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Hydroformylatio nn of Interna l Alkene s to Linea r Aldehydes : a Review 

Raymondd P. J. Bronger, Paul C. J. Kamer and Piet W. N. M. van Leeuwen* 

vanvan 't Hoff Hoff Institute for Molecular Sciences, University of Amsterdam, Nieuwe Achtergracht 166, 1018 WV Amsterdam, The 

Netherlands. Netherlands. 

Lead-in.. In 2003 hydroformylation celebrated its 65th anniversary. In these years hydroformylation has 

emergedd as one of the most important transformations in the field of homogeneous catalysis. Intensive 

researchh by industry and academia led to remarkable results concerning simultaneous control of 

reactivityy and selectivity, but still many aspects of hydroformylation have not been completely 

elucidated.. Fast and selective conversion of less reactive, internal and higher functionalised alkenes is of 

greatt importance, but still requires a satisfactory solution despite various research efforts in the past 

decades.. This article reviews the progress toward the development of cobalt-, rhodium-, platinum- and 

palladium-basedd catalysts for the selective conversion of internal alkenes to linear aldehydes. 
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Chapterr 1 

1.. Introduction . 

Lik ee many landmark discoveries, hydroformylation was discovered serendipitously. In 1938, while 

investigatingg the intermediacy of alkenes in Fischer-Tropsch reaction, Otto Roeien discovered that 

alkeness were converted into linear and branched aldehydes by applying a cobalt-containing 

heterogeneouss catalyst under a carbon monoxide and dihydrogen atmosphere (Scheme l).1'2 The actual 

catalystt turned out to be the in situ generated homogeneous HCo(CO)4 complex. Ever since, this clean 

andd mild method for the functionalisation of hydrocarbons has grown to be among the most important 

homogeneouslyy catalysed reactions in industry covering an annual production of 8 million tons of 

variouss aldehydes and alcohols for the manufacture of detergents, soaps, and plasticiser alcohols. 2-

Ethylhexanol,, produced by «-selective hydroformylation of propene, followed by aldol condensation 

andd subsequent reduction, has been the main product of hydroformylation. For higher alkene 

hydroformylation,, linear products are preferred over the branched ones because of their assumed better 

biodegradability,3"55 but highly branched products are often desirable for their properties, e.g. as 

lubricatingg oil additives in order to depress the freezing point of the oil.6 

catalystt O s 

Schemee 1 Hydroformylation. 

Cobaltt and rhodium complexes constitute the most important catalysts for hydroformylation, but the use 

off  other metals, like Pt, Pd, Ir, Ru and Fe has also been reported. 

AA target of great interest in hydroformylation chemistry is the selective conversion of less reactive 

internall  and functionalised alkenes to linear aldehydes. Interesting industrial applications would be: 1) 

thee hydroformylation of Raffinate II , a mixture of butenes obtained during the Naphtha-steamcracking,7 

too linear aldehydes, 2) the preparation of high-value-added oleochemicals (e.g. fatty acid derivatives 

bearingg an additional functional group) obtained by the hydroformylation of (internally) unsaturated 

fattyy acids,8 and 3) the hydroformylation of alkyl 3-pentenoate, 3-pentenoic acid or 3-pentenenitrile that 

leadd to products that can be used in the production of e-caprolactam or adipic acid, which are precursors 

forr respectively nylon-6 and nylon-6,6.9 To achieve this goal a catalyst is required that shows a high 

isomerisationn activity since the thermodynamically less stable terminal alkenes have to be formed prior 

too hydroformylation. Cobalt catalysts are particularly suited for this reaction owing to the low 

hydroformylationn activity and high isomerisation activity (vide infra). The low reactivity of cobalt 

catalystss necessitates high temperatures and thus high pressures, but unfortunately this also leads to 

hydrogenationn and formation of heavy end-products via aldol condensation.10 In hydroformylation 
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chemistryy the elimination of the disadvantages of Co-based systems is one of the current demands, e.g. 

byy novel catalysts or technologies that lead to higher activities, regio-selectivities, and that show a better 

functionall  group tolerance. Rhodium catalysts are particularly suited as they combine all these aspects, 

butt they hardly show any isomerisation activity, which renders them unsuitable for the 

hydroformylationn of internal alkenes. In the last two decades many processes based on cobalt have been 

replacedd by rhodium,11 especially for the hydroformylation of short chain alkenes, but for higher 

alkenes,, and especially for the hydroformylation of internal higher alkenes, there exists no good 

alternativee and thus cobalt-based catalysts are still preferred. 

Inn this review we focus on catalyst development of the hydroformylation of internally unsaturated 

compoundss to linear aldehydes.12 In particular rhodium catalysts have undergone a remarkable 

development,, while cobalt catalysts have remained more or less unchanged over the years, and 

palladiumm has just been recognised as a suitable transition metal for hydroformylation. 

1.11 Mechanistic considerations. 

Thee generally accepted dissociative mechanism of the phosphine modified rhodium catalysed 

hydroformylation,, first proposed by Wilkinson et al.,n is depicted in Scheme 2. The catalytic cycle 

beginss with ligand dissociation (either CO or a phosphorus donor ligand) from the bis(phosphine) 

dicarbonyll  rhodium hydride 1, which is the most commonly observed catalyst resting state, to form the 

166 electron coordinatively unsaturated rhodium intermediate 2. After alkene association (3), hydride 

migrationn takes place to form either a linear or branched alkyl rhodium intermediate (4 and 4'). With the 

formationn of the branched alkyl rhodium intermediate a new chiral centre is created, which is important 

forr asymmetric hydroformylation. CO association to 4 or 4' followed by alkyl migration (also referred 

too as migratory insertion of CO) yields the unsaturated four coordinated acyl rhodium intermediate 6 

andd 6*, respectively. Hydrogenolysis (by oxidative addition of dihydrogen or via bi-metallic 

mechanism144 (not depicted in Scheme 2)) leads to the formation of the respective aldehydes and 

regenerationn of rhodium intermediate 2. Only in few cases hydrogenolysis is rate determining (Type II 

kinetics)155 and species 7 and 7' can be observed as catalyst resting state after respective association of 

COO to 6 and 6'. 

Thee most dominant side reaction of hydroformylation is isomerisation, which proceeds often via p-

hydrogenn elimination from the branched alkyl rhodium intermediate 4' to yield 8. Isomerisation can also 

occurr through a metal induced intramolecular 1,3-hydrogen shift via a r)3-allyl metal hydride (jt-allyl 

mechanism),, especially when transition metals of the platinum group metal, i.e. Ni, Pd or Pt, are used 

thiss isomerisation pathway is likely. Other commonly observed side-reactions include hydrogenation of 
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Schemee 2 Hydroformylation. 

thee substrate or product, and aldol condensation. The extent to which these reactions take place is highly 

dependentt on the ligand, metal and reaction conditions employed. 

1.22 Ligand parameters. 

Soonn after the beneficial effect of triphenylphosphine on the rhodium catalysed hydroformylation was 

discoveredd ligands with other donor atoms, like N, As, Sb, and Bi, were reported, but these were usually 

lesss effective than their respective P-ligands. A comparative study of PhsE (E = N, P, As, Sb, Bi) in the 

hydroformylationn of 1-dodecene demonstrated the superiority of phosphine ligands.16 Other P-ligands 

4 4 



Hydroformylationn of Internal Alkenes to Linear Aldehydes: a Review 

weree applied with sterically demanding groups or 

electronn withdrawing capacities that easily surpassed 

thee results obtained with triphenylphosphine. 

Tolmann was the first to review ligand effects and 

introducedd the steric parameter 0, and the electronic 

parameterr % (Figures 1, and 2).22 For bidentate 

ligandss Tolman extended the concept of cone-angle 

(Figuree 3). This parameter was used as starting point 

forr the concept of natural bite angle (pn) (Figure 3).2 

Thee natural bite angle and the concomitant flexibility 

range,, both introduced by Casey and Whiteker, have 

beenn used most extensively,24"29 and require less 

elaboratee molecular mechanics studies compared to 

otherr parameters for bidentate ligands, like pocket 

angle,300 solid angle,31"33 repulsive energy,34,35 and 

accessiblee molecular surface.36 Clearly, the bite angle 

doess not only induce steric effects, but it also induces 

electronicc effects, because the P-M-P angle affects the 

bindingg in the complex ground state or intermediate 

states.. Complete separation of the electronic and 

stericc effects is nearly impossible as both parameters 

affectt one another, especially in systems where a 

reactionn is the resultant of going through many 

intermediatee transition states, like in many catalytic 

processes.. Still these parameters (0, %, and pn) proved 

too be very useful to quantify steric and electronic 

propertiess of mono-, and bidentate ligands, since 

oftenn changes in activity or selectivity can be 

attributedd to one or more of them. 

Figuree 1 Tolman's cone angle 9. For monodentate ligands 
thee cone angle 0 is defined as the angle of a cilindrical cone 
definedd by the van der Waals radii of the outermost atoms of 
thee substituents on phosphorus with the apex 2.28 A (based 
onn a typical Ni-P bond length) from the center of the 
phosphoruss atom. 

PP M C O 
Figuree 2 The electronic parameter x, which is measured as 
thee symmetric stretching frequency of the carbonyls in 
Ni(CO)iL,, and is a measure for the overall effect of the 
electronn donating and accepting properties of the ligand. 

 . , . 

' n ^ l i p , , Qrn^Q Qrn^Q 
Figuree 3 Tolman's cone angle 8 for bidentate ligands and 
thee natural bite angle (3n. Note that the P-M distance for 
Tolman'ss cone angle 0 is defined at 2.28 A, while the P-M 
forr pn distance is defined at 2.315 A. For bidentate ligands 
thee cone angle at each phosphorus atom is defined as the 
anglee between one M-P bond and the vector, which bisects 
thee P-M-P angle plus the steric contributions of the non-
bridgingg substituents on phosphorus. The natural bite angle 
iss defined as the preferred chelation angle of the bidentate 
ligand,, as determined only by backbone constraints and not 
byy metal valence angles. The flexibilit y range is defined as 
thee accessible range of bite angles within 3 kcal.mol"1 

excesss strain energy from the calculated natural bite angle. 

2.11 Hydroformylatio n of internally unsaturated compounds. 

Forr fast and selective hydroformylation of internal alkenes to linear aldehydes the association of the 

unreactivee internal alkene, subsequent hydride migration followed by p-hydrogen elimination resulting 

inn a double bond shift should be fast. More importantly, the rate of p-hydrogen elimination should be 
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severall  orders of magnitude faster than migratory CO-insertion from the branched alkyl rhodium 

complex,, which would result in the formation of branched aldehydes, but should be the same order of 

magnitudee or slower than migratory CO-insertion from the linear alkyl rhodium intermediate in order to 

maintainn an acceptable hydroformylation activity. Thus, only in cases where the linear alkyl metal 

speciess shows preferential carbonylation and only when the rate of isomerisation is sufficiently high, 

linearr aldehydes will be the main product when starting from internal alkenes. An additional affinity for 

primarilyy formation of linear alkyl metal species is advantageous for both the activity and the 

selectivity. . 

Mostt catalytic systems are not active for the hydroformylation of internal alkenes or require harsh 

conditions,, which leads to a low selectivity. Only when highly active catalysts are used the internal 

alkeness can be hydroformylated under mild conditions. 

2.22 Cobalt. 

Inn the 1980's a large change in catalyst system occurred: cobalt catalysts lost their importance and 

weree mainly substituted by new technologies and modifications based on rhodium. Therefore, most 

hydroformylationn studies in the last two decades were focused on other metals than cobalt, rhodium in 

particular.. Nevertheless, cobalt catalysts, especially HCo(CO>4 and HCo(CO)3PR3, are still preferred for 

hydroformylationn of (internal) higher alkenes. Typical operating conditions comprise temperatures 

betweenn 130 and 200 °C, total syngas pressures between 100 and 300 bar, and cobalt concentrations 

betweenn 0.1 to 0.5 wt%. Linearity obtained with cobalt catalysts are in general low, but extensive 

isomerisationn causes the product linearity obtained from the terminally or internally alkenes to differ 

onlyy slightly, so effectively no loss of substrate occurs. For example, the HCo(CO)4 hydroformylation 

off  1-pentene led to 82 % linearity under 90 bar CO, 80 bar H2 and at 100 °C. Under identical conditions 

76%% linearity was obtained when using 2-pentene.37 The difference in isomer composition between the 

hydroformylationn products of terminal and internal alkenes decreases as the CO-pressure decreases, but 

inn contrast to rhodium systems (vide infra) a lower CO-pressure generally results in lower linearity,37"39 

onlyy few publications show opposite effects.40 One of the most important areas in cobalt catalysed 

hydroformylationn is the concurrent isomerisation of reactants.10,37,38,41"46 During hydroformylation of 

higherr terminal alkenes, hydroformylation does not only occur at the a-, and (3- carbons, but also at 

otherr carbons along the aliphatic chain. Haymore, Asselt and Beck discussed the mechanisms of 

formationn of various linear and branched aldehydes from single unsaturated reactants.44 For example, 
13CC labelled 1-octene hydroformylation showed that a large amount of linear product was produced via 

hydroformylationn of 1-octene preceeded by six consecutive double bond shifts (12% of the total amount 

off  linear product).44 Two isomerisation pathways are possible.38 In one mechanism isomerisation occurs 
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viavia a reversible coordination-addition of the catalyst to the free alkene. In an alternative mechanism, 

thee cobalt alkene complex does not dissociate to provide free internal alkenes.38'48 Extensive 

isomerisationn of coordinated alkenes occurs; but unreacted alkenes are isomerised relatively slowly, 

consequentlyy the aldehyde distributions differ slightly with conversion.44 The latter mechanism is most 

commonlyy observed, while the former mechanism occurs when the rate of the reaction is so high that 

thee solution is no longer saturated with CO. 

Thee required reaction conditions for cobalt catalysts become more moderate by the use of tertiary 

phoshines,8,40'499 and additionally differences between product linearity starting from internal or terminal 

alkeness are reduced. The modified cobalt systems require lower syngas pressures to stabilise the catalyst 

system,, but reaction rates are lower due to decreased electrophilicity of the cobalt centre, which reduces 

thee rates of alkene coordination and CO dissociation. On the other hand, an increase in regio-selectivity 

andd a significant increase in hydrogenation activity are observed, which results in mainly alcohol 

formation.10'500 It was postulated that different Co-species are responsible for either hydrogenation or 

isomerisation.. 6 The amount of heavy by-products is low, presumably because the concentration of 

aldehydess during the reaction is low.50 Fell et al. obtained 78% product linearity of the aldehyde/alcohol 

mixturee in the hydroformylation of trans-4-octene using 25 mol% of P(C6Hn)3 (T = 150 °C, 

/?(CO/H2)(l:l)) = 200 bar at room temperature).43 Under identical reaction conditions 80 % linearity was 

obtainedd for hydroformylation of 1-octene. The unmodified system led to 55% and 65% linearity for 

hydroformylationn of trans-4-octene and 1-octene, respectively. Hershman and Craddock reported very 

highh regio-selectivities of 87% toward the linear alcohol for the P(«-C4H9)3Co(CO)4 catalysed 

hydroformylationn of 1-hexene and 2-hexene at 170 °C under 27 bar of a 1:2 CO/H2 atmosphere,51 which 

couldd be improved to 90% linearity at 140 °C under 130 bar of 1:2 CO/H2.
52 

Diphosphiness are inefficient ligands for cobalt catalysed hydroformylation of internal alkenes,53,54 

sincee effectively the aldehydes that correspond to the position of the double bond are obtained, e.g. 

hydroformylationn of trans-6-dodecQne leads primarily to the formation of 2-hexylheptanal under several 

conditionss and with several bidentate ligands. Only l,4-bis(diphenylphosphino)butane (DPPB), which 

presumablyy acts as a monophosphine ligand,50 yields tridecanal.53 Interestingly, for the 

carbonylation/hydrogenationn reaction of ethene oxide to 1,3-propanediol alkyldiphosphines, similar to 

thee ligands discussed in section 2.4, provided very useful cobalt catalysts.55 

Amines,, especially n-butylamine, have also been recognised as successful additives concerning rate 

enhancement,, but product linearity decreases and high reaction pressures are still required.56,57 

Additionally,, the formation of heavy by-products significantly increases, caused by base-catalysed 

aldol-condensation. . 
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Inn industry there is a significant interest in the development of new catalysts that are able to 

hydroformylatee internal alkenes in a biphasic solvent system, like the Ruhrchemie/Rhone-Poulenc 

aqueouss rhodium biphasic hydroformylation of propene. Only a few publications have appeared that 

addresss catalyst recycling via such a process for cobalt. Jenck52 and Beller el a/.58 report the 

hydroformylationn of internal short chain alkenes using TPPTS (9) modified cobalt, from which the latter 

studyy is most detailed. Under optimised conditions regio-selectivities as high as 74% could be obtained 

(TT = 130 °C, p(CO/H2)(l:l) = 100 bar, [Co] = 0.1 mol%). Essentially at temperatures < 150 °C no 

hydrogenationn takes place. Recycling experiments showed that between 0.9% and 6% of the total cobalt 

amountt leached into the organic phase. The aldehyde yield even increases upon catalyst reuse, which is 

attributedd to non-complete formation of the catalytically active species during the initial experiments. 7-

tetradecenee was converted with a selectivity of 77% to «-pentadecanol by TPPTS/Co hydroformylation 

inn a microemulsion obtained from surfactant Marlipal 013/80 (L/Co = 9, T = 160 °C,p(CO/H2)(l:l ) = 

1200 bar), which is a significant increase from the 34% linearity obtained in absence of surfactant under 

nearr identical conditions (L/Co = 8, T = 140 °C, /?(CO/H2)(l:2) = 130 bar).52 The amount of alcohols 

producedd is significantly lower than the Co-TPP systems, but much higher than the Co-TPPTS systems 

reportedd by Beller.58 In comparison, the Rh/TPPTS emulsion systems predominantly yields 2-

hexylnonanal.66 '61 

p--14 4 S03Na/ / 
3 3 

2.33 Platinum 

Nextt to cobalt and rhodium, platinum is the third most widely investigated metal for 

hydroformylation.. Most catalytic systems employing platinum are directed toward asymmetric 

hydroformylation,, thus when internally unsatured alkenes are used the branched aldehydes are 

desired.62'633 One of the earliest applications of Pt-catalysts for hydroformylation of internal alkenes were 

reportedd by Schwager and Knifton64 and by Clark and Davies,65 but low yields and linearity were 

obtained.. A more detailed study appeared from Tang and Kim for the hydroformylation of trans-5-

decenee and 2-hexene using a selection of different anions, ligands, and co-catalysts under a variety of 

syngass pressures and syngas compositions at various temperatures.66 Marchionna et al. corroborated 

theirr results by examining the influence of forty monodentate ligands for the hydroformylation of 2-

butenee and discussed them in terms of their stereoelecronic parameters (100 ° < 9 < 193 °, and 0 < % < 
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40).. Unavoidable is the lack of information on some stereoelectronic combinations, e.g. no data are 

availablee in the range 100 ° < 0 < 130 ° with 0 < x < 20, and only four data points, which are in close 

proximityy of one another, were provided in the area 0 > 140 ° with x > 13. In general, electron 

withdrawingg ligands (x ~ 30) lead to the highest regio-selectivities, hydroformylation and hydrogenation 

activities,, and formation of heavy end-products, thus the chemo-selectivity decreases. Systems bearing 

ligandss with a higher /-value are unstable with respect to the reduction to metallic platinum, attributed 

too ligand decomposition. For both electron withdrawing and electron donating ligands the systems can 

bee stabilised by the addition of promotors, like iminium chlorides.68,70 These systems exhibit 

characteristicss similar to those of the cobalt systems,71 but under milder working conditions. . 

Thee synthesis of useful intermediates for the manufacture of nylon-6 from cheap and readily available 

feedstockss is an important target for industry. Hydroformylation and methoxycarbonylation are 

importantt catalytic routes toward the production of useful intermediates for nylon-6, and nylon-6, 6 

fromm butadiene, like 3-pentenal and methyl-3-pentenoate. The hydroformylation of methyl-3-pentenoate 

hass been widely investigated. DuPont patented platinum catalysts based on 1,1'-

bis(diphenylphosphino)ferrocenee (DPPF), and derivatives of DPPF.72"75 They reported a 94% regio-

selectivityy toward methyl-5-formylvalerate (the linear product) (TOF ~ 25 mol.mol"1.h"1; p(CO/H2)(l:l) 

== 68 bar, T = 100 °) using a catalyst composition obtained from Pt(acac)2/DPPF/La(OS03CF3)3. The use 

off  other diphenylphosphino-bidentate ligands, like DIOP, DPPP, BINAP and DPPB, led to lower 

linearitiess and chemo-selectivities. 

Whilee trichlorostannate (SnCl3) is the most widely applied catalyst promotor other promoters can also 

bee applied. Especially various metal trifluoromethanesulfonates, lanthanide hexafluoroacetylacetonates 

(HFAA),, tetrafluoroborates and hexafluorophosphates are suitable.73 The best results for the 

hydroformylationn of methyl-3-pentenoate were obtained using La(OS03CF3)3, while other substrates 

benefitt from other promoters, e.g. for trans-2-hexene better activities and regio-selectivities were 

obtainedd with Nd(HFAA)3 and for 7ra/«-3-hexene slightly higher conversions were obtained by using 

Dy(OS03CF3)3.
72'7V5 5 

Thee Pt(acac)2/DPPF/La(OS03CF3)3 catalyst system can hydroformylate several other internal alkenes, 

likee 3-pentenenitrile, and 3-pentenoic acid, in high regio-selectivity as well. 

Thee wide bite angle Xantphos-type ligands 10, 11, 12 and 13 were used to study the effect of bite 

anglee on hydroformylation of methyl-3-pentenoate.76 (H)PtCl/SnCl3 catalyst (ll:Pt = 8) resulted in the 

mostt chemo-, and regio-selective Pt-catalyst reported sofar. At 80 °C only 3% of hydrogenated and 

otherr by-products were formed at a regio-selectivity of 95% toward the linear aldehyde. Turn-over-

frequenciess were low, but could be improved slightly by lowering the ll:Pt ratio to 2, albeit at the 

expensee of regio-selectivity (92%). The reaction temperature had little influence on rate of 
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hydroformylation,, which was attributed to more formation of inactive methyl-2-pentenoate at elevated 

temperatures,, but chemo-selectivity decreases dramatically at higher temperatures caused by a 

significantt increase in hydrogenation activity. 

