactionn mechanism and the solution structure of the catalyst have been studied in great detail. 

Althoughh several intermediates of the unmodified rhodium catalyst have been characterised, 

onlyy a small number of intermediates proposed for the phosphorus-modified catalyst has been 

identifiedd and very littl e is known about the reactivity of the reaction intermediates and the 

reversibilityy of the reaction steps proposed. 

Inn this thesis studies on the rhodium-catalysed hydroformylation using phosphorus 

diamidee ligands are presented. The nitrogen substituents on the phosphorus atom are 

introducedd to form ligands mat combine steric bulk with Jt-acidity. This combination of steric 

andd electronic properties results in bulky, electron-poor catalysts. Because this type of ligands 

iss relatively new in the hydroformylation reaction only few studies have been performed 

concerningg the catalyst structure formed under hydroformylation reaction conditions. No 

studiess on the reaction kinetics and the structure of the intermediates present during the 

reactionn have beenn published until now. 

hii  chapter two, several monodentate and bidentate phosphorus diamide ligands 

derivedd from a l,3,5-N,N\N"-trisubstituted biuret structure are presented. This type of 

ligandss combines steric bulk with rc-acidity. Investigation of the rhodium complexes formed 

underr hydroformylation reaction conditions revealed that the monodentate ligands form 

mixturess of HRhLziCOh and HRhL(CO)3. The ratio HRM^CO^HRhLCCOh depends on 

thee ligand concentration and its bulkiness. The bidentate ligands form hydride complexes with 

thee structure HRhLr\L(CO)2. Both monodentate and bidentate ligands have been tested in the 

hydroformylationn reaction of 1-octene. The monodentate ligands form very active catalysts 

butt the linear-to-branched ratio of the product is moderate. The bidentate ligands show 

improvedd selectivity compared to the monodentate ligands and an activity that is only slightly 

lower. . 

Inn chapter three, a detailed study of the stoichiometric hydroformylation reaction of 

allyldiphenylphosphinee is presented using the monodentate triethylbiuret-phenylphosphorus 
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diamidee (ligand 1, Figure 1). Coupling of the ligand and substrate functions in one molecule 

stabilisess the intermediates of the hydroformylation reaction and enables the characterisation 

off  the complexes using NMR spectroscopy. Reaction of the rhodium-hydride complex 

HRI1L3COO (L = triethylbiuret-phenylphosphorus diamide) with allyldiphenylphosphine results 

inn the formation of HRhL,2(allylPPh2)CO. Hydride migration in the absence of CO led to 

completee conversion of the rhodium-hydride complex to the linear rhodium-alkyl complex. 

Deuteriumm labelling studies showed, that the hydride migration is reversible and that both the 

linearr and the branched rhodium-alkyl complex had been formed. The linear rhodium-alkyl 

complexx was shown as the thermodynamically stable product formed after longer reaction 

times.. When carbon monoxide is added to the rhodium-alkyl complex, ligand exchange and 

COO insertion occurred, leading to the formation of Rh(CO)CH2CH2CH2PPh2L(CO)2, a cyclic 

rhodium-acyll  complex. Addition of hydrogen completes the cycle forming the coordinated 

hydroformylatedd allyldiphenylphosphine ligand. The aldehyde-functionalised phosphine 

ligandd is hydrogenated to the corresponding alcohol. 
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FigureFigure 1. Several Monodentate and Bidentate Biuret-Based Phosphorus Diamide Ligands 

Inn Chapter four, the hydroformylation mechanism using the monodentate 

triethylbiuret-phenylphosphoruss diamide ligand (Figure 1) has been investigated under 

catalyticc conditions. A detailed kinetic study and (in situ) spectroscopic techniques revealed 

thatt several of the elementary reaction steps are involved in the hydroformylation rate control. 

Whichh step is rate determining depends strongly on the conditions used. Deuterioformylation 

showedd that alkene coordination followed by hydride migration is irreversible under the 

conditionss studied. The rhodium-hydride complex HRhL,2(CO)2 and several rhodium-acyl 

complexess were observed during the hydroformylation reaction, using in situ HP IR 

spectroscopy.. The structures of the rhodium-acyl complexes have been characterised using 
31P,, 13C, and 103Rh NMR spectroscopy. The rhodium-acyl complexes observed contain 
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phosphoruss ligands coordinated in both the ee and ea coordination mode, although in the 

hydridee complex the phosphorus ligands are coordinated exclusively in the equatorial plane. 

Thesee results show that formation of a hydride complex having 6w-equatorially coordinated 

phosphoruss ligands does not guarantee a high linear-to-branched ratio in the product, since the 

monodentatee ligands may well have the flexibilit y to form ea complexes for the more 

hinderedd branched-alkyl and acyl complexes. 