Regio-,, and chemo-selectivities as high as 96% at very high activities (initial TOFs ranging from 200 to 

7000 mol. mol"1, h ') for the hydroformylation of 1-octene were obtained with 14, 15 and 16.77 Ligands 15 

andd 16 are one of the few examples where As-based ligands perform better than their respective P-

ligands.. For the hydroformylation of methyl-3-pentenoate Xantphos-type ligand 14 shows an activity in 

betweenn 10 and 11, the high activity, however, was accompanied by a substantial amount of 

hydrogenation,, which is also observed for 10. Linearities for methyl-3-pentenoate hydroformylation 

withh 14 - 16 were low (2.9 < 1/b < 3.7). The dramatic drop in reactivity is consistent with work of 

Kawabataa and Hayashi and co-workers.78'79 It can be deduced that in the (diphosphine)Pt/SnCl3 

catalysedd hydroformylation the reactivity increases with increasing natural bite angle up to -102 °. 

Higherr activities are measured for DPPF, 10 and 14, but for wider bite angle ligands, like 12, 13, 15 and 

166 the activity drops. It must be noted, though, that for 10 and 14 part of the reactivity is due to 

increasedd hydrogenation activity. These results are probably caused by a shift in the rate determining 

stepp and is possibly related to different reactivity of the cis- and trans-isomers of platinum(II) 

complexes.77 7 

Vann Leeuwen and Roobeek obtained interesting results with diphenyl phosphinous acid PPI^OH as 

ligand,, since no SnCi2 or other promoter has to be added to form an active Pt-catalyst.80 Systems based 

onn PPli3 and PPl^OH led to isolable species 1781 that could be used as catalyst pre-cursor. This led to 

70%% linear product in the hydroformylation of 2-heptene, but hydrogenation was considerable yielding 

C8-alcoholss and heptane. 

ft**?? ft**?? 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 

E/E' ' 
P/P P 
P/P P 
P/P P 
P/P P 
P/P P 

As/As s 
As/P P 

vS S kX kX 
X X 

H,H H 
SiMe2 2 

S S 
CMe2 2 

C2H4 4 

CMe2 2 

CMe2 2 

A A 
R22 R 2 / ^ 

Y Y 
H,H H 
H,H H 
H,H H 
H,H H 
H,H H 
0 0 
O O 

YYY Y 

I I 
R1 1 

H H 
H H 
Me e 
H H 
H H 

/-Bu u 
/-Bu u 

RJ J 

H H 
H H 
H H 
H H 
H H 
II I 
H H 

P.. O 
101.6 6 
106.2 2 
106.7 7 
109.8 8 
102.0 0 
112.9 9 
111.4 4 
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Ph, , 

HH Pt 
b-p // SH 

Ph2 2 
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2.44 Palladium. 

Forr a long time palladium was not recognised as a suitable transition metal for hydroformylation, but 

recentlyy few publications using this metal appeared.82"85 In a detailed investigation by Drent and 

Budzelaarr it is explained how delicate variations in ligand, anion and solvent in Pd-catalysed reactions 

cann be used to steer the reaction toward alcohol/aldehyde, ketone or oligoketone formation.83 Crucial is 

thee Pd-acyl species that can either insert an alkene to form mono-, and oligoketones (hydroacylation) or 

undergoo hydrogenolysis to produce aldehydes (hydroformylation) (Scheme 3). 

Ann important factor is the electrophilicity of the metal centre. If the metal centre is too electrophilic 

alkeness will insert in the Pd-acyl intermediate, but if the metal centre is not electrophilic enough, e.g. by 

applyingg too strongly coordinating anions, no reaction occurs. Thus, selective hydroformylation requires 

aa moderate electrophilic Pd centre, which can be obtained by using a very basic ligand (e.g. l,3-bis(di-

seobutylphosphino)propane)) and a not too poorly coordinating anion (e.g. TFA~). 

Thee addition of salts, like NaCl,85 can have an additional activity promoting effect, which can be 

furtherr enhanced by the addition of water.84 The hydroformylation of Cu/Cu alkene mixtures, 

isomerisedd to equilibrium, were converted to C12/Q3 linear alcohols in 75 % using 

bicyclicalkylphosphines,, like 18 and 19, at rates up to 200 mol.mol'.h"1 (T = 150 °C,pCO = 400 bar). 

Especiallyy interesting is the ability to convert secondary- and tertiary alcohols to primary alcohols via a 

sequentiall  condensation-isomerisation-hydroformylation-hydrogenation reaction. E.g. 3-hexanol was 

selectivelyy converted to heptanol in 70% yield.82 

Pd-catalystss obtained from 18 - 19 and methane sulfonic acid could be recycled at least 5 times, 

withoutt showing any detectable loss of Pd, by removal of the product from the reaction mixture by 

distillation.85 5 

^ I TT ^  i) ^ L / if)  ^ L 7 \ 

Schemee 3 i) Hydroformylation, if) Hydroacylation. 

R̂  ^ 
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2.55 Rhodium. 

Currently,, most hydroformylation catalysts are based on rhodium. Rhodium catalysts show in general 

muchh higher activities than other metals, show a much higher regio-selectivity and do not need co-

catalystss and/or promoters or have to operate under basic or acidic conditions. Thus, catalysis already 

takess place under very mild reaction conditions. Therefore, hydrogenation, isomerisation, and the 

formationn of heavy end-products, are not or only in small amounts observed. Consequently, for the 

hydroformylationn of internal alkenes the reaction conditions have to be adjusted such that the rate of 

isomerisationn increases. Isomerisation is greatly enhanced at elevated temperatures, but the reactivity of 

thee branched alkyl rhodium intermediate (like 4') is also considerably enhanced, thus mainly branched 

aldehydess wil l be produced. By additionally reducing the CO pressure the rate of CO-association to 4' is 

suppressedd (less formation of 5'), and the rate of (3-hydrogen elimination from 4' to form 3 is enhanced. 

Onn the other hand, 4 reverts almost quantitatively to the linear aldehyde. Thus by reducing the CO 

pressuree and by increasing the reaction temperature catalysis is directed toward formation of the linear 

aldehyde. . 

2.5.12.5.1 Phosphines. 

Thee rate of alkene association and CO dissociation are largely affected by the electrophilicity of the 

rhodiumm centre. Basic ligands hamper alkene coordination and CO dissociation and consequently retard 

thee reaction, while electron deficient ligands enhance the rate of hydroformylation. Therefore, it is not 

surprisingg that most catalysts based on (triaryl)phosphine systems, like PPI13, show poor activities and 

selectivitiess for hydroformylation of internal alkenes.13'19'86"90 Additionally, above 145 °C PPh3 

decomposes.911 Trialkylphosphines, especially (bi)cyclic alkylphosphines, are thermally more stable, but 

productt linearity is generally lower than for PPI13.43'47'92"94 Investigations toward the effect of steric bulk 

(0)) on the reaction rate showed that more sterically hindered trialkylphosphines result in increased 

reactionn rates, but reduced linearity.91 Although more oxygen sensitive, phosphine ligands are in general 

thermallyy and chemically more stable than more electron deficient ligands, like phosphites. 

12 2 
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Feww rhodium phosphine ligands have been reported that exhibit fast and selective hydroformylation of 

internall  alkenes. Rhodium complexes of the Xantphos-type ligands 10, 11, 12 and 13 were reported to 

showw preferential hydroformylation of the internal double bond during hydroformylation of methyl-3-

pentenoate.77 Substitution of the diphenylphosphino-moieties for phenoxaphosphino- (20) or 

dibenzophosphole-moietiess (21) resulted in the first rhodium diphosphine catalyst for active and highly 

selectivee hydroformylation of internally unsaturated substrates.95'96 A moderate activity, but high 

selectivityy in the hydroformylation of trans-2-octene and ?ra«s-4-octene to nonanal were reported 

(Tablee 1). An inherent problem of 20 is the low solubility of the ligand, which might hamper 

commerciall  application.97 Modification of 26 by substituting R1 for neohexyl groups gave a 

hydroformylationn catalyst for large scale operations.98 Furthermore, modification of R2 from -H to alkyl 

substituentss usually negatively affects the activity and selectivity of hydroformylation, modification of 

RR usually does not. Investigations toward the reaction rate dependence on the concentration of all 

reactantss were explored using 26 (R1 = rc-hexyl) for the hydroformylation of 1-octene and 2-pentene. 

Forr 1-octene Type I kinetics15 can be used as starting point, but for 2-pentene a more complicated 

kineticc expression is required.99 A series of electronically similar wide bite angle ligands was obtained 

byy preparing the phenoxaphosphino-analogues (the Xantphenoxaphos ligands: 22 - 29)100 of the 

20 0 
21 1 
22 2 
23 3 
24 4 
25 5 
26 6 
27 7 
28 8 
29 9 
30 0 
31 1 

X X 
CMe2 2 

CMe2 2 

C2H4 4 

SiMe2 2 

S S 
C=CMe2 2 

CMe2 2 

fusedd ring 
NH H 
PPh h 
S S 

NH H 

Y Y 
O O 

bond d 
O O 
0 0 
0 0 
0 0 
0 0 
0 0 

o o 
o o 

bond d 
bond d 

R' ' 
t-Bu u 
t-Bu u 

H H 
ï-Bu u 
Me e 
H H 
H H 
H H 
H H 
H H 
Me e 
H H 

R2 2 

H H 
H H 

Me e 
Me e 
Me e 
Me e 
Me e 
Me e 
Me e 
Me e 
H H 
H H 

B„(° ) ) 
123.1 1 
121.4 4 
105.9 9 
108.0 0 
112.5 5 
114.2 2 
116.0 0 
124.3 3 
124.5 5 
131.2 2 
111.8 8 
128.9 9 
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Tablee 1 Hydroformylation using phosphacyclic diphosphines 
Ligand d 

PPh3 3 

20 0 
21 1 
22 2 
24 4 
26 6 
26' ' 
28 8 
30 0 
31 1 
PPh3 3 

20 0 
21 1 

T T 
(°C) ) 
120 0 
120 0 
120 0 
120 0 
120 0 
120 0 
120 0 
120 0 
120 0 
120 0 
120 0 
120 0 
120 0 

pCO/H2 2 

2 2 
2 2 
2 2 

3.6 6 
3.6 6 
3.6 6 
10 0 
3.6 6 
2 2 
2 2 
2 2 
2 2 
2 2 

Ratio o 
CO/H2 2 

1:1 1 
1:1 1 
1:1 1 
1:1 1 
1:1 1 
1:1 1 
1:4 4 
1:1 1 
1:1 1 
1:1 1 
1:1 1 
1:1 1 
1:1 1 

Substrate e 

/rans-2-octene e 
/raro-2-octene e 
trans-2-octene trans-2-octene 
trans-2-octene trans-2-octene 
/rans-2-octene e 
rra«s-2-octene e 

2-pentene e 
/ran.s-2-octene e 
?ram-2-octene e 
trcms-2-octene trcms-2-octene 
trans-4-octene trans-4-octene 
trans-A-octene trans-A-octene 
tram-4-octene tram-4-octene 

TOF" " 

39 9 
112 2 
65 5 
250 0 
151 1 
143 3 
358 8 
38 8 
64 4 
60 0 
2.4 4 
20 0 
15 5 

1/b b 
rati o o 
0.9 9 
9.2 2 
9.5 5 
0.4 4 
4.4 4 
4.3 3 
9.7 7 
8.3 3 
22.7 7 
24.7 7 
0.3 3 
4.4 4 
6.1 1 

"Turnover-frequencyy = (mol aldehyde).(mol Rh)" .h" . R = n-hexyl. 

Rh-COO ' . Linear aldehyde 

CO O 

5 5 

> ^ R R 
L ' / '' ' , Branched aldehyde 

Rh -CO O 
\f\f  I 

CO O 

5' ' 

HH 1 

8 8 

Schemee 3 Partitioning of the branched alkyl species 4' to 5' and 8. Compound 4 reverts almost directly 

too the linear aldehyde. 

Xantphos-typee ligands.1"1 A clear bite angle effect on activity, selectivity and isomerisation was 

observed.. An increase in bite angle results in lower activities, but increased isomerisation and regio-

selectivities.. Deuterioformylation experiments proved that the intrinsic selectivity toward the linear and 

branchedd alkyl rhodium intermediate (4:4') is equal for 22, 26and 28, while there exists large 

differencess in regio-selectivity, which is determined by differences in rate of P-hydrogen elimination 

versuss rate of migratory CO-insertion (Scheme 3). Additionally increased bite angles led to more 

isomerisationn toward the internal alkene. The latter and more hampered alkene association were used to 

explainn a decreased hydroformylation activity with increasing bite angle.100 Comparison of the CO-

frequenciess in the (diphosphine)RhH(CO)2 showed that the ligands 22 - 29 are electronically very 

similarr to their respective diphenylphosphino-analogues.101'102 This indicates that the differences in 

catalyticc performance between the Xantphos-, and Xantphenoxaphos-series are most likely the result of 
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Hydroformylationn of Internal Alkenes to Linear Aldehydes: a Review 

moree effective steric bulk and increased 7i-conjugation,95'96'103"105 and are to a lesser extent the result of 

reducedd phosphine-basicity.100 

Currently,, the highest regio-selectivities for trans-2-octene hydroformylation up to 96% were 

observedd using dibenzophosphole ligands 30 and 31, which is attributed to a combination of a high 

isomerisationn activity and a high preference for the formation of linear alkyl rhodium intermediates. 

Despitee their rather low hydroformylation activity for terminal alkenes (TOF = 343 and 144 mol.mor'.h" 

forr 30 and 31, respectively), moderate hydroformylation activities (TOFs ~ 60 mol.mor'.h') were 

observedd for the hydroformylation of frara-2-octene.100 

Thee second class of suitable bidentate phosphine ligands was developed by Beller et al. based on 2,2'-

dimethyl-1,1'-- binaphthyl backbone (32 - 35).'06 Naphos already led to a moderately active, but highly 

regio-selectivee catalyst for hydroformylation of 2-pentene. The results with Naphos were improved by 

decreasingg the phosphorus basicity of the ligand. Very high selectivities and activities were reported for 

thee hydroformylation of various alkenes (Table 2). The results are in line with the results obtained by 

Caseyy et al., who reported the positive influence on 1/b ratios by applying electron withdrawing 

equatorial-equatoriall  chelating diphosphines, including the BISBI variant of 32.107'108 Increased activity 

withh decreased phosphorus basicity is also commonly observed, which can be attributed to faster CO-

dissociationn and alkene-addition. Interestingly, hydroformylation rates of 1- pentene or 2-pentene in 

322 33 34 35 

Tablee 2 Hydroformylation using Naphos-type diphosphines 
Ligandd T pCOl Ratio Substrate TOF"  Vb 

(°C)) H2 CO/H2 ratio 
32 2 
34 4 
Naphos s 
32 2 
32 2 
33 3 
34 4 
35 5 
34 4 
34 4 

""  Turnover 

120 0 
120 0 
120 0 
120 0 
120 0 
120 0 
120 0 
120 0 
120 0 
120 0 

-frequencyy = 

100 1 
100 1 
100 1 
100 1 
100 1 
100 1 
100 1 
100 1 
100 1 
100 1 

(moll  aldehyde) 

11 2-butene 
11 2-butene 
11 2-pentene 
11 1-pentene 
11 2-pentene 
11 2-pentene 
11 2-pentene 
11 2-pentene 
11 2-octene 
11 4-octene 
(molRhy'.h"'. . 

825 5 
925 5 
138 8 
512 2 
425 5 
369 9 
381 1 
69 9 
300 0 
88 8 

10.1 1 
19 9 
8.1 1 
24 4 
10.1 1 
15.7 7 
13.3 3 
3.5 5 
10.1 1 
1.9 9 

15 5 
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presencee of 32 - 34 do not significantly differ from one another, indicating that isomerisation of 1-

pentenee is most likely similar in rate or faster than the hydroformylation reaction. 

Thee relatively low regio-selectivity for 4-octene compared to 2-octene hydroformylation is attributed 

too slow isomerisation from 4-octene to 3-octene compared to hydroformylation from 2-octene to 1-

octene,, hence hydroformylation of the internal double bond occurs preferentially. 

2.5.22.5.2 Phosphites. 

Phosphitess are very good 7T-acceptors resulting in facile CO-dissociation from 1 and strong alkene 

associationn to 2, additionally the rate of isomerisation is considerably enhanced compared to phosphine 

ligands.. Strongly electron-withdrawing ligands make the metal centre more electrophilic, which might 

favorr the formation of linear alkyl rhodium species. Therefore it is not surprising that to date the highest 

regio-selectivities99 and activities18"20 reported for internal alkenes are based on (sterically hindered) 

(di)phosphitee systems, like tri-(2-/-butyl-aryl)phosphites. When bulky monophosphites are used for the 

hydroformylationn of terminal alkenes often Type II kinetics is observed, but with sterically more 

hinderedd alkenes the alkene coordination is hampered, and consequently the kinetics changes to Type 

jj  18,109 cornpare(j t0 rnonophosphine ligands monophosphites induce a loss in selectivity, but 

selectivitiess can be improved by using diphosphate systems.110"113 The homogeneous nature of the 

catalystt requires catalyst separation by distillation, which puts thermal stress on the catalyst and can lead 

too deactivation. Phosphites also react more easily with the produced aldehydes, alcohols and water, 

whichh is formed when aldol-condensation takes place.19,114'115 Cyclic phosphites, however, have been 

reportedd to be very stable toward hydrolysis due to unfavourable entropy change.112 

Manyy (di)phosphite systems known today are based on the cyclic 7-membered dibenzo[t//|[ 1,3,2]-

dioxapheninn group 36, and often have a sterically hindered 2,2'-dihydroxy-l,l'-biphenyl 

backbone.9'21'110"113,116"1200 These types of ligands were first introduced by Bryant and Billi g et al. at 

Unionn Carbide Corporation. Ligands 37 - 44 constitute only few examples of the ligands that were 

preparedd over the past years and that were successfully applied in the hydroformylation of internal 

alkeness (Table 3). 

Remarkablee results were obtained by the use of Biphephos (42) for the hydroformylation of transA-

octenee to nonanal.117 At high rhodium concentrations (0.5 mol%), but low L:Rh ratios (6 to 10) a 95% 

selectivityy toward the linear aldehyde was obtained in propylene carbonate, a medium-polar organic 

solventt that can be used in liquid-liquid biphasic reaction systems.The catalyst could be recycled at least 

fivee times. In toluene the selectivity of 75 % toward nonanal is significantly lower. 
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I I 
O"O" ^O , „ '~Bu, f-Bu' O O 'f-Bu 

f-Buxx / \ /'-Bu X ,0-J V 
\\ >pOAr 

OO OAr 
MeO O 

RR = OMe, f-Bu 

36 6 

3 ^^ ^ c 9 H 1 9 <; 

377 38 

39 9 40 0 41 1 

42 2 RR = /-Bu 43 
OMee 44 

Tablee 3 Hydroformylation using diphosphites 
Ligandd T 

(°C) ) 
/>CO/H2 2 Ratio o 

CO/H2 2 

Substrate e TOF°° 1/b ratio reference 

37 7 
37 7 
38 8 
39 9 
40 0 
41 1 
42 2 
43 3 
44 4 

95 5 
100 0 
90 0 
90 0 
90 0 
90 0 
125 5 
120 0 
120 0 

5.4 4 
5 5 
13 3 
5.9 9 
7.1 1 
7.1 1 
10 0 
2 2 
2 2 

1:3 3 
1:1 1 
1:1 1 

1:4.4 4 
1:1 1 
1:1 1 
1:1 1 
1:1 1 
1:1 1 

2-butene e 
methyl-3-pentenoate e 

2-butene e 
2-butene e 
2-butene e 
2-butene e 

/ra«s-4-octene e 
fran.s-2-octene e 
/rans-2-octene e 

1040 0 
370 0 
2470 0 
600 0 
65 5 

1140 0 
34 4 
980 0 
880 0 

24 4 
6.9 9 
1.1 1 
1.7 7 
2.8 8 
0.5 5 
19 9 
2.8 8 
2.2 2 

[110] ] 
[1191 1 
[118] ] 
[21] ] 

[21][112] ] 
[21][112] ] 

[117] ] 
|120] ] 
]120] ] 

°° Turnover-frequency = (mol aldehyde).(mol Rh)" .h" . 
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Ligandss like 42 can potentially adopt three diastereomeric forms (RRR, SRR, and SRS, with the middle 

descriptorr used for the central bridging biphenol moiety). Interconversion of these diastereomers can 

occurr by rotations about the biaryl axis. The different diastereomers can exhibit a different activity and 

regio-selectivity,, which was shown by preparation of the structurally similar RRR-, and SRS-45 for the 

hydroformylationn of propene.104 The diastereomer with the largest bite angle (SRS-45, (3n =117 °) 

showedd a much higher activity and regio-selectivity compared to the diastereomer with the smaller bite 

anglee (RRR-45, pn = 111 °). For diphosphite ligands the bite angle is probably also an important 

parameterr as was observed for diphosphine ligands,115 since highest selectivities are achieved when 

eitherr ligands with bisphenol or bisnaphtol bridges (vide infra) are used. 

DSM/Duu Pont have reported 46 and various derivatives thereof that gave very high chemo-, and 

regio-selectivitiess in the hydroformylation of methyl-3-pentenoate, 3-pentenenitrile, 2-hexene and 2-

butenee (regio-selectivites up to 98%).9 Most likely, isomerisation is promoted by the electron 

withdrawingg ester groups. Activities are moderate (TOF ~ 125 - 170 mol.mol"1.h"1), but no significant 

ligandd degradation by oxidation was reported during a 250 hours continuous operation. No data was 

presentedd whether other types of ligand degradation occurred or not. Structural variants of this ligand 

alsoo proved moderately to highly selective, especially 47 showed very high regio-selectivities (97%) for 

thee hydroformylation of methyl-3-pentenoate, but this was accompanied by considerable substrate 

466 47 
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hydrogenationn (23%). Methyl-2-pentenoate is a known by-product of processes for preparing methyl-3-

pentenoatee and is also produced during methyl-3-pentenoate hydroformylation. a, (3-Unsaturated 

ketoness and esters are known inhibitors for hydroformylation121 and thus it is often required that the 

substratee is purified before application. In case of 46 the presence of methyl-2-pentenoate does not 

adverselyy influence catalysis, which is important when under continuous operation the unreacted 

substratess are recirculated to the reactor. 

Thee hydroformylation of butadiene to 1,6-hexanedial proceeds less satisfactorily, since the main 

productss were pentanal and 3-pentenal, only small amount of 1,6-hexanedial were formed as was also 

observedd by others who applied various phosphines,122 phosphonites123'124 and phosphites122 for the 

hydroformylationn of butadiene. 

2.5.32.5.3 Miscellaneous. 

Börnerr and Selent et al. introduced a new class of mono-phosphonite ligands (48 and 49) that showed 

veryy high activities, but low regio-selectivities.125 With 49 isomeric mixtures of octenes were 

hydroformylatedd at rates around 3000 mol.mor'.h"' with 48% linearity to nonanal at 140 °C under 20 

barr of CO/H2 (1:1). With 48 the reaction rates are higher (approx. five-fold), but product linearity is 

lowerr (35% linearity). 

Thee use of 7t-acid bidentate ligands of unsymmetrical structure 50 - 55 showed some astonishing 

resultss concerning activity for hydroformylation of isomeric mixtures of octene. Ligands 50 - 55 led to 

selectivitiess between 60 and 70% at rates varying between 3100 and 4600 mol.mor.h~' at 130 °C under 

200 bar of syngas.126 

MeOO OMe 

RR = Me 48 
RR = H 49 
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566 57 58 59 

Thee strong 71-accepting pyrrolyl-, indolyl-, and carbozolanephosphines (56, 57 and 58 (n = 1 - 3)) 

constitutee a new class of potentially interesting ligands for hydroformylation of internal alkenes.127 

Whilee the initial results are far from satisfactory with regio-selectivities up to 60% at very high 56:Rh 

ratioss (56:R = 100, (n=3)), the ligands are easy to prepare and easily modifiable. The low selectivity 

obtainedd with these ligands can to a large extent be attributed to the monodentate nature of ligands 56 -

58.. The bidentate ligand 59 was reported to be very active, and selective in the hydroformylation of 1 -

octenee (TOFs up to 10.000 mol.mor'.h"1, Vb > 99), and shows a moderate isomerisation activity.126 

Nevertheless,, for the hydroformylation of 2-hexene TOFs of only 3 mol.mor'.h"' with a very low regio-

selectivityy of 50% were measured. Possibly too low syngas pressures were applied (p(CO/H2)(l:l ) = 5 

bar)) for this system as catalysis in presence of 56 (n = 3) also showed low activities under 5 bar of 

CO/H2,, which improved at a pressure of 10 bar of CO/H2 without losing selectivity. 

AA systematic investigation of the use of phosphabenzenes129 was recently started by Breit et a/.109'130 

Thee 7r-acceptor capabilities of these ligands are in between that of phosphines and phosphites. Ligand 60 

wass successfully employed in the hydroformylation of cis-, and frww-2-octene mixtures resulting in 

24%% selectivity toward nonanal with a very high initial TOF of 6933 mol.mor'.h"'. The high catalyst 

activityy is based on the formation of a mono-ligated metal species, which would also account for the low 

regio-selectivity.109 9 

2.5.42.5.4 Dual-catalytic systems. 

Thee rate of isomerisation is definitely one of the bottle-necks in rhodium catalysed hydroformylation. 

Propertiess that are required for high isomerisation rates are directly related to rates of hydroformylation 

andd regio-selectivity. Dividing the isomerisation and hydroformylation step between two different 
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catalystss could result in highly active and regio-selective conversions. In some processes the 

hydroformylationn is preceded by a separate isomerisation step as this can be more effective than 

separationn of isomeric alkenes by distillation, but a one-pot procedure would be easier. Only few 

articless have addressed this subject,131"133 the most recent and most successful was reported by Beller et 

a/.1333 who demonstrated the concept of a dual-catalytic process by applying Ru3(CO)3 as the 

isomerisationn catalyst in combination with a hydroformylation catalyst obtained from 61 and 

Rh(OOCCH3)3.. Under typical hydroformylation conditions, but without added ligands, the Ru-catalyst 

showss extensive isomerisation and no hydroformylation. Ligand 61 resembles Takaya's BINAPHOS, 

whichh has been used in asymmetric hydroformylation, and shows hardly any isomerisation and very low 

ratess for internal alkenes.134"136 By addition of 0.5 mol% of the Ru-cocatalyst the rate of fraw.s-2-butene 

hydroformylationn was increased five-fold from 400 mol.mof'.h~' to 2000 mol.mol"1.h"1, and the regio-

selectivityy increased 126-fold from 1:99 to 56:44 compared to catalysis in absence of the Ru-cocatalyst. 

Forr successful application of this system the modifying ligand plays an important role, because the 

ligandss can coordinate to the co-catalyst and inhibit isomerisation causing a decrease in regio-

selectivity,, which was effectively demonstrated by catalysis in presence of PPh3. 

OO PPh2 

61 1 

33 Summary and outlook. 

Thee hydroformylation of terminal alkenes wil l remain an important process, but from an economical 

andd environmental perspective the conversion to the desired linear aldehydes from internally 

unsaturatedd compounds is preferred. Currently cobalt-based catalysts offer the best overall results; the 

moderatee selectivities are almost independent of the amount of double bond isomerisations that have to 

takee place, and cobalt catalysts already benefit from cheap and readily available phosphorus ligands. 

Hydroformylationn rates are low, but cobalt is inexpensive compared to rhodium thus high 

concentrationss can be used to obtain high space time yields. 

Investigationss toward new processes and technologies that eliminate the disadvantages of cobalt 

processess led to considerable progress in the field of rhodium catalysed hydroformylation, which 
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resultedd in very high regio-selectivities. Nonetheless, most results are based on 2-alkenes and rates are 

generallyy too low for commercial application, while the catalyst systems that do provide high rates show 

aa low regio-selectivity. Possibly, the key difference between the rhodium and cobalt catalysed 

hydroformylationn is the isomerisation pathway. While for rhodium the isomerisation predominantly 

takess place via an associative-dissociative pathway, usually with cobalt catalysts the alkene does not 

dissociatee from the metal prior to hydroformylation. If one can eliminate alkene dissociation from the 

rhodiumm complex, hydroformylation rates wil l be enhanced considerably. The new generation of 

modifyingg ligands and further insights into hydroformylation should allow the design of more efficient 

catalystt systems. In that respect the results obtained with the 'new-comer' palladium and dual-catalytic 

processess are very promising. 

Hydroformylationn is often used as starting point for many other consecutive reactions.137 The recent 

advancess in amine synthesis via hydroaminomethylation starting from internal alkenes are very 

promisingg for the synthesis of novel functionalised secondary and tertiary amines.138 For specialty 

productss the chemo-, and regio-selectivity are often more important than activity compared to the 

synthesiss of bulk chemicals.139 Therefore, the results obtained with 32 already shows potential for 

commerciall  application.140 

44 Aim and outline of this thesis. 

Thee aim of the work described in this thesis is the development of highly active, selective and 

sustainablee rhodium diphosphine catalysts for the conversion of internal alkenes to linear aldehydes. 

Mostt of the work described in this thesis is based on recent catalyst development using phosphacyclic 

diphosphiness as modifying ligands. 

ChapterChapter 2 describes the synthesis of a series of differently substituted Xantphenoxaphos-type ligands. 

Thee effect of aliphatic substituents on the rhodium catalysed hydroformylation and solubility in toluene 

wass investigated. The influence of the concentration of all reactants on the hydroformylation of internal 

andd terminal alkenes is also described. 

Thee effect of the natural bite angle of diphosphine ligands on activity and selectivity in the rhodium 

catalysedd hydroformylation has been studied before, but is still not completely understood. Especially 

concerningg the hydroformylation of internal olefins few mechanistic data have been reported. The 

synthesiss of a novel series of phenoxaphosphino-, and dibenzophosphole-Xantphos ligands that adapt a 

largee range of wide bite angle ligands is described in Chapter 3. The effect of the natural bite angle on 

coordinationn chemistry and catalytic performance during the rhodium catalysed hydroformylation of 

internall  and terminal alkenes using this new series was investigated and gives some additional insights 
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inn how the bite angle affects the different reaction steps of hydroformylation. Deuterioformylation was 

performedd to support our mechanistic investigations. 

Thee aldehydes that are produced during hydroformylation are often not the final product. The versatile 

chemistryy of the aldehyde group allows easy conversion of the aldehyde to e.g. alcohols and acids. 

Aminess can also be prepared by the reaction of product aldehydes with primary or secondary amines. 

Thee new ligands, described in Chapter 3, were applied in a one-pot rhodium catalysed isomerisation-

hydroformylation-amination-hydrogenationn domino reaction (hydroaminomethylation) to form linear 

aminess from internal alkenes. The performance of the ligands can to a large extent be explained by 

comparisonn with the hydroformylation results. High pressure infrared spectroscopy was used as a tool to 

followw hydroaminomethylation in situ to get an impression of the different rates of each individual 

reactionn step. This work is described in Chapter 4. 

Mostt of the ligands described in this thesis are in general highly active and selective for 

hydroformylation.. In order to improve the sustainability of these ligands a new easy synthesis procedure 

wass developed that allows different modes of immobilisation to enable efficient catalyst recycling. The 

usee of ionic liquids as liquid catalyst support is described in Chapter 5. Chapter 6 describes the use of 

twoo kinds of polysiloxane support for anchoring the homogeneous catalyst. Recycling experiments were 

performedd in toluene and in SCCO2. 
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Abstract. . 

Thee solubility of the modifying ligand is an important parameter for the efficiency of a rhodium-

catalysedd hydroformylation system. A facile synthetic procedure for the preparation of well-defined 

xanthene-typee ligands was developed in order to study the influence of alkyl substituents at the 2-, and 

7-positionss of the 9,9-dimethylxanthene backbone and at the 2-, and 8-positions of the 

phenoxaphosphino-moietyy of ligands 1 - 16 on solubility in toluene and the influence of these 

substituentss on the performance of the ligands in the rhodium catalysed hydroformylation. An increase 

inn solubility from 2.3 mmol.L"1 to > 495 mmol.L"1 was observed from the least soluble to the most 

solublee ligand. A solubility of at least 58 mmol.L"1 was estimated to be sufficient for a large scale 

applicationn of these ligands in hydroformylation. Highly active and selective catalysts for the rhodium 

catalysedd hydroformylation of 1-octene and /ra«s-2-octene to nonanal, and for the hydroformylation of 

2-pentenee to hexanal were obtained by employing these ligands. Average rates of > 1600 (mol 

aldehyde).(moll  RhV'.h"1 (p(CO/H2) = 20 bar, T = 353 K, [Rh] - 1 mM, [alkene] = 637 mM) and 

excellentt regio-selectivities of up to 99% toward the linear product were obtained when 1-octene was 

usedd as substrate. For internal olefins average rates of > 145 (mol aldehyde).(mol Rh)"1.^1 (p(CO/H2) = 

3.66 - 10 bar, T = 393 K, [Rh] = 1 mM, [alkene] = 640 - 928 mM) and high regio-selectivities up to 91% 

towardd the linear product were obtained. 
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Chapterr 2 

Introduction . . 

Too date the rhodium catalysed hydroformylation using phosphorus-based ligands is one of the most 

importantt industrial applications of organometallic complexes as homogeneous catalysts.1"5 Most 

researchh focuses on tuning electronic and steric properties of the ligands in order to gain insight in the 

relationn between ligand structure and catalyst performance, and to optimise the regio,- and 

chemoselectivityy and overall catalytic activity.6"12 In academia, issues concerning deactivation and 

decompositionn of the catalytic system are rarely addressed.13 For commercial applications, however, 

thesee factors are crucial. Next to catalyst selectivity and activity, stability has been a key issue for the 

manyy industrial processes that have come on stream during the last decades.14,15 In that respect the 

ligandd concentration and thereby the solubility of the ligand is an important parameter for a number of 

reasons.. Firstly, decomposition of (phosphine) ligands is followed readily by precipitation of metal 

clusters,, as CO will be the only remaining stabilising ligand. Ligand free catalysis will lead to loss in 

catalyticc activity or selectivity, but might also catalyse further ligand decomposition. Secondly, a 

sufficientlyy high concentration of catalyst is required to obtain a high space time yield (weight of 

aldehydee produced per volume of catalyst per time unit, e.g. hour). Thirdly, ligand deposition during 

continuouss hydroformylation processes might lead to obstruction of tubes or filters,16 and additionally 

volatilee phosphorus-compounds in the off-gas can lead to corrosion. 

Recently,, the first diphosphine ligand that shows a good compromise between selectivity toward the 

linearr aldehyde and activity in the rhodium catalysed hydroformylation of aliphatic internal alkenes was 

developedd (Figure 1, 7).12'17 Especially from an economical and environmental point of view the 

selectivee hydroformylation of internal alkenes to linear aldehydes is an important reaction as Raffinate 

III  (a mixture of different butenes obtained during the Naphtha-steamcracking18) can be used as 

feedstock.. An inherent problem of these xanthene-based ligands is their low solubility in most solvents 

thatt are used for hydroformylation, like pure substrate, product aldehyde, toluene, xylene and anisole. 

Alsoo the ligand is hardly soluble in other solvents such as ethers, ketones, and the high boiling 

condensationn products from aldehydes, the side-products that may be formed during the 

hydroformylationn reaction. A possible way to improve the ligand solubility is modification of the ligand 

byy introduction of aliphatic substituents. Here we report efficient and short routes for the synthesis of 

neww Xantphenoxaphos-type ligands 1 - 16 (Figure 1) with highly improved solubility and thus 

circumventingg loss of activity and selectivity by ligand precipitation.16,19 A systematic variation of the 

ligandd backbone and the phenoxaphosphino-moiety was initiated in order to study the effect of different 

alkyll  groups on the solubility in toluene. Furthermore, the effect of the substituents on catalytic 

performancee in the hydroformylation of 1-octene and trans-2-octene has been investigated. To 
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# # 
1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

R1 1 

H H 

Me e 

Me e 

Me e 

j'-Pr r 

s-Bu u 

<-Bu u 

t-Bu t-Bu 

R2 2 

Me e 

Me e 

neohexyl l 

rc-hexyl rc-hexyl 

Me e 

Me e 

H H 

Me e 

# # 
9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

R' ' 

neohexyl l 

neohexyl l 

neohexyl l 

neohexyl l 

«-hexyl l 

rc-hexyl rc-hexyl 

/-octyl l 

n-decyl l 

R2 2 

H H 

Me e 

neohexyl l 

n-hexyl l 

Me e 

w-hexyl l 

Me e 

Me e 

Figuree 1 Xantphenoxaphos-type ligands. 

understandd the crucial reaction parameters, we studied the kinetics for the hydroformylation of 1-octene 

andd 2-pentene using 13 as modifying ligand. For the kinetic investigation of internal alkenes 2-pentene 

wass preferred over rraw.s-2-octene to simplify product analysis. 

Inn order to quantify the effects of alkyl substituents, and in order to facilitate identification of the 

ligandss we prepared a range of well-defined ligands. For industrial applications, however, a mixture of 

ligandss with different alkyl groups are preferred, because they can be prepared from less expensive and 

readilyy available starting materials and a mixture of alkyl substituted ligands is advantageous for 

solubilityy (vide infra). 

Resultss and discussion. 

Synthesis. . 

Thee different xanthene backbones of ligands 1 - 16 were synthesized using a variety of methods. 2,7-

Di-«-hexyl-9,9-dimethylxanthene,, 2,7-Di-neohexyl-9,9-dimethylxanthene and 2,7-Di-«-decyl-9,9-

dimethylxanthenee were synthesized by Friedel-Crafts acylation of 9,9-dimethylxanthene20 with the 

correspondingg acid chloride followed by the Huang-Minion modification of the Wolff-Kischner 

reductionn (Scheme l).21'22 2,7-Di-5-butyl-9,9-dimethylxanthene (as racemic mixture of different 

diastereomers),, and 2,7-Dw-propyl-9,9-dimethylxanthene were obtained via a Wittig reaction of the 

appropriatee diketone with in situ generated methylenetriphenylphosphorane followed by a palladium 

catalysedd hydrogenation (Scheme 2). It was found that Friedel-Crafts acylation followed by ketone 

reductionn was the most efficient method for preparing the substituted xanthene derivatives. Due to the 

deactivatingg nature of acyl-groups for electrophilic aromatic substitution only one acid chloride will 

reactt with an aromatic ring. Using two equivalents of acid chloride leads to selective formation of 2,7-

disubstitutedd xanthenes. Other methods also yielded the desired xanthenes albeit with many side-
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Schemee 1 Synthesis of 2,7-dialkyl-9,9-dimethylxanthenes (yields between parenthesis) i) 2.2 eq. AICI3 / 

2.22 eq. acid chloride (90 - 97%), ii)  1) H2NNH2.H20 / NaOH / 120 - 220 °C (19 - 65%). 

Schemee 2 Synthesis of 2,7-dialkyl-9,9-dimethylxanthenes (yields between parenthesis) i) CfbPPl Î / n-

BuLii  (51 - 74%), ii)  Pd(0), H2 (3 bar) (38 - 99%). 

Schemee 3 Synthesis of 2,8-dialkyl-10-chlorophenoxaphosphines (yield between parenthesis) i) 1.5 eq. 

AICI33 / PCI3 / 8 h, ii)  pyridine / 1 h (65 - 87%). 

reactions,, resulting in tedious work-up procedures and/or in low yield. Obvious procedures that were 

exploredd comprise Friedel-Crafts alkylation, variations on the acid catalysed condensation reaction ofp-

cresoll  with acetone to yield 2,7,9,9-tetramethylxanthene as proposed by Caruso et a/.,23 or palladium 

catalysedd cross-coupling reactions using 2,7-dibromoxanthene and alkylmagnesium chlorides. 

Especiallyy the former two synthetic procedures give a mixture of substituted xanthene backbones that 

requiree elaborate identification and/or purification procedures, but from an industrial point-of-view 

thesee methods are attractive for their straight forward synthesis from low-cost starting compounds, 

additionallyy the mixture of alkyl substituted xanthene backbones is advantageous for solubility reasons. 

Inn order to study the effect of different alkylgroups on the phenoxaphosphino-moiety on the solubility 

andd catalytic performance, four different 10-chlorophenoxaphosphines were prepared. Again, Friedel-

Craftss acylation of diphenyl ether followed by a reduction proved to be the most efficient way of 

synthesizingg the required 4,4'-dialkyldiphenyl ether, the starting material for the 10-chloro-2,8-

dialkylphenoxaphosphinee synthesis. The 10-chloro-2,8-dialkylphenoxaphosphines were prepared by an 

88 h reflux of 4,4'-dialkyldiphenyl ether in PCI3 in presence of A1C13. 
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Selectivee dilithiation of the modified xanthenes followed by the reaction of 10-

chlorophenoxaphosphiness at low temperature yielded the corresponding ligands in moderate to high 

yieldss (30 - 80%, based on the amount of xanthene backbone). 

Solubilityy Data. 

Thee solubility of the ligands in toluene at room temperature was determined by slow addition of 

toluenee to the ligand under continuous stirring until all ligand had dissolved. Additionally, saturated 

solutionss of ligand in toluene were prepared followed by separation of the dissolved ligand from the 

non-dissolvedd ligand by decantation and evaporation of the toluene in vacuo. The residue was weighed 

too calculate the amount of dissolved ligand in the saturated solution. Both experimental methods gave 

resultss that agreed within 5%. Toluene was used to study the solubility instead of Texanol®, which is a 

widelyy applied mimic for the heavy ends that are produced during hydroformylation, because toluene is 

easierr to remove by evaporation and consequently results in a higher accuracy. Additionally, we used 

toluenee in all our hydroformylation experiments. Only the solubility of the ligands itself was measured 

andd not of their metal-complexes as in many cases a large excess of ligand is used during catalysis. In 

addition,, during catalysis many different complexes are formed, which probably all have a different 

solubility.. Measurement under catalytic conditions would also be cumbersome. 

Tablee 1 shows the effects of changing the substituent R1 at the backbone while keeping the substituent 

att the phenoxaphosphino-moiety constant (R2 = Me). The first significant increase in solubility is 

observedd for fór/-butyl and sec-butyl substituted xanthene backbones, while the sharpest increase in 

solubilityy is observed for substituents with six carbons in its chain. In that respect the «-hexyl group 

(1188 mmol.L1) causes a larger increase in solubility than the bulky neohexyl group (58 mmol.L") 

(Tablee 1, entries 6 and 7). Relative to w-hexyl substituted backbones a further increase in carbon chain 

Tablee 1 Ligand solubility; effect of changing ligand backbone 
__ , j g a n d, —i R2 Solubility* 

(mmol/L) ) 
2.6 6 
4.3 3 
4.7 7 
17 7 
13 3 
58 8 
118 8 
2.3 3 
127 7 

""  See Figure 1. * Solubility in toluene determined at room 
temperature. . 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

1 1 
2 2 
5 5 
6 6 
8 8 
10 0 
13 3 
IS S 
16 6 

HH Me 
Mee Me 
i-Prr Me 
s-Buu Me 
t-Buu Me 

neohexyll  Me 
n-hexyll  Me 
t-Octyll  Me 
n-decyll  Me 
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Tablee 2 Ligand solubility; effect of changing phenoxaphosphino-moiety 
"## Ligand"  R1 R2 Solubility* 

(mmol/L) ) 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 

2 2 
3 3 
4 4 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
16 6 

Me e 
Me e 
Me e 
t-Bu u 
t-Bu u 

neohexyl l 
neohexyl l 
neohexyl l 
neohexyl l 
n-hexyl l 
n-hexyl l 
n-decyl l 

Me e 
neohexyl l 
n-hexyl l 

H H 
Me e 
H H 

Me e 
neohexyl l 
n-hexyl l 

Me e 
n-hexyl l 

Me e 

4.3 3 
20 0 
330 0 
4.6 6 
13 3 
77 7 
58 8 

283 3 
324 4 
118 8 

>495c c 

127 7 
""  See Figure 1. Solubility in toluene determined at room temperature. 
'' The solubility of this ligand is too high for an accurate measurement 
concerningg the amount of tested ligand. 

lengthh to /7-decyI only causes a small improvement in solubility from 118 mmol.L"1 to 127 mmol.L"1. 