V N w N ^ ^ rr  o 
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FigureFigure 2. Monodentate and Bidentate Pyrrolyl-Containing Ligands 

Inn chapter five, novel monodentate and bidentate phosphorus amidite ligands that 

containn two pyrrolyl substituents have been synthesised (Figure 2). The performance of the 

hydroformylationn catalyst based on these ligands has been compared to similar diphenyl 

substitutedd phosphinite ligands. These phosphinite ligands have analogous steric properties 

butt they differ in terms of 7t-acidity. Using these ligands, the electronic effect on the catalyst 

performancee can be investigated with a minimal change in steric properties. Spectroscopic 

studiess showed, that under hydroformylation conditions the monodentate ligands form 

mixturess of HRhL2(CO)2 and HRhL3CO depending on the ligand and rhodium concentrations 

andd the CO pressure. The bidentate ligands form mixtures of HRh(LnL)(CO)2 and 

HRh(LnL)(LnL')CO,, having one LnL' coordinated as a monodentate, depending on the 

reactionn conditions used. All ligands have been tested in the hydroformylation reaction. 

Increasingg the 7t-acidity of the ligand resulted in an increase of the hydroformylation rate. The 

monodentatee ligands showed high activity but moderate selectivity for the linear aldehyde. 

Thee catalyst formed using the bidentate phosphorus amidite ligand 3 revealed high 

regioselectivityy for the linear aldehyde together with a high isomerisation rate. The reaction 

mechanismm using the bidentate pyrrolyl-based phosphorus amidite ligand was studied by a 

deuterioformylationn experiment. The results showed that the hydride migration is a reversible 

stepp under these hydroformylation reaction conditions. Both linear and branched rhodium-

alkyll  complexes prefer |3-hydride elimination instead of CO insertion resulting in a high 
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percentagee of 2-alkenes. The linear rhodium-alkyl finally undergoes CO-insertion leading to 

highh linear-to-branched ratios. 

Fromm the work presented in this thesis, it can be concluded, that the introduction of 

bulky,, electron-withdrawing nitrogen substituents leads to 7t-acidic phosphorus ligands that 

showw increased activity compared to phosphines in the hydroformylation reaction. 

Spectroscopicc studies of the catalyst structures formed using these ligands revealed that the 

typee of complexes formed under syn-gas pressure is sensitive to the electronic and steric 

ligandd properties. Slight changes in these properties give rhodium-hydride complexes 

containingg either one, two or three phosphorus ligands. The type of complexes present during 

catalysiss influence strongly the catalyst activity and selectivity. Investigation of the reaction 

mechanismm using these rc-acidic phosphorus ligands by deuterioformylation or kinetic studies 

revealedd that the relative rate of the subsequent reaction steps proposed in the reaction 

mechanismm is strongly depending on the conditions used. Especially the in situ spectroscopic 

studyy using the monodentate biuret-based ligand showed that the rate-determining step of the 

reactionn can be changed easily from early to late in the catalytic cycle by changing the 

reactionn conditions and therefore the colloquial expression "the rate-determining step of the 

reaction""  does not apply. 
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Dee rhodium gekatalyseerde hydroformylering is één van de meest bestudeerde 

overgangsmetaall  gekatalyseerde processen. Veel studies zijn gericht op de optimalisatie van 

dee activiteit en selectiviteit van de katalysator door het ontwikkelen van nieuwe fosfor 

liganden.. De sterische en elektronische ligandeigenschappen en in het geval van bidentate 

ligandenn ook de 'bite angle' zijn belangrijke aspecten voor de optimalisatie van 

ligandsystemen.. Naast de bestudering van de activiteit en selectiviteit van de hydro-

formyleringskatalysator,, wordt ook veel onderzoek gedaan naar het mechanisme van de 

hydroformyleringsreactiee en de structuur van de intermediairen die aanwezig zijn tijdens deze 

reactie.. Hoewel voor de rhodium-carbonyl katalysator een aantal intermediairen zijn 

gekarakteriseerd,, is over de katalysatoren die gemodificeerde zijn met fosfor liganden nog 

ergg weinig bekend. 

Inn dit proefschrift worden studies naar de rhodium gekatalyseerde hydro-

formyleringsreasctiee beschreven, waarbij de katalysator gemodificeerd is met fosfordiamide 

liganden.. Het gebruik van stikstofsubstituenten aan het fosforatoom maakt het mogelijk om 

ligandenn te vormen die sterische hindering combineren met 7t-zure eigenschappen. Deze 

combinatiee van ligand-eigenschappen leidt tot 'bulky' elektronenarme katalysatoren. 