Interestingly,, the highly branched tert-octy\ (1,1,3,3-tetramethylbutyl) substituted ligand 15 shows a 

solubilityy that is even lower (2.3 mmol.L"1) than the solubility of the parent compound 1 (2.6 mmol.L" 

')(Tablee 1, entries 1 and 8). 

Too investigate the effect of alkyl substituents at the phenoxaphosphino-moiety, four different 

structurall  variants have been synthesised. Table 2 shows that modification of the phenoxaphosphino-

moiety,, by changing R2, has a more pronounced effect on solubility of the ligands than placing 

substituentss on the backbone. This effect is partially caused by the number of extra alkyl groups that are 

attachedd to the ligand since modification of the phenoxaphosphino-moiety results in four additional 

alkyll  groups compared to the two additional alkyl groups obtained by modification of the ligand 

backbone.. For ligands based on the 2,7,9,9-tetramethylxanthene backbones a 76 fold increase in 

solubilityy was found for n-hexyl substituted phenoxaphosphines compared to methyl substituted 

phenoxaphosphiness (Table 2, entries 1 and 3). Also for the other ligand backbones, the w-hexyl 

substitutedd phenoxaphosphines showed improved solubilities, although the effects were less pronounced 

(Tablee 2, compare entries 7, 9 and 10, 11). The neohexyl substituent enhances the ligands solubility to a 

considerablyy lesser extent (Table 2, compare entries 1, 2 and 7, 8). This is probably the result of the 

closee proximity of the bulky neohexyl groups on the phenoxaphosphino-moieties of ligands 3 and 11, 

whichh might cause hindered rotation (vide infra). Loss of degeneracy of the different protons is 

observedd when the constrained AA'BB' splitting pattern of PP-ArCFL:- CH2C(CH3)3 on the 

phenoxaphosphino-moietyy are compared to the splitting pattern of the neohexyl groups attached to the 

ligandd backbone. In the latter case the A and A' protons have (nearly) the same chemical shift, while in 

thee former case a significant difference in chemical shift between A and A' is observed (Figure 2). 
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Figuree 2 Ligand 11 AA'BB' splitting pattern for neohexyl groups on the phenoxaphosphino-moiety 

(left)) and on the ligand backbone (right). 

Thee results indicate that the longer carbon chain and the decreased overall aromatic character of the 

ligandss lead to more soluble systems. This can be rationalised as follows; the modification causes more 

stericc repulsion hampering Jt-7t stacking interactions.24 Secondly, by increasing the carbon chain length 

thee number of possible conformers increases and consequently the configurational entropy of the system 

becomess larger. The latter effect is clearly observed for the neohexyl and ?-octyl modified systems. In 

thee series w-hexyl, neohexyl to /-octyl the rigidity of the alkylchain increases dramatically; this reduces 

thee number of possible conformations and gives rise to a decrease in solubility. The results obtained for 

thee ?-butyl and r-octyl modified ligands suggest that the increase of configurational entropy has a larger 

effectt on solubility than on hampering n-n stacking interactions. 

Comparisonn of the reactor content after hydroformylation reactions using 10 equivalents of ligand 

revealedd that reaction solutions containing ligands that have a solubility < 13 mmol.L" show 

precipitationn of the ligand upon cooling the reaction mixture to room temperature. It must be noted that 

wee already started with suspensions of these ligands in toluene before the catalytic reactions were run 

(withh the exception of 8 that gave a clear solution in toluene). From the reaction mixture with ligand 6, 

whichh has a solubility of 17 mmol.L"1, crystals were formed within two days after stopping the reaction. 

Thee ligands that have a higher solubility did not show any precipitation or crystallisation. 

Itt has been reported that the application of 10 in a continuous hydroformylation process did not show 

anyy loss in activity or selectivity during at least the first 168 h of application (substrate was either a 

mixturee of cis,- and fr<ms-2-butene or Raffinate II , T = 125 °C, />(CO/H2)( 1:1) = 25 bar, [rhodium] = 

1.855 mM, [ligand] = 28 mM, catalysis was performed at 73% conversion of the substrate).16 
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Hydroformylatio nn of 1-octene. 

Thee effect of the different alkyl substituents on the performance of the ligands during the 

hydroformylationn of 1-octene was investigated. The reactions were performed in toluene at 80 °C under 

200 bar of 1:1 CO/H2 using a 1.0 mM solution of rhodium diphosphine catalyst prepared from 

Rh(CO)2(acac)) and 5 equivalents of ligand. The formation of octene isomers, nonanal, and 2-

methyloctanall  was monitored by gas chromatography. Turn-over frequencies were determined and 

averagedd over the initial - 20 % conversion. The results of the hydroformylation experiments are shown 

inn Table 3. 

Comparisonss of the ligands with the small substituents on the phenoxaphosphino-moiety (R2 = H or 

Me)) show that there is hardly an effect of changes of the ligand backbone on the catalytic performance. 

Thiss is different for the ligands bearing the more bulky neohexyl and n-hexyl substituted 

phenoxaphosphino-moietiess (Table 3, entries 3, 4, 11,12 and 14). In the latter cases both activity and 1/b 

ratioo are clearly affected. 

Comparisonn of the effect of different substituents on the phenoxaphosphino-moieties shows that both 

thee rate of isomerisation and the 1/b ratio increase when less bulky substituents are applied. As the 

overalll  selectivity for the linear product is hardly influenced, the results imply that the amount of 

branchedd alkyl-rhodium species formed during the reaction is about equal in all cases (Scheme 4). Small 

changess in ligand structure determine the ratio between the rate of p-hydrogen 

eliminationn (Scheme 4, C -> F) versus the rate of CO-insertion (Scheme 4, C -> E). Apparently it is 

moree favourable to perform CO-insertion (steric requirements diminishes) than [3-hydrogen elimination 

Tablee 3 Hydroformylation of 1 -octene at 80 °C" 

Ligandd R1 R2 TOF* f 1/b*  %isom*(% ) Sel*  (%) 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 

H H 
Me e 

i-propyl l 
s-butyl l 

t-Bu u 

neohex x 

n-hexyl l 

t-Octyl l 
n-decyl l 

Me e 
Me e 

neohexyl l 
n-hexyl l 

Me e 
Me e 
H H 

Me e 
H H 

Me e 
neohex x 
n-hexyl l 

Me e 
n-hexyl l 

Me e 
Me e 

1800 0 
1660 0 
1200 0 
1800 0 
1640 0 
1700 0 
1900 0 
1500 0 
2100 0 
1900 0 
1900 0 
1350 0 
1700 0 
1200 0 
1800 0 
1400 0 

97:3 3 
97:3 3 
92:8 8 
95:5 5 
97:3 3 
97:3 3 
99:1 1 
97:3 3 
99:1 1 
98:2 2 
96:4 4 
96:4 4 
97:3 3 
96:4 4 
96:4 4 
95:5 5 

9.8 8 
10 0 
8.6 6 
11.3 3 
10.4 4 
10.4 4 
12 2 
9.8 8 
12.3 3 
10.7 7 
8.3 3 
9.3 3 
9 9 

8.3 3 
10.5 5 
10.4 4 

87 7 
87 7 
84 4 
84 4 
87 7 
87 7 
87 7 
87 7 
87 7 
87 7 
88 8 
87 7 
87 7 
88 8 
86 6 
85 5 

"Conditions:: p(CO/H2)( l : 1) = 20 bar, ligand/Rh = 5, substrate/Rh = 637, [Rh] = 1.00 mM in toluene, number of experiments 
iss 3 (data represent average numbers). In none of the experiments was hydrogenation observed.h Linear to branched ratio, 
percentt linear aldehyde, percent isomerisation to 2-octene and turnover frequency were determined at - 20% alkene 
conversion.. 'Turnover frequency = (mol aldehyde).(mol Rh) ',h '. 
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Linearr aldehyde 

Branchedd aldehyde 

R R 

{ { 
Schemee 4 Partitioning of the branched alkyl species C to E and F. B reverts almost directly to the linear 

aldehyde. . 

(stericc requirements increases) in the case of large steric hindrance, e.g. when large substituents are used 

onn the phenoxaphosphino-moieties. The negative effect of bulky substituents (of either the ligand or 

substrate)) on selectivity for the linear aldehyde is commonly encountered. ' 6 

Hydroformylatio nn of trans-2-octene. 

Previouss studies with related phenoxaphosphino-modified xanthene backbones showed that these 

typess of ligands are suitable for efficient hydroformylation of internal alkenes to linear aldehydes.12'17 

Therefore,, the current series of ligands was used to investigate the effects of the different alkyl groups 

onn the catalytic activity and selectivity using 2-alkenes as substrate. Hydroformylation of /ra«.s-2-octene 

wass carried out at 120 °C under 3.6 bar of 1:1 CO/H2 using a 1.0 raM solution of rhodium diphosphine 

catalystt prepared from Rh(PPli3)3H(CO) and 10 equivalents of ligand. We chose to use Rh(PPh3)3H(CO) 

ass catalyst precursor instead of Rh(CO)2(acac) for several reasons: 1) no incubation time is needed and 

underr the applied hydroformylation conditions the catalyst-formation is less efficient when starting from 

Rh(CO)2(acac)) and ligand, 2) the presence of PPh3 might additionally stabilise the active species, and 3) 

ligandd exchange of PPh3 for these diphosphines occurs rapidly, already at room temperature. The 

productionn of octene isomers, nonanal, and branched C9-aldehydes was monitored by gas 

chromatography.. Turn-over frequencies were determined and averaged over the initial 2 h of reaction 

time.. The results of the hydroformylation experiments are shown in Table 4. 
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Tablee 4 Hydroformylation of trans-2-octene at 120 °C 
Ligandd Rj  R̂  TOF* ' i V Selbd(% ) 
1 1 
2 2 
3 3 
5 5 
6 6 
7 7 

r r 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 

H H 
Me e 

i-propyl l 
s-butyl l 
t-Bu u 

neohcx x 

n-hexyl l 

t-Octyl l 
n-decyl l 

Me e 
Me e 

neohexyl l 
Me e 
Me e 
H H 
H H 

Me e 
H H 

Me e 
neohex x 
n-hexyl l 

Me e 
n-hexyl l 

Me e 
Me e 

143 3 
144 4 
155 5 
149 9 
141 1 
140 0 
112 2 
134 4 
142 2 
134 4 
152 2 
144 4 
144 4 
179 9 
150 0 
162 2 

4.3 3 
4.3 3 
2.9 9 
4.3 3 
4.9 9 
6.6 6 
9.5 5 
4.8 8 
6.6 6 
4.9 9 
3.4 4 
4.6 6 
4.3 3 
3.2 2 
4.2 2 
3.6 6 

81 1 
81 1 
74 4 
81 1 
83 3 
87 7 
90 0 
83 3 
87 7 
83 3 
77 7 
82 2 
81 1 
76 6 
81 1 
78 8 

"Conditions:: p(CO/H2)( 1:1) = 3.6 bar, ligand/Rh = 10. substrate/Rh = 637, [Rh] = 1.00 mM in toluene, number of 
experimentss is 2 (data represent average numbers). In none of the experiments was hydrogenation observed. Linear to 
branchedd ratio, percent linear aldehyde and turnover frequency were determined at - 50% alkene conversion.' Turnover 
frequencyy = (mol aldehyde).(mol RhV'.rf'.'' Percentage of linear aldehyde of all products other than octenes. ' ;;(CO/H2) = 
2.00 bar. 

Byy applying catalytic conditions that promote (3-hydrogen elimination27 {a high reaction temperature 

andd low syngas pressure), the rate of isomerisation in these systems is substantially enhanced, thereby 

continuouslyy replenishing the reacting terminal alkenes. With all ligands preferential formation of the 

linearr aldehyde was observed. Better selectivities can be obtained by employing even lower syn-gas 

pressuress [piCOIWi) (1:1) = 2 bar instead ofp{COIWi) (1:1) = 3.6 bar) although at a slight expense of 

activityy (Table 4, entry 7). These results are in line with the influence of CO and H2 on activity and 

selectivityy as observed for the hydroformylation of 2-pentene {vide infra). Again, the use of different 

ligandss bearing the same phenoxaphosphino-moiety gives similar activity and selectivity. Ligands 

bearingg sterically less hindered phenoxaphosphino-moieties show a higher selectivity for the linear 

aldehydee albeit with lower activity. This effect can also be explained by the preference of p-hydrogen 

eliminationn over CO-insertion from the rhodium branched alkyl species with the less hindered 

phenoxaphosphino-moieties.. CO-insertion leads to (branched) product formation, and therefore to an 

increasedd activity and a decreased selectivity, while p-hydrogen elimination is non-productive. 

Kineti cc studies. 

Thee rate equations of the hydroformylation of 1-octene at T = 80 °C and 2-pentene at T = 120 °C 

usingg 13 were determined by a kinetic study. The concentration dependency of all the reactants was 

investigatedd (see Table 5). The initial rate of aldehyde production was determined by HP-IR 

spectroscopyy or by taking samples during the first ~ 10% conversion. The results for 1-octene 

hydroformylationn are summarised in Tables 6 and 7. 
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Thee dimerisation reaction of (diphosphine)RhH(CO)2 to [(diphosphine)Rh(CO)2)]2 is an important 

side-reactionn observed under hydroformylation conditions (Scheme 5). Low hydrogen pressures, low 

temperaturess and high rhodium concentrations promote the formation of these dimeric rhodium 

species.288 The first order dependency of reaction rate on rhodium concentration indicates that within 

thesee concentration limits the dimerisation reaction is directed toward the rhodium-monomer. A small 

influencee of ligand concentration on initial activity was observed. From 1 mM to 5 mM no change in 

activityy was observed, indicating a very strong binding of the ligand to the rhodium. The very small 

effectt on activity at higher ligand concentrations indicates that association of a second ligand is very 

difficult,, but feasible. The association of a second ligand effectively reduces the concentration of the 

activee hydroformylation species, which results in a lower activity. At very low hydrogen pressures (/>H2 

== 2.5 bar) only half the activity was measured compared to catalysis run at hydrogen 

Tablee 5 Concentration ranges of all reactants used for kinetic study 

1-octenee hydroformylatio n 2-pentenee hydroformylatio n 
0.55 mM < [Rh] < 4.0 mM 

2122 mM < [1-octene] < 1062 mM 
11 mM<[13]<30mM 
2.55 bar < pH2 < 32 bar 
5.5bar<pCO<30bar r 

0.255 mM < [Rh] < 2.0 mM 
2133 mM < [1-octene] < 1067 mM 

5mM<[13]<48mM M 
2bar<pH2<< lobar 
22 bar < pCO < 8 bar 

Tablee 6 Hydroformylation of 1-octene at 80 °C using 13" 

pHpH2 2 

(bar) ) 
pCOpCO (bar) % isom (%) TOF" " 1/b" " Sera(%) ) 

1 1 
2 2 

3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 

9. 5 5 
10. 0 0 
10. 5 5 
10. 4 4 
2. 4 4 
5. 5 5 
10. 0 0 
14. 6 6 
20. 6 6 
31. 6 6 

5.5 5 
10. 0 0 
14. 5 5 
29. 9 9 
9. 4 4 
9. 4 4 
10. 0 0 
10. 5 5 
9.3 3 
8. 7 7 

16. 5 5 
9. 4 4 
5. 4 4 
3. 0 0 
15. 3 3 
10. 6 6 
11. 9 9 
14. 6 6 
12. 0 0 
12. 9 9 

Reactio nn order :  p H 2 = == 0 ;  pC O 

3150 0 
1550 0 
1200 0 
700 0 
850 0 
1450 0 
1550 0 
1550 0 
1700 0 
1550 0 

== -0. 9 (R 2 = 

59 9 
39 9 
17 7 
14 4 
32 2 
31 1 
36 6 
33 3 
31 1 
34 4 

== 0.981 ) 

82 2 
88 8 
89 9 
90 0 
82 2 
87 7 
86 6 
83 3 
85 5 
85 5 

"Conditions:: ligand/Rh = 5, substrate/Rh = 637, [Rh] = 1,00 mM in toluene, number of experiments is 2, In none of the 
experimentss was hydrogenation observed. * Linear to branched ratio, percent linear aldehyde and turnover frequency were 
determinedd during ~ 10% alkene conversion.c Turnover frequency = (mol aldehyde).(mol Rh) '.h"1/ Percentage of linear 
aldehydee of all products other than octenes. 
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Tablee 7 Hydroformylation 
[Rhlb b 

0.5 5 
1.0 0 
2.0 0 
3.0 0 
4.0 0 

AU/minc c 

0.124 4 
0.246 6 
0.441 1 
0.637 7 
0.886 6 

Reactionn order = 1 
(R22 = == 0.998) 

off  1 -octene at 80 °C using 
[substrate]* * 

212 2 
425 5 
637 7 
849 9 
1062 2 

13° ° 

Reactionn order = 
(R22 = 0.996) ) 

(VU/minc c 

0.087 7 
0.174 4 
0.246 6 
0.309 9 
0.361 1 
0.9 9 

[Ligandl4 4 

1 1 
5 5 
10 0 
22 2 
30 0 

Reactionn order 
(R2 2 

AU/miir" " 
0.244 4 
0.246 6 
0.226 6 
0.217 7 
0.207 7 

== -0.05 
== 0.97) 

"Generall  conditions: ligand/Rh = 5, substrate/Rh = 637, [Rh] = 1.00 mM in toluene, number of experiments is 2. [Rh], 
[substrate],, and [Ligand] in mM.c Arbitrary units per minute 

COc c 
rf<rf< ' / x

 - P A 
{{ Rh Rh ) - p '' V x I " P ' 

CO O 

H H 
-Pv.. I 

Rh-CO O 
- P '' I 

CO O 

Schemee 5 Equilibrium between Rh-dimer and Rh-hydride species. 

(diphosphine)RhH(CO)2 2 

(diphosphine)RhH(CO)) + RCH2CH=CH2 

(diphosphine)RhH(CO)) + RCH=CHCH3 

(diphosphine)RhH(CO)(CH2=CHCH2R) ) 

(diphosphine)RhC3H6R(CO)) + CO 

(diphosphine)RhC3H6R(CO)2 2 

(diphosphine)RhC(0)C3H6R(CO)) + H2 

(diphosphine)RhH(CO)) + CO (1) 

(diphosphine)RhH(CO)(CH2=CHCH2R)) (2a) 

(diphosphine)RhH(CO)(CH(CH3)=CHR)) (2b) 

(diphosphine)RhC3H6R(CO)) (3) 

(diphosphine)RhC3H6R(CO)22 (4) 

(diphosphine)RhC(0)C3H6R(CO)) (5) 

(diphosphine)RhH(CO)) + HC(0)C3H6R (6) 

Schemee 6 Separate reaction steps of hydroformylation for the production of linear aldehydes. For 

internall  alkenes the internal alkene has to isomerise toward the terminal alkene (2b -^ 2a via |3-

hydrogenn elimination). 

Rate(Typel): : 
A[Rh][alkene] ] 

BB + C[CO] 
(eq.1) ) 
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pressuress > 5 bar. This might indicate the presence of rhodium dimers at very low hydrogen pressures 

sincee at higher pressures a zero order dependency in pWi was measured. Alternatively, at very low 

pressuress hydrogenolysis may become rate limiting. For the CO pressure a -0.9 order rate dependence 

andd for the alkene concentration a reaction order of 0.9 were measured. The reaction orders of all 

parameterss indicate that similar reaction kinetics as reported for the triphenylphosphine based catalyst is 

applicablee for (13)Rh(CO)2H and agree with the Type I kinetics (eq. 1) as proposed by van Leeuwen el 

al.al.2929 Both ligand concentration and CO pressure influence the formation of the coordinatively 

unsaturatedd rhodium intermediate ((diphosphine)RhH(CO)), but since there exists a 0.9 order in alkene 

concentrationn also a step later in the reaction cycle is rate limiting. The two rate influencing reactions 

thatt both fit the observed kinetics are alkene coordination followed by rapid alkene insertion into the 

Rh-HH bond or rate determining hydride migration to the coordinated alkene preceded by fast reversible 

coordinationn of this alkene (Scheme 6, steps 2a and 3). The rate of CO dissociation does not play a 

rolee as this reaction is 10 - 100 times faster than the rate of hydroformylation as was found by van der 

Veene/a/.12,30 0 

Thee CO pressure has a very large influence on the regio-selectivity. An increase in CO pressure of 5.5 

barr to 30 bar results in a drop of 1/b ratio from 59 to 14, but the selectivity for the linear product 

increasess since the amount of isomerisation decreases to a large extent. 

Thee 2-pentene hydroformylation experiments were conducted under slightly different reaction 

conditionss than the 1-octene hydroformylation experiments. The reactions were run at a lower CO 

pressuree and higher temperature to increase the rate of isomerisation and to suppress carbonylation from 

thee branched alkyl rhodium species. Usually hydroformylation reactions are conducted under a 1:1 

atmospheree of CO/H2 and thus the hydrogen pressure was also reduced, this might favour the formation 

off  rhodium dimers. The rhodium concentration was investigated up to concentrations of 2 mM, since at 

highh rhodium concentrations ([Rh] > 2.5 mM) the catalyst is not stable under the chosen reaction 

conditions.. The results for the hydroformylation of 2-pentene are summarised in Tables 8 and 9. Within 

thee chosen limits a broken order of 0.5 in the rhodium concentration was observed and thus the 

dimerisationn reaction does play a role under these conditions. The reaction order of -0.07 in ligand 

concentrationn is comparable to the one found for 1-octene hydroformylation. The 0.6 reaction order in 

thee concentration of 2-pentene indicates that either fast, reversible alkene coordination followed by rate 

determiningg hydride-migration or rate determining alkene coordination are rate influencing (Scheme 6, 

stepss 2b and 3). The latter is most likely due to the steric requirements of internal alkenes. Clearly other 

stepss later in the catalytic cycle are also included in the rate equation. For the CO pressure a reaction 

dependencee of-0.5 was found, which is the result of slow CO-insertion at low CO pressures, especially 
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Tablee 8 Hydroformylation of 2-pentene at 120 °C using 13" 
## pW2 pCO TOF* f l/b* 

(bar)) (bar) 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 

22 2 
22 3 
22 5 
22 8 
44 2 
55 2 
88 2 
166 2 
Reactionn order PH2 2 

180 0 
149 9 
116 6 
99 9 
361 1 
313 3 
358 8 
358 8 

== 0;/?CO = -0.5 (R2 

7.0 0 
5.4 4 
4.1 1 
3.8 8 
7.7 7 
8.7 7 
9.7 7 
9.1 1 

== 0.994) 

'Conditions:: ligand/Rh = 5, substrate/Rh = 928, [Rh] = 1.00 mM in toluene, number of experiments is 2. In none of the 
experimentss was hydrogenation observed.h Linear to branched ratio, percent linear aldehyde and turnover frequency were 
determinedd and averaged over the first 0.5 h. 'Turnover frequency = (mol aldehyde).(mol Rhf'.h"1. 

Tablee 9 Hydro formylation of 2-pentene at 120 °C using 13" 
[Rh]* * 
0.25 5 
0.5 5 
0.75 5 
1.0 0 
1.25 5 
1.5 5 
2.0 0 

— — AU/min' ' 
0.017 7 
0.024 4 
0.031 1 
0.035 5 
0.039 9 
0.044 4 
0.051 1 

Reactionn order = 0.5 
(R--== 0.999) 

|substrate]* * 
213 3 
427 7 
640 0 
853 3 
1067 7 

Reactionn order = 
(R-- = 0.999 9 

AU/min f f 

0.0177 7 
0.0266 6 
0.035 5 
0.04 4 

0.0466 6 

== 0.6 

[Ligand] ' ' 
5 5 
10 0 
14 4 
20 0 
48 8 

Reaction n 
(R2 2 

TOF1 ''

180 0 
163 3 
160 0 
156 6 
153 3 

orderr = -0.07 
== 0.85) 

"Generall  conditions: ligand/Rh = 5, substrate/Rh = 928, [Rh] = 1.00 mM in toluene, number of experiments is 2. [Rh], 
[substrate],, and [Ligand] in mM.' Arbitrary units per minute. ''Turnover frequencies were determined and averaged over 0.5 
h.. 'Turnover frequency = (mol aldehyde).(mol Rh) '.h'. 

CO-insertionn from the branched alkyl rhodium species. The low CO pressure also leads to an increase of 

thee coordinatively unsaturated rhodium intermediate ((diphosphine)RhH(CO)), which might give rise to 

ann increase in activity. The rate of isomerisation is strongly influenced by the CO pressure (Scheme 6, 

2bb -> 2a). Isomerisation is an important reaction for internal olefin kinetics; the rate of isomerisation 

andd the concentration of terminal alkenes in the reaction mixture are influenced by the CO pressure, but 

alsoo by the concentration of the internal alkenes. At hydrogen pressures < 3 bar a large influence of 

hydrogenn pressure was observed, but at hydrogen pressures > 5 bar the reaction is zero order in 

hydrogenn pressure. The most likely explanation for the influence of hydrogen pressure at pressures < 3 

barr is the formation of inactive rhodium-dimers. At higher hydrogen pressures the rhodium-

dimer/monomerr equilibrium shifts to the rhodium monomer. For 1-octene the rate limiting steps are 

predominantlyy 1, 2a - 3 {Scheme 6), but for 2-pentene hydroformylation these steps are only partially 

ratee limiting, thus step 2b -r> 2a and the equilibrium 4 - 5 (6) should be included in the rate equation. It 

seemss that for 2-pentene hydroformylation the reaction is changing toward Type II kinetics. 

Bothh hydrogen and CO pressure have a large impact on the regio-selectivity. An increase in the 

hydrogenn pressure results in a slight increase in regio-selectivity, while raising the pCO leads to a lower 
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regio-selectivity.. The latter observation is attributed to differences in rate of fS-hydrogen elimination 

versuss CO-insertion as was shown in previous studies. The effect of hydrogen pressure is not fully 

understood,, because a zero reaction order in hydrogen pressure was found at sufficiently high pressures 

andd according to the 1 -octene hydroformylation experiments the hydrogen pressure has no influence on 

thee rate of isomerisation. At low hydrogen pressures rate determining hydrogenolysis could have an 

effectt on the regio-selectivity since differences in rate of hydrogenolysis or CO-deinsertion between the 

branchedd and linear rhodium acyl species could exist. 

Conclusions. . 

Inn conclusion we have presented an easy synthetic route for the preparation of a series of novel 

diphosphinee ligands that show large differences in solubility. The developed synthetic procedure can 

easilyy be converted to modify other ligands in order to improve the solubility or to study the effects of 

differentt aliphatic groups on catalytic performance. The configurational entropy of the alkyl chains 

playss a more important role on solubility than hampering n-n stacking interactions. In that respect, the 

effectt of linear alkyl groups on solubility is larger than the effect of branched alkyl groups, e.g the effect 

off  «-hexyl groups is larger than the effect of neohexyl groups. Modifications close to the active centre 

(i.e.(i.e. modification of the phenoxaphophino-moiety) have a larger effect on catalysis than modification 

furtherr away from the active centre (i.e. modification of the xanthene backbone). 

Forr the hydroformylation of 1 -octene the simplest kinetics (Type I) can be used as starting point. For 

2-pentenee several broken reaction orders are found and thus a simple model cannot be used explain the 

kineticc results. 

Experimental. . 

Generall  procedures. All air- or water-sensitive reactions were performed using standard Schlenk 

techniquess under an atmosphere of purified argon. Toluene was distilled from sodium, THF from 

sodium/benzophenone,, and hexanes from sodium/benzophenone/triglyme. Isopropanol and 

dichloromethanee were distilled from CaF .̂ Chemicals were purchased from Acros Chimica, and 

Aldrichh Chemical Co. 9,9-dimethylxanthene,32 2,7,9,9-tetramethylxanthene,23 2,7-Di-?-butyl-9,9-

dimethylxanthene,333 10-chlorophenoxaphosphine,12 2,7-Di-/-butyl-9,9-dimethyl-4,5-bis(10-

phenoxaphosphino)xanthenee (7) and 2,8-dimethyl- 10-chlorophenoxaphosphine33 were prepared 

accordingg to literature procedures. 2,7-DW-octyl-9,9-dimethyl-4,5-bis(2,8-dimethyl-10-

phenoxaphosphino)xanthenee (15) was kindly provided by Celanese Chemicals Europe, G. m. b. h., 

Germany.166 Silica gel 60 (230-400 mesh) purchased from Merck was used for column chromatography. 

Meltingg points were determined on a Gallenkamp MFB-595 melting point apparatus in open capillaries 
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andd are reported uncorrected. NMR spectra were recorded on a Varian Mercury 300 and Inova 500 

spectrometer.. P and C spectra were measured in H decoupled mode. TMS was used as an external 

standardd for *H and l3C NMR and H3PO4 as an external standard for J IP NMR. Hydroformylation 

reactionss were carried out in a 200 mL home-made stainless steel autoclave. The hydroformylation 

reactionss were stirred at 800 rpm. The alkene was filtered over neutral activated alumina to remove 

peroxidee impurities. The reactions were stopped by quenching the reactions with tri-o-butylphosphite, 

coolingg on ice and venting the gases. Synthesis gas (CO/H2, 1:1, 99.9%) was purchased from Air 

Liquide.. Gas chromatopgraphic analysis were run on an Interscience HR GC Mega 2 apparatus 

(split/splitlesss injector, J&W Scientific, DB-1 30m column, film thickness 3.0 mm, carrier gas 70 kPa 

He,, FID detector) equipped with a Hewlett Packard Data system (Chrom-Card) using decane as an 

internall  standard. 

4,5-bis(2,8-dimethyl-10-phenoxaphosphino)-9,9-dimethylxanthenee (1) At 0 °C 6 mL of n-

butyllithiumm (2.5 M in hexanes, 15 mmol) was added to a stirred solution of 1 g of 9,9-

dimethylxanthenee (4.8 mmol) and 2.2 mL of TMEDA (15 mmol) in 20 mL of diethylether. The 

resultingg solution was warmed to room temperature and stirred overnight. The reaction mixture was 

cooledd to -78 °C and a solution of 3.9 g of 2,8-dimethyl-10-chloro-phenoxaphosphine (15 mmol) in 20 

mLL of toluene was added. The reaction mixture was slowly warmed to room temperature and stirred 

overnight.. Next the diethylether was removed in vacuo and the mixture was diluted with 40 mL of 

dichloromethanee and hydrolyzed with 10 mL of a 10% aqueous HC1 solution. The water layer was 

removedd and the organic layer was dried over MgSCV The solvents were removed in vacuo and the 

resultingg yellow/white solid was crystallized from 2-propanol/toluene. Yield: 1.9 g of white crystals 

(59%).. M.p. 328 - 329 °C. 31P{'H}  NMR (CDCI3): 5= -70.96. 'H NMR (CDCI3): 5 = 7.98 (d, 3J(P,H) = 

6.00 Hz, 4 H), 7.29 (dd, 3J(H,H) = 5.0 Hz, 4J(H,H) = 1.5 Hz, 4H), 7.18 (dd, 3J(H,H) = 8.5 Hz, 4J(H,H) -

2.55 Hz, 4H), 7.11 (d, 3J(H,H) - 8 Hz, 2H), 6.90 (t, 3J(H,H) = 8.0 Hz, 2H), 6.75 (bd, 3J(H,H) = 7.5 Hz, 

2H),, 2.35 (s, 12H), 1.55 (s, 6H). I3C{'H }  NMR (CDC13): 5 =154.35 (s), 152.41 (t, 10.56 Hz), 135.77 (t, 

21.55 Hz), 132.96(t,5.4 Hz), 132.09 (s), 131.74 (s), 130.26 (s), 127.79 (vt, 11.44 Hz), 127.18 (s), 123.76 

(s),, 118.16 (s), 117.66 (s), 34.58 (s), 32.59 (s), 20.85 (s). Anal. Calcd. for C43H3603P2: C, 77.93; H, 5.48. 

Found:: C, 77.91; H, 5.54. 

2,7,9,9-tetramethyl-4,5-bis(2,8-dimethyl-10-phenoxaphosphino)xanthenee (2) This compound was 

preparedd analogously to compound 1 using 1 g of 2,7,9,9-tetramethylxanthene (4.2 mmol) and 2.8 g of 

2,8-dimethyl-10-chlorophenoxaphosphinee (10.5 mmol). Yield: 1.3 g of white crystals (52%). M.p. 330 -

3333 °C. 3IP{'H}  NMR (CDC13): 8= -70.29. 'H NMR (CDCI3): 5 = 7.95 (d, 3J(P,H) = 6.0 Hz, 4 H), 7.17 
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(d,, 3J(H,H) = 8.0 Hz, 4H), 7.11 (d, 3J(H,H) = 8.5 Hz, 4H), 7.07 (s, 2H), 6.52 (s, 2H), 2.35 (s, 12H), 2.13 

(s,, 6H), 1.53 (s, 6H). 13C{'H}  NMR (CDC13): 8 =154.26 (s), 150.52 (t, 11.1 Hz), 135.77 (t, 21.4 Hz), 

132.877 (t, 5.5 Hz), 132.56 (s), 132.36 (s), 129.91 (s), 127.84 (s), 127.36 (vt, 12.44 Hz), 118.25 (s), 

117.588 (s), 34.53 (s), 32.62 (s), 21.25 (s), 20.83 (s). Anal. Calcd. for C45H40O3P2: C, 78.25; H, 5.84. 

Found:: C, 78.18; H, 5.96. 

4,4'-bis(3,3-dimethylbutanoyl)diphenyll  ether  (17) At 0 °C 19.5 g of A1C13 (146 mmol) was added 

slowlyy to a stirred solution of 11 g of diphenylether (64.7 mmol) and 19.5 mL of 3,3-

dimethylbutyrylchloridee (141 mmol) in 160 mL of CH2CI2. After 5 h the reaction mixture was poured 

intoo 100 mL of ice water and extracted with 3 x 50 mL CH2CI2. Subsequently, the organic layer was 

driedd over MgSC»4. The solvents were removed in vacuo and the resulting green/yellow solid was 

purifiedd by flash column chromatography (eluent: CH2C12). Yield: 22.7 g of a white solid (96%) that 

wass used without any further purification. [H NMR (CDC13)): 5 = 7.97 (d, 3J(H,H) = 8.7 Hz, 4 H), 7.06 

(d,, 3J(H,H) = 8.4 Hz, 4 H), 2.83 (s, 4 H), 1.06 (s, 18 H). I3C{'H}  NMR (CDC13): 5 = 199.2 (s), 160.17 

(s),, 134.59 (s), 130.87 (s), 118.85 (s), 50.16 (s), 31.70 (s), 30.32 (s). GC-MS (m/z, rel. intensity): 366 

(M+,, 2), 310 (30), 295 (100), 254 (75), 239 (36), 196 (26), 175 (25), 139 (13), 112 (12), 76 (5), 57 (10), 

411 (7). 

4,4'-dineohexyldiphenyll  ether  (18) To a stirred suspension of 22.7 g of 17 (62 mmol) in 175 mL of 

triethyleneglycoll  was added 14.3 g of NaOH (358 mmol) and 26 mL of hydrazine monohydrate. The 

mixturee was re fluxed for 1 h at 120 °C. Then the condensor was removed and the temperature was 

increasedd to 195 °C. At that point the condensor was put on the flask again and the mixture was refluxed 

forr an additional 3h at 220 °C. After cooling the mixture down to room temperature the mixture was 

dissolvedd in 250 mL of CH2CI2 and was subsequently washed with 200 mL of 10% aqueous HC1 

mixturee (3x). The organic phase was dried over MgSC>4. After removal of the solvent the product was 

purifiedd by flash column chromatography over silica (eluent: pentane). Yield: 9.4 g of a white solid 

(43%)) that was used without any further purification. 'H NMR (CDCI3): 6 = 7.13 (d, 3J(H,H) = 8.7 Hz, 

4H),, 6.91 (d, 3J(H,H) = 8.4 Hz, 4H), 2.55 (m, 4H), 1.50 (m, 4 H), 0.97 (s, 18H). ). 13C{'H}  NMR 

(CDCI3):: 5 = 155.59 (s), 138.44 (s), 129.61 (s), 118.85 (s), 46.77 (s), 30.77 (s), 30.71 (s), 29.60 (s). GC-

MSS (m/z, rel. intensity): 338 (M+, 25), 267 (100), 107 (13), 105 (13), 90 (31), 77 (12), 57 (50), 43 (31), 

411 (26). 
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2,8-Di-neohexyl-10-chlorophenoxaphosphinee (19) To a mixture of 9.4 g of 18 (26.6 mmol) and 5.3 g 

off  AICI3 (39.9 mmol) was added 15 mL of PCI3 (125.7 mmol). After refluxing the mixture for 5 h an 

additionall  4 mL of PCI3 was added and the mixture was refluxed for an additional 3 h. After cooling to 

roomm temperature the excess PCI3 was distilled off and the residue was dissolved in 40 mL of toluene. 

Next,, at 0 °C 6.8 mL of pyridine (79.8 mmol) was added slowly and the mixture was stirred for 1 h. The 

saltss that were formed were filtered off and the product was extracted with toluene (2 x 20 mL). After 

removall  of the solvent in vacuo a white powder was obtained. Yield: 8.2 g of a white powder (73.2%) 

thatt was used without any further purification. 31P{'H}  NMR (CDCI3): 5= 38.08. 'H NMR (CDCI3): 5 = 

7.600 (dd, 3J(P,H) = 11.1 Hz, 4J(H,H) - 1.5 Hz, 2H), 7.37 (dd, 3J(H,H) = 8.1 Hz, 4J(H,H) = 1.5 Hz, 2H), 

7.244 (d, 3J(H,H) = 8.1 Hz, 2H), 2.63 (m, 4H), 1.53 (m, 4H), 0.96 (s, 18H). 

2,7,9,9-tetramethyl-4,5-bis(2,8-dineohexyl-10-phenoxaphosphino)xanthenee (3) This compound was 

preparedd analogously to compound 1 using 1 g of 2,7,9,9-tetramethylxanthene (4.2 mmol) and 5.1 g of 

199 (12.7 mmol). Yield: 600 mg of a microcrystalline white powder (15%). M.p. 220 °C. 31P{'H}  NMR 

(CDCb):: 8= -67.81. 'H NMR (CDCI3): 5 = 8.03 (d, 3J(P,H) = 6.0 Hz, 4 H), 7.18 (dd, 3J(H,H) = 8.0 Hz, 
4J(H,H)) = 2.5 Hz, 4H), 7.10 (d, 3J(H,H) - 8.0 Hz, 4H), 7.02 (s, 2H), 6.35 (s, 2H), 2.57 (m, 8H), 2.10 (s, 

6H),, 1.46 (s, 6H), 1.40 (m, 8H), 0.86 (s, 36H). 13C{'H}  NMR (CDCI3): 8 =154.25 (s), 149.64 (t, 10.18 

Hz),, 138.55 (t, 6.3 Hz), 135.21 (t, 21.1 Hz), 132.30 (s), 131.40 (s), 130.86 (s), 129.68 (s), 127.45 (vt, 

15.22 Hz), 127.52 (s), 117.84 (s), 117.57 (s), 46.64 (s), 34.34 (s), 32.83 (s), 30.70 (s), 29.57 (s), 21.24 (s). 

Anal.. Calcd. for C65H8o03P2: C, 80.38; H, 8.30. Found: C, 79.72; H, 8.19. 

4,4'-Di-hexanoyldiphenyll  ether  (20) This compound was prepared analogously to compound 17 using 

100 g of diphenylether (58.8 mmol), 20.4 mL of hexanoylchloride (147 mmol) and 19.6 g of A1C13 (147 

mmol).. Yield: 20.9 g (97%) that was used without any further purification. *H NMR (CDCI3): 8 = 7.98 

(d,, 3J(H,H) = 8.7 Hz, 4H), 7.06 (d, 3J(H,H) = 8.7 Hz, 4H), 2.93 (t, 3J(H,H) = 7.5 Hz, 4H), 1.73 (m, 4H), 

1.355 (m, 8H), 0.90 (t, 3J(H,H) = 6.6 Hz, 6H). 13C{'H}  NMR (CDCI3): 5 = 199.43 (s), 160.27 (s), 133.14 

(s),, 130.68 (s), 118.95 (s), 38.69 (s), 31.78 (s), 24.35 (s), 22.77 (s), 14.20 (s). GC-MS (m/z, rel. 

intensity):: 366 (M+, 3), 310 (37), 295 (100), 254 (86), 239 (31), 196 (44), 139 (23), 112 (21), 43 (18). 

4,4'-Di-w-hexyldiphenyll  ether  (21) This compound was prepared analogously to compound 18 using 

20.99 g of 20 (57.1 mmol). Yield: 11.3 g of a colorless oil (33.3 mmol, 57%) that was used without any 

furtherr purification. *H NMR (CDCI3): 5 = 7.14 (d, 3J(H,H) = 8.4 Hz, 4H), 6.93 (d, 3J(H,H) = 8.4 Hz, 

4H),, 2.60 (t, 3J(H,H) = 7.5 Hz, 4H), 1.60 (quintet, 3J(H,H) = 7.5 Hz, 4H), 1.4-1.2 (m, 12H), 0.92 (t, 
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3J(H,H)) = 6.3 Hz, 6H). 13C{ lH}  NMR (CDC13): 5 = 149.85 (s), 137.83 (s), 129.71 (s), 118.79 (s), 35.48 

(s),, 31.99 (s), 31.88 (s), 29.22 (s), 22.88 (s), 14.36 (s). GC-MS (m/z, rel. intensity): 338 (M+, 39), 267 

(100),, 91 (12), 43 (10). 

2,8-Di-w-hexyl-10-chlorophenoxaphosphinee (22) This compound was prepared analogously to 

compoundd 19 using 11.3 g of 21 (33.3 mmol). Yield: 8.7 g of a yellow / orange oil (65%) that was used 

withoutt any further purification. 31P{'H) NMR (CDC13): 5 = 37.73. 'H NMR (CDC13): S = 7.59 (dd, 
3J(P,H)) = 11.1 Hz, 4J(H,H) = 2.0 Hz, 2H), 7.36 (dd, 3J(H,H) = 9.0 Hz, 4J(H,H) - 2.1 Hz, 2H), 7.25 (d, 
3J(H,H)) = 8.4 Hz, 2H), 2.68 (t, 3J(H,H) = 6.9 Hz, 4H), 1.59 (quintet, 3J(H,H) = 7.5 Hz, 4H), 1.5 - 1.2 (m, 

12H),, 0.88 (t, 3J(H,H) - 6.9 Hz, 6H). 