Aangezienn het gebruik van dit type liganden in de hydroformylering relatief nieuw is, zijn er 

maarr weinig studies gedaan naar de structuur van de katalysator onder 

hydroformyleringsreactiecondities.. Studies naar de reactiekinetiek en de intermediaren die 

aanwezigg zijn tijdens de reactie zijn tot nu niet gepubliceerd. 

Inn hoofdstuk twee worden een aantal monodentate en bidentate fosfordiamide 

ligandenn gepresenteerd die gebaseerd zijn op een N,N\N"-trigesubstitueerde biuretstructuur. 

Dezee liganden zijn 'bulky' en elektronenarm. Bestudering van de katalysator, die gevormd 

wordtt onder hydroformyleringsreactiecondities laat zien dat bij gebruik van de monodentate 

liganden,, mengsels van twee type rhodium katalysatoren gevormd worden: HRhUCO)3 en 

HRhL2(CO>2.. De verhouding tussen deze twee deeltjes is afhankelijk van de 

ligandconcentratiee en de sterische eigenschappen van het ligand. De bidentate liganden 

vormenn maar één type hydride complex, HRhLnL(CO)2. Zowel de monodentate als de 

bidentatee liganden zijn getest in de rhodium gekatalyseerde hydroformylering van 1-octeen. 

Dee monodentate liganden vormen actieve katalysatoren, maar de regioselectiviteit is matig. 
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Dee regioselectiviteit van de katalysatoren gevormd met de bidentate liganden is hoger terwijl 

dee activiteit niet veel minder is dan die van de monodentate liganden. 

Inn hoofdstuk drie wordt een gedetailleerde studie van de stoichiometrische 

hydroformyleringsreactiee van allyldifenylfosfïne beschreven, waarbij de katalysator 

gebaseerdd is op het monodentate ligand triethylbiuret-fenylfosfine (ligand 1, Figuur 1). 

Allyldifenylfosfïnee heeft in deze studie zowel de functie van ligand als dat van het substraat. 

Dee combinatie van ligand en substraat in een molecuul stabiliseert de intermediaren van de 

hydroformyleringsreactiee en maakt het mogelijk deze met NMR spectroscopie te bestuderen. 

Dee reactie van het rhodium-hydride complex HRh(l)3CO met allyldifenylfosfïne resulteert in 

dee vorming van HRh(l)2(allylPPh2)CO. Wanneer de hydride migratie in afwezigheid van CO 

plaatsvindt,, wordt het rhodium-hydride complex volledig omgezet naar het lineaire rhodium-

alkyll  complex. Labelen met deuterium laat zien dat de hydride migratie reversibel is en dat 

zowell  het lineaire als het vertakt rhodium-alkyl gevormd worden tijdens de hydride migratie. 

Hett lineaire rhodium-alkyl complex is het thermodynamisch stabiele product dat gevormd 

wordtt na langere reactietijd. Als koolmonoxide wordt toegevoegd aan het lineaire rhodium-

alkyll  complex vindt er liganduitwisseling en CO-insertie plaats. Een cyclisch rhodium-acyl 

complexx wordt gevormd: Rh(CO)CH2CH2CH2PPh2L(CO)2. Wanneer waterstofgas wordt 

toegevoegdd aan het reactiemengsel vindt hydrogenolyse plaats, vervolgens wordt het aldehyde 

gefunctionaliseerdee fosfine verder gehydrogeneerd naar het corresponderende alcohol. 

CKK N ^ O O. P h t-^ N P h P A^^^v^\^-5s^/ \ 

Y YY V-N l I w / T| T H 1 
. N ^^  ^ N ^ Ph—N P Px N—Ph Et ^ S ^ N - r N ^ et 

Et'Et'  ^p- ' -~Et v / \ , c \ y o y Et 
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FiguurFiguur 1. Verschillende monodentate en bidentate fosfordiamide liganden 

Inn hoofdstuk vier wordt het hydroformyleringsreactiemechanisme met het 

monodentatee ligand 1 (Figuur 1) bestudeerd onder katalytische condities. Een gedetailleerde 

kinetiekstudiee en in situ spectroscopische studies laten zien, dat meerdere elementaire 

reactiestappenn in de katalytische cyclus betrokken zijn bij de bepaling van de snelheid van de 

reactie.. Welke stap snelheidsbepalend is, is sterk afhankelijk van de gebruikte 
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reactiecondities.. Deuterioformylering laat zien dat de alkeen coördinatie, gevolgd door 

hydridee migratie, irreversibel zijn onder de bestudeerde reactiecondities. De aanwezigheid 

vann het rhodium-hydride complex HRhl^CO): en verschillende rhodium-acyl deeltjes tijdens 

dee hydroformyleringsreactie is aangetoond met behulp van in situ hoge druk IR spectroscopie. 