2,7,9,9-tetramethyl-4,5-bis(2,8-Di-«-hexyl-10-phenoxaphosphino)xanthenee (4) This compound was 

preparedd analogously to compound 1 using 0.2 g of 2,7,9,9-tetramethylxanthene (0.84 mmol) and 0.84 

gg of 22 (2.1 mmol). Yield: 570 mg of white crystals (70%). 31P{'H}  NMR (CDCI3): 5= -69.64. 'H-

NMRR (CDCI3): 5= 8.07 (dd, 3J(P,H) = 6.0 Hz, 4J(H,H) = 1.5, 4 H), 7.16 (dd, 3J(H,H) - 8.1 Hz, 4J(H,H) 

== 2.1 Hz, 4H), 7.09 (d, 3J(H,H) = 8.1 Hz, 4H), 7.02 (d, 4J(H,H) = 1.5, 2H), 6.37 (bs, 2H), 2.60 (t, 

3J(H,H)) = 7.2 Hz, 8H), 2.08 (s, 6H), 1.58 (m, 8H), 1.46 (s, 6H), 1.3-1.1 (m, 24 H), 0.78 (s, 12H). I3C-

NMRR (CDCI3): 5 = 154.91 (s), 152.26 (t, 14.3), 138.17 (s), 135.63 (t, 20.8), 132.29 (s), 131.57 (s), 

131.311 (s), 130.16 (s), 128.09 (vt, unresolved), 127.17 (s), 118.03 (s), 117.82 (s), 35.63 (s), 32.80 (s), 

32.100 (s), 31.97 (s), 29.30 (s), 22.95 (s), 21.25 (s), 14.47 (s). Anal. Calcd. for C65H80O3P2: C, 80.38; H, 

8.30.. Found: C, 79.93; H, 8.15. 

2,7-diacetyl-9,9-dimethylxanthenee (23) At 0 °C 7.5 g of A1C13 (56.3 mmol) was added slowly to a 

stirredd solution of 5 g of 9,9-dimethylxanthene (24 mmol) and 4.0 mL of acetylchloride (56.3 mmol; 2.4 

equivalents)) in 100 mL of CH2CI2. After 5 h the reaction mixture was poured into 100 mL of icewater 

andd extracted with 3 x 50 mL of CH2CI2. Subsequently, the organic layer was dried over MgSOzi. The 

solventss were removed in vacuo and the resulting green/yellow solid was purified by flash column 

chromatographyy over silica (eluent: CH2CI2). Yield 6.8 g of a yellow solid (97%) that was used without 

anyy further purification. 'H NMR (CDCI3): 5 = 8.10 (d, 4J(H,H) = 1.8 Hz, 2H), 7.83 (dd, 3J(H,H) = 8.7 

Hz,, 4J(H,H) = 2.1 Hz, 2H), 7.1! (d, 3J(H,H) = 8.7 Hz, 2H), 2.60 (s, 6H), 1.66 (s, 6H). 13C-NMR 

(CDCI3):: 5 = 196.92 (s), 153.52 (s), 133.036 (s), 130.10 (s), 128.85 (s), 127.52 (s), 116.88 (s), 34.37 (s), 

33.111 (s), 26.73 (s). GC-MS (m/z, rel. intensity): 294 (M+, 4), 279 (100), 236 (11), 193 (5), 165 (6), 132 

(6). . 
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2,7-Di-2-propenyI-9,9-dimethylxanthenee (24) A solution of 1.43 mL of diisopropylamine (10.2 mmol) 

inn 15 mL of THF was cooled to -30 °C and 4.1 mL of n-butyllithium (2.5 M in hexanes, 10.3 mmol) 

wass added. After 15 min. 4.12 g of methyltriphenylphosphonium iodide (10.2 mmol) was added. The 

coolingg bath was removed and the mixture was allowed to react for 2 h at room temperature. Then 1.5 g 

off  23 (5.1 mmol) in 12.5 mL of THF was added dropwise and the mixture was stirred for 16 h. Next the 

solventt was removed in vacuo and the resulting solid was purified by flash column chromatography 

overr silica (eluent: hexanes). Yield: 760 mg (51%) that was used without any further purification. ]H 

NMRR (CDCI3): 8 - 7.50 (d, 4J(H,H) = 2.4 Hz, 2H), 7.32 (dd, 3J(H,H) = 8.7 Hz, 4J(H,H) = 2.4 Hz, 2H), 

7.000 (d, 3J(H,H) = 8.7 Hz, 2H), 5.32 (d, ?J(H,H) = 0.6 Hz, 2H), 5.04(t, 4J(H,H) = 1.5 Hz, 5J(H,H) = 0.6 

Hz,, 2H), 2.16 (d, 4J(H,H) = 0.6 Hz, 6H), 1.67 (s, 6H). I3C{'H}  NMR (CDCI3): S - 149.88 (s), 143.09 

(s),, 136.41 <s), 129.56 (s), 124.97 (s), 123.59 (s), 116.32 (s), 111.54 (s), 34.37 (s), 32.91 (s), 22.24 (s). 

GC-MSS (m/z, rel. intensity): 290 (M+, 14), 275 (100), 259 (7), 189 (6), 137 (6), 116 (7). 

2,7-Di-isopropyl-9,9-dimethylxanthenee (25) A stirred suspension of 380 mg of 24 and 40 mg of 

palladium-on-charcoall  (10 %) in 15 mL of ethyl acetate was brought to 3 bar of hydrogen pressure in a 

stainlesss steel autoclave. After stirring the suspension for two days at 40 °C the reaction mixture was 

filteredd over celite and the filtrate was concentrated in vacuo. Yield: 380 mg of a white solid (99%) that 

wass used without any further purification. 'H NMR (CDC13): 5 = 7.22 (d, 4J(H,H) = 2.1 Hz, 2H), 7.04 

(dd,, 3J(H,H) = 8.4 Hz, 4J(H,H) = 2.1 Hz, 2H), 6.95 (d, 3J(H,H) - 8.1 Hz, 2H), 2.89 (heptet, 3J(H,H), 6.9 

Hz,, 2H), 1.63 (s, 6H), 1.25 (d, 3J(H,H) = 6.7 Hz, 12 H). 13C{'H}  NMR (CDC13): 5 = 148.94 (s), 143.41 

(s),, 129.94 (s), 125.31 (s), 124.11 (s), 116.25 (s), 34.45 (s), 32.60 (s), 24.50 (s). GC-MS (m/z, rel. 

intensity):: 294 (M+, 7), 279 (100), 263 (17), 247 (9), 132 (20), 125 (13), 117 (7). 

2,7-Di-isopropyl-9,9-dimethyl-4,5-bis(2,8-dimethyl-10-phenoxaphosphino)xanthenee (5) This 

compoundd was prepared analogously to compound 1 using 380 mg of 25 (1.3 mmol) and 0.85 g of 2,8-

dimethyl-10-chloro-phenoxaphosphinee (3.2 mmol). Yield: 582 mg of white crystals (60%). M.p. 318 -

3200 °C. 3 IP{ !H}  NMR (CDC13): 5= -70.46. lH NMR (CDC13): 5 = 8.06 (d, 3J(P,H) = 6.0 Hz, 4 H), 7.18 

(dd,, 3J(H,H) = 8.5 Hz, 4J(H,H) = 2.0 Hz, 4H), 7.12 (d, 3J(H,H) = 8.0 Hz, 4H), 7.11 (d, 4J(H,H) = 1.5 Hz, 

2H),, 6.55 (d, 4J(H,H) = 1.5 Hz, 2H), 2.68 (heptet, 3J(H,H) = 7 Hz, 1H), 2.36 (s, 12H), 1.56 (s, 6H), 1.05 

(d,, 3J(H,H) = 7 Hz, 12H). 13C{ !H}  NMR (CDC13): 5 =154.48 (s), 150.71 (t, 10.3 Hz), 143.28 (s), 135.89 

(t,, 21.4 Hz), 132.83 (t, 5.5 Hz), 131.62 (s), 129.90 (s), 129.74 (s), 126.99 (vt, 11.7 Hz), 125.27 (s), 

118.333 (t, 2.8 Hz), 117.50 (s), 34.77 (s), 33.63 (s), 32.81 (s), 24.07 (s), 20.81 (s). Anal. Calcd. for 

C49H48O3P2:: C, 78.80; H, 6.48. Found: C, 79.28; H, 6.47. 
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2,7-dipropanoyl-9,9-dimethylxanthenee (26) This compound was prepared analogously to compound 

233 using 5 g 9,9-dimethylxanthene (23.8 mmol) and 5 mL of propionylchloride (57.1 mmol). Yield: 

7.255 g (95%) that was used without any further purification. 'H NMR (CDC13): 5 = 8.12 (d, 4J(H,H) = 

1.55 Hz, 2H), 7.84 (dd, 3J(H,H) = 8.4 Hz, 4J(H,H) = 1.8 Hz, 2H), 7.11 (d, 3J(H,H) = 8.4 Hz, 2H), 3.01 (q, 
3J(H,H)) = 6.6 Hz, 4H), 1.67 (s,6H), 1.24 (t, 3J(H,H) = 7.2 Hz, 6H). 13C{'H}  NMR (CDCI3): 5 = 199.67 

(s),, 153.37 (s), 133.06 (s), 130.06 (s), 128.32 (s), 127.30 (s), 116.82 (s), 34.37 (s), 33.11 (s), 31.83 (s), 

8.600 (s). GC-MS (m/z, rel. intensity): 322 (M+, 4), 307 (100), 293 (6), 250 (18), 207 (14), 193 (11), 165 

(8),, 132(22), 110(14). 

2,7-Di-s-but-l-enyl-9,9-dimethylxanthenee (27) This compound was prepared analogously to 

compoundd 24 using 3 g of 26 (9 mmol). Yield: 2.2 g (74%) that was used without any further 

purification.. 'H NMR (CDCI3): 5 = 7.47 (d, 4J(H,H) = 2.1 Hz, 2H), 7.27 (dd, 3J(H,H) = 8.4 Hz, 4J(H,H) 

== 2.1 Hz, 2H), 7.00 (d, 3J(H,H) = 8.4 Hz, 2H), 5.26 (d, 4J(H,H) = 0.6 Hz, 2H), 5.03 (dt, 4J(H,H) = 1.2 

Hz,, 5J(H,H) - 1.5 Hz, 2H), 2.53 (dq, 3J(H,H) = 7.2 Hz, 4J(H,H) = 0.6 Hz, 4H), 1.68 (s, 6H), 1.13 (t, 
3J(H,H)) = 7.5 Hz, 6H). l3C{ lH}  NMR (CDCI3): 5 = 149.86 (s), 149.75 (s), 136.53 (s), 129.63 (s), 125.32 

(s),, 123.94 (s), 116.25 (s), 110.46 (s), 34.30 (s), 32.93 (s), 28.33 (s), 13.14 (s). GC-MS (m/z, rel. 

intensity):: 318 (M+, 12), 303 (100), 287 (9), 273 (8), 144 (8). 

2,7-Di-s-butyl-9,9-dimethylxanthenee (28) This compound was prepared analogously to compound 25 

usingg 2.2 g of 27 (6.7 mmol). Yield: 1.15 g of a white solid (38%) that was used without any further 

purification.. 'H NMR (CDCI3): 8 = 7.17 (d, 4J(H,H) = 1.8 Hz, 2H), 6.99 (dd, 3J(H,H) - 8.4 Hz, 4J(H,H) 

== 2.1 Hz, 2H), 6.95 (d, 3J(H,H) = 8.1 Hz, 2H), 2.57 (tq, 3J(H,H) = 7.2 Hz, 3J(H,H) = 6.6 Hz, 2H), 1.62 

(s,, 6H), 1.57 (dq, 3J(H,H) = 7.2 Hz, 4H), 1.23 (d, 3J(H,H) = 7.2 Hz, 6H), 0.82 (t, 3J(H,H) = 7.5 Hz, 6H). 
13C{'HJJ NMR (CDCI3): 5 = 148.97 (s), 142.12 (s), 129.87 (s), 125.74 (s), 124.70 (s), 41.50 (s), 34.33 

(s),, 32.44 (s), 31.61 (s), 22.09 (s), 12.40 (s). GC-MS (m/z, rel. intensity): 322 (M+, 7), 307 (100), 277 

(16),, 247 (10), 132(10). 

2,7-Di-5-butyl-9,9-dimethyl-4,5-bis(2,8-dimethyl-10-phenoxaphosphino)xanthenee (6) This 

compoundd was prepared analogously to compound 1 using 1.15 g of 28 (3.6 mmol) and 2.4 g of 2,8-

dimethyl-10-chloro-phenoxaphosphinee (9.1 mmol). Yield: 1.9 g of white crystals (68%). M.p. 306 - 311 

°C.. 31P{'H}  NMR (CDCI3): 5= -70.17. ]H NMR (CDCI3): 6 = 7.98 (dd, 3J(P,H) = 5.0 Hz, 4J(H,H) = 2 

Hz,44 H), 7.18 (dd, 3J(H,H) = 8.0 Hz, 4J(H,H) = 2.0 Hz, 4H), 7.12 (d, 3J(H,H) = 8.5 Hz, 4H), 7.08 (d, 
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4J(H,H)) = 2 Hz, 2H), 6.52 (d, 4J(H,H) = 2 Hz, 2H), 2.38 (tq, 3J(H,H) = 7 Hz, 1H), 2.36 (s, 12H), 1.57 (s, 

6H),, 1,37 (dq, 3J(H,H) = 8 Hz, 4H),1.05 (d, 3J(H,H) = 7 Hz, 6H), 0.70 (t, 3J(H,H) = 7.5 Hz, 6H). 
i3C{'H }}  NMR (CDC13): S =154.16 (s), 150.78 (t, 11.1 Hz). 141.92 (s), 135.59 (t, 21.4 Hz), 132.60 (t, 

5.55 Hz), 131.34 (s), 130.37 (s), 129.67 (s), 126.51 (vt, 11.7 Hz), 125.43 (s), 118.29 (s), 117.26 (s), 40.82 

(s),, 34.58 (s), 33.63 (s), 32.35 (s), 31.04 (s), 21.35 (s), 20.59 (s), 11.93 (s). Anal. Calcd. for C s ^ O s P j: 

C,, 79.05; H, 6.76. Found: C, 78.71; H, 6.76. 

2,7-Di-/-butyl-9,9-dimethyl-4,5-bis(2,8-dimethyl-10-phenoxaphosphino)xanthenee (8) This 

compoundd was prepared analogously to compound 1 using 0.67 g of 2,7-Di-t-butyl-9,9-

dimethylxanthenee (2.1 mmol) and 1.2 g of 2,8-dimethyl-10-chloro-phenoxaphosphine (4.6 mmol). 

Yield:: 1.1 g of white crystals (70%). M.p. 339 - 342 °C. 3IP{'H}  NMR (CDCI3): 5- -70.30. 'H NMR 

(CDC13):: 6 - 8.07 (d, 3J(P,H) = 6.5 Hz, 4 H), 7.27 (d, 4J(H,H) = 2.5 Hz, 2H), 7.20 (dd, 3J(H,H) - 8.0 Hz, 
4J(H,H)) = 1.5 Hz, 4H), 7.14 (d, 3J(H,H) = 8 Hz, 4H), 6.71 (d, 4J(H,H) = 2 Hz, 2H), 2.38 (s, 12H), 1.57 

(s,, 6H). 1.11 (s, 18H). 13C{'H}  NMR (CDCI3): 5 =154.63 (S), 150.22 <t, 10.4 Hz), 145.40 (s), 135.99 (t, 

22.99 Hz), 132.84 (t, 5.5 Hz), 131.67 (s), 129.18 (s), 129.14 (s), 126.38 (vt, 11.8 Hz), 124.10 (s), 118.34 

(s),, 117.47 (s), 34.87 (s), 34.55 (s), 33.15 (s), 31.39 (s), 20.80 (s). Anal. Calcd. for C S J ^ C ^: C 

79.05;; H, 6.76. Found: C, 78.57; H, 6.74. 

2,7-bis(3,3-dimethylbutanoyl)-9,9-dimethylxanthenee (29) This compound was prepared analogously 

too compound 23 using 8 mL of 3,3-dimethylbutyrylchloride (58 mmol) Yield: 8.7 g (90%) that was used 

withoutt any further purification. 'H NMR (CDC13): 5 = 8.09 (d, 4J(H,H) = 1.8 Hz, 2H), 7.82 (dd, 
3J(H,H)) = 8.4 Hz, 4J(H,H) - 1.8 Hz, 2H), 7.09 (d, 3J(H,H) - 8.7 Hz, 2H), 2.84 (s, 4H), 1.70 (s, 6H), 1.06 

(s,, 18H). ,3C{'H }  NMR (CDCh): 5 = 199.15 (s), 153.33 (s), 134.56 (s), 129.97 (s), 128.69 (s), 127.61 

(s),, 116.69 (s). 50.11 (s), 34.37 (s), 33.09 (s), 31.71 (s), 30.37 (s), 29.81 (s). GC-MS (m/z, rel. intensity): 

4066 (M+, 4), 391 (100), 335 (47), 306 (4), 292 (18), 279 (12), 250 (4), 236 (18), 207 (18), 193 (19), 165 

(7),, 139(12), 132(35), 124(4), 110 (14), 57 (16), 41 (15). 

2,7-Di-neohexyl-9,9-dimethylxanthenee (30) This compound was prepared analogously to compound 

188 using 8.7 g of 29 (21.5 mmol). Yield: 6.5 g of a white solid (59%) that was used without any further 

purification.. 'H NMR (CDC13): 5 = 7.2 (s, 2H), 7.02 (dd, 3J(H,H) = 8.0 Hz, 4J(H,H) = 2.4 Hz, 2H), 6.95 

(d,, 3J(H,H) = 8.1 Hz, 2H), 2.56 (m, 4H), 1.65 (s, 6H), 1.51 (m, 4H), 0.98 (s, 18H). 13C{'H}  NMR 

(CDCI3):: 5 = 148.73 (s), 137.97 (s), 129.94 (s), 127.35 (s), 125.89 (s), 116.25 (s), 46.77 (s), 34.27 (s), 
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32.655 (s), 31.02 (s), 30.79 (s), 29.61 (s). GC-MS (m/z, rel. intensity): 378 (M+, 6), 363 (100), 307 (13), 

2922 (14), 234 (8), 221 (10), 207 (47), 191 (6), 96 (7), 57 (9). 

2,7-Di-neohexyl-9,9-dimethyl-4,5-bis(10-phenoxaphosphino)xanthenee (9) This compound was 

preparedd analogously to compound 1 using 1 g of 30 (2.7 mmol) and 1.6 g of 10-

chlorophenoxaphosphinee (6.75 mmol). Yield: 1.7 g of white crystals (81%). M.p. 212 °C. 3IP{'H}}  NMR 

(CDC13):: 5= -69.61. 'H NMR (CDC13): 5 = 8.08 (dd, 3J(H,H) = 8 Hz, 4J(H,H) = 1.5 Hz, 4 H), 7.40 (t, 
3J(H,H)) = 7 Hz, 2H), 7.24 (d, 3J(H,H) = 8.0 Hz, 4H), 7.14 (t, 3J(H,H) = 8 Hz, 4H), 7.10 (s, 2H), 6.49 (s, 

2H),, 2.35 (dt, 2J(H,H) = 9 Hz, 3J(H,H) = 5 Hz, 4H), 1.56 (s, 6H), 1.29 (dt, 2J(H,H) = 9 Hz, 3J(H,H) = 4.5 

Hz,, 4H), 0.88 (s, 18H). I3C{'H}  NMR (CDCI3): 8 =155.91 (s), 150.64 (t, 11.2 Hz), 138.27 (s), 135.59 (t, 

20.22 Hz), 131.64 (s), 130.78 (s), 127.00 (s), 126.93 (vt, 12.6 Hz), 123.79 (t, 4.9 Hz), 118.78 (t, 4.8 Hz), 

117.811 (s), 46.00 (s), 34.67 (s), 32.61 (s), 30.76 (s), 30.63 (s), 29.49 (s). Anal. Calcd. for C51H52O3P2: C, 

79.05;; H, 6.76. Found: C, 79.03; H, 6.72. 

2,7-Di-neohexyI-9,9-dimethyl-4,5-bis(2,8-dimethyl-10-phenoxaphosphino)xanthenee (10) This 

compoundd was prepared analogously to compound 1 using 0.5 g of 30 (1.4 mmol) and 1.05 g of 2,8-

dimethyl-10-chlorophenoxaphosphinee (4 mmol). Yield: 850 mg of white crystals (74%). M.p. 254 - 256 

°C.. 31P{'H}  NMR (CDCI3): 5= -70.27. 'H NMR (CDCI3): 5 = 7.97 (bd, 3J(H,H) = 6Hz, 4H), 7.19 (dd, 
3J(H,H)) = 8.5 Hz, 4J(H,H) = 1.5 Hz, 4H), 7.13 (d, 3J(H,H) = 8.5 Hz, 4H), 7.10 (bs, 2H), 6.52 (bs, 2H), 

2.377 (m, 16H), 1.59 (s, 6H), 1.30 (m, 4H), 0.89 (s, 18H). I3C{'H}  NMR (CDCI3): 8 =154.24 (s), 150.65 

(t,, 11.1 Hz), 138.10 (s), 135.74 (t, 21.4 Hz), 132.83 (t, 5.5 Hz), 131.81 (s), 131.57 (s), 129.84 (s), 127.19 

(vt,, 15.2 Hz), 126.90 (s), 118.33 (t, 6.5 Hz), 117.50 (s), 45.98 (s), 34.67 (s), 32.76 (s), 30.73 (s), 30.65 

(s),, 29.51 (s), 20.82 (s). Anal. Calcd. for C ^ o C ^ : C, 79.49; H, 7.28. Found: C, 79.21; H, 7.29. 

2,7-Di-neohexyl-9,9-dimethyl-4,5-bis(2,8-dineohexyl-10-phenoxaphosphino)xanthenee (11) This 

compoundd was prepared analogously to compound 1 using 0.5 g of 30 (1.4 mmol) and 1.6 g of 19 (4 

mmol).. This product was crystallized from isopropanol. Yield: 1.1 g of white crystals (76%). M.p. 192 -

1944 °C. 3IP{'H}  NMR (CDCI3): 8= -67.78. 'H-NMR (CDCI3): 6 = 8.04 (dd, 3J(P,H) = 8.0 Hz, 4J(H,H) 

== 2.0 Hz, 4 H), 7.17 (dd, 3J(H,H) = 8.0 Hz, 4J(H,H) = 2.5 Hz, 4H), 7.09 (d, 3J(H,H) = 8.5 Hz, 4H), 7.00 

(d,, 4J(H,H) = 2.0 Hz, 2H), 6.29 (dd, 3J(P,H) = 3.5 Hz, 4J(H,H) = 2.0 Hz, 2H), 2.57 (m, 8H), 2.29 (m, 

4H),, 1.48 (s, 6H), 1.39 (m, 8H), 1.22 (m, 4H), 0.85 (s, 54H). I3C{'H}  NMR (CDCI3): 5= 154.17 (s), 

149.499 (t, 10.1 Hz), 138.56 (t, 5.4 Hz), 137.82 (s), 135.22 (t, 21.4 Hz), 130.85 (s), 130.81 (s), 129.46 (s), 

127.422 (vt, 15.1 Hz), 126.85 (s), 117.70 (s), 117.52 (s), 46.88 (s), 46.11 (s), 46.02 (s), 34.39 (s), 33.25 
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(s),, 30.74 (s), 30.71 (s), 30.61 (s), 29.64 (s), 29.50 (s). Anal. Calcd. for C75H100O3P2: C, 81.04; H, 9.07. 

Found:: C, 81.00; H, 9.13. 

2,7-Di-neohexyl-9,9-dimethyl-4,5-bis(2,8-Di-«-hexyl-10-phenoxaphosphino)xanthenee (12) This 

compoundd was prepared analogously to compound 1 using 0.25 g of 30 (1.4 mmol) and 1.6 g of 22 (4 

mmol).. This product was crystallized from isopropanol. Yield: 320 mg of white crystals (44%). M.p. 86 

-- 89 °C. 3IP{'H}  NMR (CDCh): 5= -69.55. 'H NMR (CDC13): 5 = 8.09 (dd, 3J(P,H) = 8.0 Hz, 4J(H,H) 

== 1.5 Hz, 4 H), 7.19 (dd, 3J(H,H) = 8.0 Hz, 4J(H,H) - 1.5 Hz, 4H), 7.10 (d, 3J(H,H) = 7.0 Hz, 4H), 7.03 

(d,, 4J(H,H) = 2.0 Hz, 2H), 6.36 (dd, 3J(P,H) = 3.5 Hz, 4J(H,H) - 1.5 Hz, 2H), 2.64 (t, 3J(H,H) = 8 Hz, 

8H),, 2.31 (dt, 2J(H,H) = 7.5 Hz, 3J(H,H) = 5 Hz, 8H), 1.6 (m, 12H), 1.51 (s, 6H), 1.18-1.30 (m, 30H), 

0.866 (s, 18H), 0.80 (t, 3J(H,H) = 7 Hz, 12H). 13C{'H}  NMR (CDCI3): 5 -154.52 (s), 150.18 (t, 10.4 Hz), 

137.955 (t, 4.7 Hz), 137.84 (s), 135.41 (t, 22.2 Hz). 131.27 (s), 130.94 (s), 129.56 (s), 127.12 (vt, 14.5 

Hz),, 126.75 (s), 117.94 (s), 117.43 (s), 45.93 (s), 35.42 (s), 34.47 (s), 32.88 (s), 31.91 (s), 31.90 (s), 

30.700 (s), 30.60 (s), 29.48 (s), 29.13 (s), 22.78 (s), 14.28 (s). Anal. Calcd. for C75H100O3P2: C, 81.04; H, 

9.07.. Found: C, 80.61; H, 9.19. 

2,7-Di-«-hexanoyl-9,9-dimethylxanthenee (31) This compound was prepared analogously to compound 

233 using 24 mL of hexanoylchloride (171 mmol) Yield: 28 g (97%) that was used without any further 

purification.. *H NMR (CDCI3): 5 = 8.11 (d, 4J(H,H) = 2.3 Hz, 2H), 7.84 (dd, 3J(H,H) = 9 Hz, 4J(H,H) = 

2.33 Hz, 2H), 7.11 (d, 3J(H,H) = 9 Hz , 2H), 2.95 (t, 3J(H,H) = 7.5 Hz, 4H), 1.9-1.7 (m, 4H), 1.70 (s, 

6H),, 1.5-1.3 (m, 8H), 0.92 (t, 3J(H,H) - 7.2 Hz , 6H). 13C{'H}  NMR (CDCI3): 5 = 199.41 (s), 153.37 

(s),, 133.19 (s), 130.06 (s), 128.41 (s), 127.35 (s), 116.78 (s), 38.61 (s), 34.37 (s), 33.09 (s), 31.81 (s), 

24.444 (s), 22.79 (s), 14.23 (s). GC-MS (m/z, rel. intensity): 406 (M+, 3), 391 (100), 335 (18), 292 (13), 

236(5),, 193(9), 165(5), 132(12). 

2,7-Di-«-hexyl-9,9-dimethylxanthenee (32) This compound was prepared analogously to compound 18 

usingg 28 g of 31 (21.5 mmol). Yield: 11 g of a white solid (41%) that was used without any further 

purification.. 'H NMR (CDCI3): 7.21 (d, 4J(H,H) = 2.1 Hz, 2H), 7.02 (dd, 3J(H,H) = 8.4 Hz, 4J(H,H) = 

2.11 Hz, 2H), 6.96 (d, 3J(H,H) - 8.4 Hz, 2H), 2.61 (t, 3J(H,H) = 7.8 Hz, 4H), 1.65 (s, 6H), 1.7 - 1.6 (m, 

4H),, 1.5- 1.3 (m, 12H)), 1.0 - 0.85 (m, 6H). 13C{ !H}  NMR (CDC13): 6 = 148.84 (s), 137.44 (s), 129.87 

(s),, 127.44 (s), 126.02 (s), 116.22 (s), 35.81 (s), 34.24 (s), 32.59 (s), 31.99 (s), 30.00 (s), 29.24 (s), 22.90 

(s),, 14.36 (s). GC-MS (m/z, rel. intensity): 378 (M+, 7), 363 (100), 292 (13), 221 (10). 
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2,7-Di-«-hexyl-9,9-dimethyl-4,5-bis(2,8-dimethyl-10-phenoxapnosphino)xanthenee (13) This 

compoundd was prepared analogously to compound 1 using 7.5 g of 32 (19.9 mmol) and 13.1 g of 2,8-

dimethyl-10-chlorophenoxaphosphinee (49.7 mmol). Yield: 9 g of white crystals (55%). M.p. 186 - 188 

°C.. 31P{'H}  NMR (CDC13): 8- -70.39. 'H NMR (CDC13): 7.95 (d, 3J(P,H) = 6.0 Hz, 4 H), 7.18 (dd, 
3J(H,H)) = 8.0 Hz, 4J(H,H) = 1.8 Hz, 4H), 7.12 (d, 3J(H,H) = 8.0 Hz, 4H), 7.08 (d, 4J(H,H) = 1.5 Hz, 2H), 

6.533 (s, 2H), 2.38 (t, 3J(H,H) = 7.5 Hz, 4H), 2.35 (s, 12H), 1.56 (s, 6H), 1.40 (t, 3J(H,H) = 7 Hz, 4H), 

1.266 (m,8H), 1.20(m,4H), 0.88 (t, 3J(H,H) = 7 Hz, 6H). I3C{'H}  NMR (CDCI3): 5 = 154.29 (s), 150.81 

(t,, 11,06 Hz), 137.50 (s), 135.74 (t, 22,0 Hz), 132.82 (t, 5,5 Hz), 131,80 (s), 131.56 (s), 129.92 (s), 

127.088 (s), 127.08 (vt, unresolved), 118.50 (t, 2.77 Hz), 117.51 (s), 35.41 (s), 34.65 (s), 32.57 (s), 31.84 

(s),, 31.18 (s), 28.85 (s), 22.76 (s), 20.81 (s), 14.31 (s). Anal. Calcd. for C55H60O3P2: C, 79.49; H, 7.28. 

Found:: C, 79.27; H, 7.23. 

2,7-Di-«-hexyl-9,9-dimethyl-4,5-bis(2$-Di-n-hexyl-10-phenoxaphosphino)xanthenee (14) This 

compoundd was prepared analogously to compound 1 using 0.5 g of 32 (1.3 mmol) and 1.3 g of 22 (3 

mmol).. This product was crystallized from isopropanol. Yield: 340 mg of white crystals (24%). M.p. 65 

-- 67 °C. 31P{1H}  NMR (CDC13): 5- -69.59. 'H NMR (CDC13): 8.11 (d, 3J(P,H) = 6.5 Hz, 4 H), 7.21 (bd, 
3J(H,H)) = 8.5 Hz, 4H), 7.14 (bd, 3J(H,H) = 8.0 Hz, 4H), 7.05 (s, 2H), 6.42 (bs, 2H; H1'8), 2.66 (t, 
3J(H,H)) = 7Hz, 8H), 2.37 (t, 3J(H,H) = 6.5 Hz, 4H), 1.63 (m, 8H), 1.52 (s, 6H), 1.39 (m, 6H), 1.19 -

1.355 (m, 34H), 0.89 (t, 3J(H,H) = 4.5 Hz, 6H), 0.83 (bs, 12H). I3C{'H}  NMR (CDCI3): 154.62 (s), 

150.400 (t, 11.31 Hz), 137.93 (t, 4.8 Hz), 137.33 (s), 135.43 (t, 22.2 Hz), 131.17 (s), 130.94 (s), 129.69 

(s),, 127.13 (vt, unresolved), 126.87 (s), 118.14 (s), 117.47 (s), 35.47 (s), 35.42 (s), 34.49 (s), 32.67 (s), 

31.933 (s), 31.87 (s), 31.82 (s), 31.22 (s), 28.98 (s), 22.79 (s), 22.75 (s), 14.33 (s), 14.27 (s). Anal. Calcd. 

forr C75H,oo03P2: C, 81.04; H, 9.07. Found: C, 80.62; H, 9.12. 

2,7-Di-«-decanoyl-9,9-dimethylxanthenee (33) This compound was prepared analogously to compound 

233 using 4 mL of decanoylchloride (19 mmol) Yield: 4.7 g (96%) that was used without any further 

purification.. !H NMR (CDC13): 5 = 8.11 (d, 4J(H,H) = 7.8 Hz, 2H), 7.82 (dd, 3J(H,H) - 8.4 Hz, 4J(H,H) 

== 2.1 Hz, 2H), 7.10 (d, 3J(H,H) - 8.7 Hz, 2H), 2.93 (t, 3J(H,H) = 7.5 Hz, 4H), 1.76 - 1.65 (m, 1 OH), 1.4 -

1.22 (m, 24H), 0.87 (t, 3J(H,H) = 6.3 Hz, 6H). 13C{ ]H}  NMR (CDC13): 5 = 199.38 (s), 153.36 (s), 133.19 

(s),, 130.05 (s), 128.40 (s), 127.35 (s), 116.77 (s), 38.64 (s), 34.37 (s), 33.09 (s), 32.10 (s), 29.76 (s), 

29.733 (s), 29.51 (s), 24.78 (s), 24.44 (s), 22.90 (s), 14.33 (s). 

2,7-Di-«-decyl-9,9-dimethylxanthenee (34) This compound was prepared analogously to compound 18 

usingg 4.7 g of 33 (21.5 mmol). Yield: 0.85 g of a colorless oil (19%) that was used without any further 
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purification.. 'H NMR (CDC13): 8 = 7.19 (bs, 2H), 7.0 - 6.9 (m, 4H), 2.58 (t, 3J(H,H) - 7.5Hz, 4H), 1.63 

-- 1.56 (m,4H), 1.60 (s,6H), 1.28 (m, 28H), 0.88 (t, 3J(H,H) = 7.5 Hz, 6H). I3C{'H}  NMR (CDCh): 5 = 

148.966 (s), 137.34 (s), 129.85 (s), 127.46 (s), 125.99 (s), 116.35 (s), 35.89 (s), 34.25 (s), 32.64 (s), 32.26 

(s),, 32.10 (s), 29.98 (s), 29.89 (s), 29.71 (s), 29.64 (s), 23.03 (s), 14.41 (s). GC-MS (m/z, rel. intensity): 

4900 (M+, 4), 475 (100), 361 (12), 348 (11), 205 (18), 43 (28). 

2,7-Di-«-decyl-9,9-dimethyl-4,5-bis(2,8-dimethyl-10-phenoxaphosphino)xanthenee (16) This 

compoundd was prepared analogously to compound 1 using 1.88 g of 30 (3.8 mmol) and 2,5 g of 2,8-

dimethyl-10-chlorophenoxaphosphinee (9.5 mmol). Yield: 1,6 g of white crystals (45%). M.p. 142 - 144 

°C.. ' 'Pj 'H}  NMR (CDCI3): 5= -70.32. 'H NMR (CDC13): 5 = 7.96 (bd, 3J(H,H) = 6 Hz, 4H), 7.18 (dd, 
3J(H,H)) = 8 Hz, 4J(H,H) = 1.5 Hz, 4H), 7.12 (d. 3J(H,H) = 8 Hz, 4H), 7.08 (bs, 2H), 6.53 (bs, 2H), 2.42 -

2.322 (m, 16H), 1.56 (s, 6H), 1.40 (quintet, 3J(H,H) = 6.5 Hz, 4H), 1.35 - 1.14 (m, 28H), 0.92 (t, 3J(H,H) 

== 7.5 Hz, 6H). ,3C{'H }  N M R ( C D C I J ): 5= 154.30 (s), 150.82 (t, 11.1 Hz), 137.52 (s), 135.76 (t, 21.5 

Hz),, 132.81 (t, 5.5 Hz), 131.81 (s), 131.56 (s), 129.92 (s), 127.08 (s), 127.07 (vt, 14.8 Hz), 118.41 (s), 

117.522 (s), 35.44 (s), 34.65 (s), 32.57 (s), 32.15 (s), 31.25 (s), 29.87 (s), 29.78 (s), 29.67 (s). 29.58 (s), 

29.233 (s), 22.92 (s), 20.82 (s), 14.35 (s). Anal. Calcd. for Q ^ O . ^ : C, 80.22; H, 8.12. Found: C, 

80.23;; H, 8.28. 

Hydroformylation.. In a typical experiment the autoclave was charged with a solution of 2.6 mg of 

Rh(CO)2(acac)) (10 umol) and 5 equivalents of ligand in 8.5 mL of toluene. After purging the autoclave 

threee times with CO/H2 (1:1), the reactor was brought to 16 bar of CO/H2 (1:1). Next the autoclave was 

heatedd to 80 °C. After 1 hour at 80 °C the substrate and internal standard (decane) were charged to the 

reactionn mixture by overpressure of CO/H2 (1:1). 

Thee high pressure FT-IR experiments were conducted in a similar way as the standard 

hydroformylationn experiments only using a 50 mL home-made stainless steel autoclave equipped with 

mechanicall  stirrer and ZnS windows. Infrared spectra were recorded on a Nicolet 510 FT-IR 

spectrophotometerr and on a Bio-Rad FTS-60A spectrophotometer. The production of aldehydes was 

determinedd by the following the increase in intensity of the aldehyde peak at 1734 cm"1. 
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Abstract. . 

AA novel series of ligands (1-10) that induce wide bite angles (106 °< pn < 131 °) has been synthesised. 

Comparedd to the Xantphos series (e.g. 13 versus 5) the introduction of the phosphacyclic-moiety results 

inn ligands with a slightly larger bite angle. High pressure IR and high pressure NMR studies of the 

(diphosphine)RhH(CO)22 complexes show that most ligands (3 - 7) adopt a bis-equatorial binding mode 

exclusivelyy in the trigonal bipyramidal rhodium complex. Subtle changes in ligand structure have a 

largee impact on activity and selectivity in the hydroformylation of 1-octene and /ra/w-2-octene. Rates up 

too 3275 (mol aldehyde).(mol Rh)"V (p(CO/H2) = 20 bar, T - 353 K, [Rh] = 1 mM, [1-octene] = 637 

mM)) and regio-selectivities > 99% towards the linear product were obtained when 1 -octene was used as 

substrate.. For trans-l-oclzm rates up to 250 (mol aldehyde).(mol Rh)~V (p(CO/H2) = 3.6 bar, T = 393 

K,, [Rh] = 1 mM, [/ra/w-2-octene] = 640 mM) and high regio-selectivities up to 96% towards the linear 

product,, that are unprecedented, were obtained. A correlation between the selectivity for the 

hydroformylationn of 1-octene and /ra/7,s-2-octene has been observed suggesting that the selectivity 

determiningg step remains unchanged between terminal and internal olefins. Ligands with a larger bite 

anglee lead to more selective systems, but above 125 ° the regio-selectivity drops. Furthermore it is no 

longerr the selective formation of linear alkyl species that determines the high regio-selectivities. Instead 

thee differences in rate of p-hydrogen elimination from the branched alkyl intermediate and the linear 

alkyll  intermediate versus CO-insertion determine the regio-selectivity. For both substrates a decrease in 

activityy with an increase in bite angle is observed. It is suggested that the aforementioned rates of p-

hydrogenn elimination versus CO-insertion must play a crucial role in this bite angle effect on activity, 

becausee previous studies have shown that an increase in bite angle leads to an increase in activity. 
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Introduction . . 

Too date the hydroformylation reaction is one of the most important homogeneously catalysed 

reactionss in the world, covering an annual production of almost eight million tons of aldehydes and 

alcoholss from which butanal and 2-ethylhexanol are the most important products.1' Nowadays, the 

designn of new ligands and systematic tuning of their electronic and steric properties are common 

researchh topics in this area as it provides insight in regio-, and chemoselectivity and the overall catalytic 

activity.. " Tolman introduced the cone angle 9 and the electronic parameter % to classify phosphorus 

ligandss with respect to their steric bulk and phosphine basicity.12 Both parameters have been used 

extensivelyy as a measure of ligand properties in hydroformylation studies. ' Casey and Whitekcr 

developedd the concept of natural bite angle (the P-M-P angle) as an additional characteristic of 

diphosphinee ligands to rationalize the correlation found between the regioselectivity and the co-

ordinationn mode of bidentate ligands possessing wide bite angles." Many articles and reviews have 

appearedd that discusses the effect of the bite angle on activity and selectivity for a number of catalytic 

reactions.15"200 The bite angle not only induces steric effects, but also electronic effects, as the P-M-P 

angless clearly affect the nature of the complex ground state or intermediate states. In a review by Freixa 

andd van Leeuwen an attempt is made to separate the contributions of the steric bite angle effect and the 

electronicelectronic bite angle effect to the selectivities and rates for several catalytic reactions, including 

hydroformylation.166 For hydroformylation it was first believed that the co-ordination mode of the 

diphosphinee in the (diphosphine)RhH(CO)2 complex, either equatorial-equatorial (ee) or apical-

equatoriall  (ae) (Figure 1), was a key factor in controlling the regioselectivity of the hydroformylation 

reaction.. Later studies by van Leeuwen et al} showed that the co-ordination mode is not the sole factor 

determiningg the outcome of the reaction. 

Itt has been reported that phosphacyclic derivatives of different ligands with the right backbone, e.g. 

ligandss based on 2,2'-dimethylbisphenyl, and xanthene backbones, like cyclic phosphines, ' cyclic 

phosphites,9'22"244 cyclic phosphonites 5 and cyclic phosphorus diamides, 6 result in catalysts that show a 

highh activity and selectivity for the hydroformylation of terminal olefins. Especially the catalytic 

HH H 

COO ( ^ p 

Figuree 1 ee-ae equilibrium in rhodium trigonal bipyramidal complex. 
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activityy is enhanced considerably compared to non-cyclic analogues. Decreased phosphorus basicity and 

increasedd electron 'elasticity', that is attributed to the extended conjugation of the ligand 7r-system, are 

consideredd to be the main reasons for this observed effect. ' ' ' 

Generallyy terminal olefins are used as substrates, while from an economical point of view internal 

olefinss or a mixture of internal olefins and terminal olefins are substrates of choice, yet linear aldehydes 

andd alcohols are the preferred products. In order to obtain linear aldehydes from internal olefins the 

systemm has to catalyse isomerisation between the internal and terminal olefin as the thermodynamic 

mixturee contains in general less than 5% of the terminal olefin. In addition the hydroformylation of the 

terminall  olefin must be many times faster than the hydroformylation of the internal olefin. Also, a high 

selectivityy towards the linear aldehyde is required. Nevertheless, catalysts that fulfi l all these 

requirementss are not per se good catalysts for the hydroformylation of internal olefins to linear 

aldehydes.288 Although considerable progress in this field has been made by the use of bulky 

phosphites,22,24'299 and phosphonites25 these systems suffer from a low long term stability due to 

alcoholysis,, hydrolysis and thermal instability.30,31 Phosphines are more resistant to these degradation 

reactions,, but afford in general less active catalysts. To date only few rhodium-diphosphine systems are 

knownn which show a respectable activity and selectivity for the hydroformylation of internal olefins. 

Vann Leeuwen et al. introduced phenoxaphosphino-, and dibenzophosphole-modified xanthene ligands 

(111 12, Figure 2),10'21 while Beller el al. introduced Naphos-type ligands with various electron-

withdrawingg substituents (Figure 3).8 

Recently,, the effect of natural bite angle on the catalytic activity and selectivity on the 

hydroformylationn of terminal olefins was investigated for which a series of diphosphine ligands with 

differentt xanthene-type backbones was prepared.4,11 These ligands, however, are not suitable for a study 

off  the bite angle effect on the hydroformylation of internal alkenes to linear aldehydes as the rate of 

isomerisationn from the internal olefin to the terminal olefin is too low to ensure fast and selective 

catalysis.. Xanthene-type ligands bearing phosphacyclic-moieties do give systems that are suitable for 

thee hydroformylation of internal alkenes.1 °'21 To obtain a better understanding of how the bite angle 

affectss the hydroformylation activity and selectivity of internal olefins, we synthesised a range of 

phenoxaphosphino-modifiedd xanthene-type ligands that show a regular increase in natural bite angle 

(Figuree 2, ligands 1 - 8). In addition, two new dibenzophosphole xanthene-type ligands have been 

synthesisedd ( 9 - 1 0) to obtain a better insight in the effect of ligand backbone and other phosphacyclic 

moieties.. The co-ordination chemistry, and the performance in the rhodium catalysed hydroformylation 

off  1-octene and trans-2-octene for this novel series of ligands wil l be described. Furthermore, 

deuterioformylationn reactions of 1-hexene with ligands 1, 5 and 7 were performed. The number and 

positionn of the deuterium atoms that are incorporated in the aldehyde and isomerised hexenes give 
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POPP POP 

Nixantphenoxaphoss (7) 

POPP POP 

Phosxantphenoxaphoss (8) 

POPP POP 

Thixantphenoxaphoss (3) 

POPP POP 

Benzoxantphenoxaphoss (6) 

DBPP DBP 

DBP-Thixantphoss (9) 

DBPP DBP 

DBP-Nixantphos(IO) ) 

POP22 POP2 

Xantphenoxaphoss 2 (11 

POP:: R = Me 
POP2 :: R = H 

Phenoxaphosphino-moieties s 

DBP P 

Dibenzophosphoie-moiety y 

Figuree 2 The phosphacyclic xanthene type ligands. 11 and 12 were reported previously 10,21 1 

PAr2 2 

C F ,, F ' ^ ~F 

b b 

FF y F 

F F 

Figuree 3 Naphos-type ligands suitable for hydroformylation of internal alkenes. 
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detailedd information about the reversibility of the different reaction steps during hydroformylation. ' 
35 5 

Results. . 