Dee structuur van deze deeltjes is bepaald met behulp van 31P, BC en 103Rh NMR 

spectroscopie.. De fosforliganden in de verschillende rhodium-acyl deeltjes coördineren zowel 

inn de ee als in de ea coördinatie mode, terwijl de fosforliganden in het hydride complex alleen 

coördinerenn in de ee coördinatie mode. Deze resultaten laten zien, dat de vorming van hydride 

complexenn waarbij de fosforliganden coördineren in de ee coördinatie mode geen garantie is 

voorr hoge regioselectiviteit. De monodentate liganden kunnen de flexibiliteit hebben om ea 

complexenn te vormen voor de meer sterisch gehinderde vertakte alkyl en acyl complexen. 

FiguurFiguur 2. Monodentaat en Bidentaat Ligand gebaseerd op Pyrrole. 

Inn hoofdstuk vijf worden nieuwe monodentate en bidentate fosforamidiet liganden 

mett twee pyrrolesubstituenten op het fosforatoom beschreven (Figuur 2). De activiteit en 

selectiviteitt van de hydroformyleringskatalysator gevormd met deze liganden worden 

vergelekenn met die van overeenkomstige difenylfosfinietliganden. De liganden hebben 

vergelijkbaree sterische eigenschappen maar de elektronenzuigende eigenschappen van deze 

ligandenn is verschillend. Hierdoor kan het effect van elektronische eigenschappen op het 

gedragg van de hydroformyleringskatalysator bestudeerd worden zonder dat de sterische 

eigenschappenn invloed hebben. Bestudering van de katalysator, die wordt gevormd onder 

hydroformyleringsreactiee condities laat zien, dat bij gebruik van de monodentate liganden 

mengselss van twee type rhodium katalysatoren gevormd worden: HRhL2(CO)2 en HRI1L3CO. 

Dee verhouding tussen deze twee deeltjes is afhankelijk van de ligand en rhodium 

concentratiess en de druk van het synthesegas. De bidentate liganden vormen mengsels van 

HRh(LnL)(CO)22 en HRh(LnL)(LnL')CO afhankelijk van de gebruikte reactiecondities 

(LnL'' is een monodentaat gecoördineerd bidentaat ligand). Alle gesynthetiseerd liganden zijn 
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getestt in de hydroformyleringsreactie. De resultaten laten zien, dat toename van het 

elektronenarmee karakter van de liganden leidt tot toename van de reactiesnelheid. De 

monodentatee liganden vormen actieve katalysatoren maar de regioselectiviteit is matig. Het 

bidentatee pyrrole bevattende fosforamidiet (5, figuur 2) vormt een katalysator, die zowel 

actieff  als regioselectief is. Het reactiemechanisme van deze katalysator is bestudeerd 

doormiddell  van deuterioformylering. De resultaten laten zien dat de alkeencoördinatie en 

hydridee migratie reversibele reactiestappen zijn. Zowel het lineair als het vertakte rhodium-

alkyll  complex geven de voorkeur aan P-H eliminatie ten opzichte van CO insertie, wat 

resulteertt in een hoog gehalte 2-alkenen. Het lineaire alkyl-complex ondergaat uiteindelijk 

CO-insertiee wat leidt tot hoge regioselectiviteit. 

Hett werk dat beschreven wordt in dit proefschrift laat zien dat de introductie van 

'bulky'' elektronenzuigende stikstofsubstituenten leidt tot fosforliganden waarvan de 

elektronischee eigenschappen vergelijkbaar zijn met die van fosfieten, terwijl deze liganden 

watt sterische eigenschappen betreft meer lijken op fosfines. Spectroscopische studies hebben 

latenn zien dat de structuur van de met deze liganden gevormde katalysatoren gevoelig is voor 

dee sterische en elektronische ligandeigenschappen. Kleine verschillen in deze eigenschappen 

resulterenn in rhodium-hydride complexen met een, twee of drie fosforliganden. Bestudering 

vann het reactiemechanisme doormiddel van deuterioformylering of kinetiekstudies laat zien, 

datt de relatieve snelheid van de verschillende reactiestappen sterk afhankelijk is van de 

gebruiktee reactiecondities. Vooral de in situ spectroscopische studie met ligand 1 geeft aan dat 

dee snelheidsbepalende stap gemakkelijk verschoven kan worden van vroeg in de katalytische 

cycluss naar laat in de cyclus door de reactiecondities anders te kiezen. Daarom is in dit geval 

dee algemene term 'de snelheidsbepalende stap van de reactie' niet toepasbaar. 
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