Synthesis. . 

AA total of ten novel ligands that are closely related in either backbone structures or phosphine-

moietiess were synthesised (1 - 10). The ligand backbones were prepared according to literature 

proceduress or were commercially available. Selective 

dilithiationn of the backbones followed by the reaction with the chlorophosphine yields the 

correspondingg ligands in moderate to high yields (30-80%)(Scheme 1). Accidentally, in 31P{'H}  NMR 

noo distinction between the two different phosphorus-signals of 6 could be made, but they loose their 

degeneracyy in the (6)Rh(CO)2H complex. 

Ligandss with the phenoxazine backbone (7 and 10) were obtained via a slightly modified procedure. 

Thee secondary amine functionality of phenoxazine was protected using chloro-?-butyl-dimethylsilane. 

Lithiationn of the protected backbone followed by the reaction with the chlorophosphine and subsequent 

deprotectionn gave the ligands in moderate yields after crystallization (30% - 43%). For the synthesis of 

88 phenyllithium instead of w-butyllithium was used as metallating agent in order to prevent side product 

formationn by nucleophilic substitution of the phenyl of the phosphine by «-butyllithium.. 

Molecularr mechanics calculations of ligands 1 - 1 0 show the effect of the heterocycle on the 

calculatedd natural bite angle and the flexibilit y range (Table l).5 The calculations show that the rigid 

2,8-dimethylphenoxaphosphino-moietyy causes an increase of the bite angle compared to the 

correspondingg diphenylphosphino analogues, while the introduction of the methyl substituents on the 

phenoxaphosphino-moietyy causes a decrease in bite angle compared to the unsubstituted 

phenoxaphosphinee (Figure 4). Ligand 8 has a calculated natural bite angle that is much wider than 

expectedd from the ligand backbone structure, as calculations performed on the diphenylphosphino-

analoguee show a much smaller bite angle. In the case of 8 the phenyl-substituent in the backbone 

structuree is in close proximity of one of the methyl-substituents on each phenoxaphosphino-moiety, 

Lii  Li cP cP 

Schemee 1 Synthesis of ligands 1 - 10. 0 «-BuLi, TMEDA, 0 °C, ii)  chlorophosphine, -78 °C. 
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Tablee 1 Calculated natural bite angles and flexibilit y ranges 
Ligand d 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11" " 

12" " 

backbone e 

10,11-Dihydrodibenzo[b,f]oxepine e 

2,7-di-t-butyl-10,1O-dimethylphenoxasilin n 

2,7-dimethylphenoxathiin n 

10-isopropylidenexanthene e 

9,9-dimethylxanthene e 

benzo[k,l]xanthene e 

phenoxazine e 

10-phenylphenoxaphosphine e 

2,7-dimethylphenoxathiin n 

phenoxazine e 

2,7-di-t-butyl-9,9-dimethylxanthene e 

2,7-di-t-butyl-9,9-dimethylxanthene e 

forr the phenoxaphosphino 

P/O O 

105.7 7 

108.0 0 

112.5 5 

114.2 2 

116.0 0 

124.3 3 

124.5 5 

131.2 2 

111.8 8 

128.9 9 

123.1 1 

121.4 4 

-modifiedd xantphos-type ligands 
Flexibilit yy range"  (°) 

911 - 128 

106-- 137 

107-140 0 

110-144 4 

100-- 134 

117-156 6 

113-151 1 

126-153 3 

98-- 133 

117-- 145 

107-142 2 

107-138 8 

""  The natural bite angle (P„) and the flexibilit y range were calculated as by Casey and Whiteker. p„  is defined as the preferred 
chelationn angle determined only by backbone constraints and not by metal valence angles. The flexibilit y range is defined as 
thee accessible range of bite angles within 3 kcal mol"1 excess strain energy from the calculated natural bite angle. * See also 
[10][21]. . 

133 5 11 

111.4°,, 97 -133° 116.0°, 100-134° 123.1 °, 107 - 142 ° 

Figuree 4 Effect of phosphine-moiety on bite angle and flexibility range (P„, flexibility range). 

therebyy forcing the phenoxaphosphino-moieties to adopt a different orientation from that initially 

expected,, which results in an increased bite angle. 
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(Diphosphine)Rh(CO)2HH Complexes. 

Too determine whether the variation in ligand backbone has an influence on the chelation behaviour of 

thee ligands we studied the solution structures of the (diphosphine)Rh(CO)2H complexes, the resting 

statee of the catalyst under hydroformylation conditions, by high pressure IR and high pressure NMR 

spectroscopy.. The complexes were prepared in situ from Rh(CO)2(acac) and diphosphine (1.1 

equivalents)) under 16 bar of CO/H2 (1:1). For ligands 1 8 the formation of (diphosphine)Rh(CO)2H 

wass observed to occur within 1 h at 40 °C. The 31P{'H}  NMR spectrum at 273K of the complexes with 

22 - 5, 7 and 8 showed a characteristic doublet in the range from - 33 ppm up to - 20 ppm. For ligands 1, 

99 and 10 [(diphosphine)Rh(CO)2]2 were observed as the major complexes. These dimers exhibit a 

splittingg pattern in 3IP{'H}  NMR consistent with an AA'A"A'"XX ' spin system at - 27.4 ppm for 1, 4.8 

ppmm for 9, and 0.4 ppm for 10.36 The complex (l)Rh(CO)2H was observed in lower quantities 

showingg two broad doublets, indicating mainly ae co-ordination. (9 10)Rh(CO)2H were not observed 

att all. For (6)Rh(CO)2H a double doublet per phosphorus atom was observed due to the inequivalence of 

thee two phosphorus atoms. In the 'H NMR at 273K the hydride appeared in the range from - 9.2 ppm up 

too - 8.7 ppm as triplet of doublets for ligands 1, 3-4, triplet for 2, 5 - 7 or broad (distorted) singlet for 8. 

Thee characteristic hetero-nuclear coupling constants and chemical shifts are shown in Table 2. 

Probablyy due to the high concentration that is required for high pressure NMR often small amounts of 

additionall  rhodium-phosphine species were observed. Both 'H NMR and 3 IP{ 'H J NMR using 13CO 

excludee these species as either hydride or carbonyl containing complexes. For ligand 8 many other 

phosphorus-rhodiumm species, besides formation of (8)Rh(CO)2H, are observed in considerable amounts 

inn 3IP{  ]H) NMR. The relatively high concentration of ligand and rhodium that is necessary for high 

Tablee 2 Selected high pressure NMR data (Diphosphine)RhH(CO): complexes'' 
Ligand d 

1 1 

2 2 

3 3 

4 4 

5 5 

6' ' 

ll d d 

8 8 

lJ(Rh,H), , 

11.9 9 

n.o." " 

2.9 9 

2.8 8 

n.o. . 

n.o. . 

n.o. . 

n.o. . 

Hz z 'j(Rh,P) ,, Hz 

124// 129 

150 0 

153 3 

154 4 

151 1 

153// 149 

153 3 

153 3 

X(P,H), , 

42 2 

6.6 6 

12.4 4 

12.5 5 

7.7 7 

6.6 6 

13.5 5 

bs s 

Hz z J(P,P), , 

--

--

---

---

---

63 3 

--

— — 

Hz z S3,P{ { 'H}}  (ppm) 

-20.4 4 

-23.7 7 

-25.3 3 

-27.2 2 

-29.0 0 

-33.0 0 

-30.8 8 

-25.7 7 

5'HH (ppm) 

-8.9 9 

-8.7 7 

-8.9 9 

-9.0 0 

-9.0 0 

-9.2 2 

-9.2 2 

-8.9 9 

""  Conditions: p(CO/H2)(l:l ) = 20 bar, solvent = toluene-ds, T = 273K. n.o.: not observed.' solvent = toluene-dx/THF.d 

solventt = THF-dx-
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pressuree NMR when compared to the conditions of a catalytic reaction is a plausible cause for the 

observationn of so many species in which co-ordination of the additional phosphine of the ligand 

backbonee can be involved. The disappearance of the signal of the free phosphorus of the ligand 

backbonee at -53 ppm indicates that this phosphorus atom is indeed co-ordinating, reinforcing this 

hypothesis.. The distorted broad signal at -8.9 ppm in 'H NMR might be the result oftwo overlapping 

signals,, which would indicate the presence of more than one rhodium-hydride species. Even at 183K the 

signalss could not be separated. Formation of telomeric, oligomeric or polymeric structures is not 

excluded.. Characterisation of the different species has not been attempted. 

Thee IR frequencies of the absorption bands of the (1 - 8)Rh(CO)2H complexes in the carbonyl region 

aree summarised in Table 3. For the rhodium complexes with ligands 3 - 7 only two absorption bands 

weree observed. By performing a hydride-deuterium exchange the two bands shifted to a lower 

frequency.. This indicates that the ligands are co-ordinated in an ee-fashion, as in this isomer a trans 

relationshipp between the hydride and carbonyl ligand exists, which results in coupling of the vibrations. 

Byy exchange of H for D this resonance interaction becomes much smaller which leads to a shift of the 

carbonyll  bands of the ee-isomer.3 Only when ligands 1, 2 and 8 were used the existence of an 

equilibriumm between ee and ae co-ordinating rhodium complexes was observed as complexes with these 

ligandss showed all four absorption bands in the carbonyl frequency region. Unlike the high pressure 

NMRR experiments, no formation of the dimeric [(l)Rh(CO)2]2 was observed. This is ascribed to the low 

concentrationss that are used for high pressure IR and which are similar to those of catalytic runs, while 

highh pressure NMR needs much higher concentrations, which favours the formation of dimeric rhodium 

species. . 

Tablee 3 Selected high pressure IR data (Diphosphine)RhH(CO); complexes'" 
Ligandd V l ' v / v / v4* 

1 1 

2 2 

3 3 

4C C 

5 5 

6C C 

7 7 

8f f 

2040 0 

2041 1 

2042 2 

2037 7 

2040 0 

2036 6 

2040 0 

2038 8 

1999 9 

2000(vw ) ) 

— — 

— — 

— — 

— — 

.. . . 

2004 4 

1978 8 

1981 1 

1985 5 

1979 9 

1983 3 

1979 9 

1984 4 

1980 0 

1956 6 

1953(vw ) ) 

— — 

— — 

.. . . 

.. . . 

.. . . 

1954 4 

""  Conditions: p(CO/H2)( 1:1) = 20 bar, solvent = cyclohexane, T = 313K. 
Vibrationall  bands belonging to either the ee or ae configuration 

weree assigned by performing a H-D exchange.'' Solvent = 2-methyltetrahydrofuran. 
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Forr 10 only the dimeric complex [(10)Rh(CO)2]2 was observed in the IR spectrum. This complex 

exhibitss absorption bands for the terminal carbonyl ligands (2004 cm-1/1980 cm"1) and two absorption 

bandss in the bridging carbonyl ligands (1792 cm"'/1762 cm"1). Similar dimeric complexes were also 

observedd for 12.l0'21 [(12)Rh(CO)2]2 was reported to be the resting state of the catalyst. For 9 clearly 

otherr species were also formed. Besides two absorption bands for the terminal carbonyl ligands (2010 

cm"1/19855 cm"1) and two absorption bands for the bridging carbonyl ligands (1801 cm"1 / 1733 cm"1), 

alsoo absorptions at 2066 cm'V) and 1994 cm"'(s) were observed. In addition none of the CO bands 

shiftedd upon using D2 instead of H2. Clearly some other complexes are present when this ligand is used. 

Thiss complex was not stable since the carbonyl absorptions diminished and many other absorptions with 

aa low intensity appeared after overnight measurement at 80 °C. 

Crystalss suitable for crystal structure determination were obtained for (3)Rh(CO)H(PPh3) and 

(5)Rh(CO)H(PPh3)) and the molecular structures are depicted in Figure 5. These crystals were obtained 

byy the addition of either 3 or 5 to Rh(CO)H(PPh3)3 dissolved in dichloromethane, which resulted in 

displacementt of two PPti3 ligands. Subsequently, ethanol is added to form a two-layer system. Slow 

diffusionn of ethanol into the dichloromethane layer resulted in crystals of (3)Rh(CO)H(PPh3) and 

(5)Rh(CO)H(PPh3).. Selected bond lengths and angles are shown in Table 4. The crystal structures 

reveall  that the phosphorus atoms define the equatorial plane with the rhodium atom located slightly 

abovee this plane directed toward the carbonyl ligand. The positions of the hydride ligands were 

determinedd from difference Fourier maps. Their positions are not accurate, but are in line with [H NMR 

spectroscopyy results of the (diphosphine)Rh(CO)2H complexes {vide supra). The P-M-P angles in the 

complexess differ much from the calculated natural bite angle and are possibly influenced by 

Tablee 4 Selected bond lengths and angles for (3)Rh(CO)2H and (5)Rh(CO)2H 
(3)Rh(CO)2H H 

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

Rh-H H 

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

2.2913(6) ) 
2.2839(7) ) 
2.3161(70 0 
1.910(3) ) 
1.7591 1 

123.02(2) ) 
117.59(2) ) 
114.71(2) ) 
97.28(8) ) 
97.38(8) ) 
96.98(8) ) 

bond d 

bone e 

lengths s 

angles s 

(5)Rh(CO)2H H 
(A) ) 

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

Rh-H H 

O O 
P(l)-Rh-P(2) ) 
P(l)-Rh-P(3) ) 
P(2)-Rh-P(3) ) 
P(l)-Rh-C(l) ) 
P(2)-Rh-C(l) ) 
P(3)-Rh-C(l) ) 

2.3107(4) ) 
2.30406(4) ) 
2.3193(5) ) 
1.8927(17) ) 

1.5813 3 

120.38(2) ) 
119.55(2) ) 
118.03(2) ) 
94.70(5) ) 
97.95(5) ) 
91.58(6) ) 
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Figuree 5 Crystal structures and numbering schemes for (3)Rh(CO)2H (top) and (5)Rh(CO)2H (+ 

CH2Cl2)(bottom)) (H-atoms have been omitted for clarity). Displacement ellipsoids are shown at 50 % 

probability. . 
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stereoelectronicc interactions of the phenoxaphosphino-moieties of 3 and 5 and the phenyl-groups of 

PPh3;; the crystal structures show several Tr-rc-stacking interactions. The P-M-P angles are, however, well 

withinn the calculated flexibility range. 

Hydroformylatio nn of 1-octene. 

Hydroformylationn of 1-octene was carried out at 80 °C under 20 bar of 1:1 CO/H2 using a 1.0 mM 

solutionn of rhodium diphosphine catalyst prepared from Rh{CO)2(acac) and 5 equivalents of ligand. The 

productionn of octene isomers, nonanal, and 2-methyloctanal was monitored by gas chromatography. 

Turn-overr frequencies were determined and averaged after ~ 20 % conversion. The results of the 

experimentss are presented in Table 5. 

Inn contrast to previous studies on the effect of bite angle on selectivity for the hydroformylation of 1-

octene,44 hardly any effect of the bite angle on the selectivity for the linear aldehyde is observed for 

Tablee 5 Hydroformylation of 1-octene at 80 °C 

Ligan d d 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

X* * 

C2H4 4 

Si(CH,) 2 2 

S S 

Isopro p p 

C(CH,) 2 2 

fuse dd rin g 

NH H 

PPh h 

S S 

NH H 

C(CH3) 2 2 

C(CH3) : : 

Pn*(° ) ) 

105. 7 7 

108. 0 0 

112. 5 5 

114. 2 2 

116. 0 0 

124. 3 3 

124. 5 5 

131. 2 2 

111. 8 8 

128. 9 9 

123. 1 1 

121. 4 4 

TOFF ' 

1900 0 

2250 0 

3275 5 

1800 0 

1800 0 

1600 0 

1550 0 

1100 0 

343 3 

144 4 

1557 7 

453 3 

1/b ' ' 

5. 5 5 

14 4 

22 2 

23 3 

23 3 

30 0 

33 3 

18 8 

>99 9 

>99 9 

67 7 

62 2 

%Isomc (%) ) 

2. 8 8 

6.8 8 

10. 5 5 

9.7 7 

10. 0 0 

12. 5 5 

11. 6 6 

7.5 5 

14. 2 2 

11. 5 5 

10. 0 0 

10. 8 8 

Se l " " (% ) ) 

82 2 

87 7 

85 5 

86 6 

86 6 

84 4 

85 5 

87 7 

85 5 

87 7 

89 9 

88 8 

""  Conditions:/J(CO/H2)( 1:1) = 20 bar, ligand/Rh = 5, substrate/Rh = 637, [Rh] = 1.00 mM in toluene, number of experiments 
iss 3. In none of the experiments was hydrogenation observed. h X = refers to the top bridging group in the ligand {see Figure 
2),, p„  = the natural bite angle (see Table 1). ' Linear to branched ratio, percent linear aldehyde, percent isomerisation to 2-
octenee and turnover frequency were determined at - 20% alkene conversion. ''Turnover frequency = (mol aldehyde).(mol 
Rhy'.h"1.. ''Percentage of linear aldehyde of all products (including isomerisation towards internal alkenes). 
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ligandss 1 - 8. The 1/b ratio and the percentage of isomerisation to internal octenes increases, but both 

increasee with increasing bite angle up to a bite angle of 125° only. The observed increase in 1/b ratio is 

attributedd to an increased tendency of the branched alkyl rhodium species to undergo (3-hydrogen 

eliminationn instead of alkyl migration.32 After an initial increase in catalytic activity with increasing bite 

anglee from 105.7° up to 112.5° a drop in activity with further increasing bite angle is observed. 

Ligandd 3, that according to the reported Hammet constant37 has the strongest electron withdrawing 

capacitiess with the sulfur moiety (om (SPh) = 0.2337) in the ligand backbone, gives a catalytic system 

thatt shows almost twice the activity compared to the results obtained when the other phenoxaphosphino-

modifiedd ligands are employed. These results show that small structural and electronic differences can 

havee a huge impact on catalysis results. 

Veryy high regio-selectivities and high percentages of isomerisation are observed for the 

dibenzophospholee ligands 9 and 10. For both ligands the hydroformylation activity is very low, but this 

cann be a result of preferred formation of the rhodium-dimer resting state. 

Hydroformylatio nn of trans-2-octene. 

Hydroformylationn of /nmv-2-octene was carried out at 120 °C under 3.6 bar of 1:1 CO/H2 using a 1.0 

mMM solution of rhodium diphosphine catalyst prepared from Rh(PPh3)3H(CO) and 10 equivalents of 

ligand.. The relatively high temperature and low pressure are necessary to enhance the rate of 

isomerisation.. thereby continuously maintaining the formation of terminal alkenes. The production of 

alkenee isomers, linear and branched aldehydes were monitored by gas chromatography. Turn-over 

frequenciess were determined after 2 h reaction time. The results of the hydroformylation experiments 

arcc summarised in Table 6. 

Byy comparing ligands 1 - 8 a clear bite angle effect on catalytic activity and regio-selectivity is 

observedd in the hydroformylation of /r<ms-2-octene, see Figure 6. Contrary to the results obtained with 

thee non-cyclic analogues for the hydroformylation of 1 -octene,4 an increased bite angle leads to a strong 

decreasedecrease in hydroformylation activity. While the activity decreases an increase in regio-selectivity is 

observedd that correlates with the regio-selectivity for the hydroformylation of 1-octene, see Figure 7 for 

aa parity plot. As it is expected that the rate of isomerisation is crucial for obtaining good catalysts for the 

selectivee hydroformylation of internal alkenes to linear aldehydes it is not surprising that the ligands 

showingg the highest rate of isomerisation in the hydroformylation of 1-octene, show the highest regio-

selectivityy in the hydroformylation of trans-2-octene. In addition, ligands with a higher rate of 

isomerisationn show a lower hydroformylation activity, as [3-hydrogen elimination is non-productive. 
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3000 I 15.0 

2500 - 4HBB ^ 12.5 

1000 10 5 11 0 11 5 12 0 12 5 13 0 13 5 

Bitee angle (°) 

Figur ee 6 Tur n over  frequency (triangles) and regio-selectivity (squares) vs the calculated natural bite 

anglee in the hydroformylation of /ra?K-2-octene (Ligands 1 - 8). 

Tablee 6 Hydroformylation of trtms-2-octene at 120 °C° 
Ligan d d 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

X* * 

C2 H4 4 

Si(CH 3) 2 2 

s s 

Isopro p p 

C(CH3 ) 2 2 

fuse dd rin g 

NH H 

PPh h 

S S 

NH H 

C(CH3 ) 2 2 

C(CH3 ) 2 2 

P„ ft (° ) ) 

105. 7 7 

108. 0 0 

112. 5 5 

114. 2 2 

116. 0 0 

124. 3 3 

124. 5 5 

131. 2 2 

111. 8 8 

128. 9 9 

123. 1 1 

121. 4 4 

TOF''  " 

250 0 

193 3 

151 1 

143 3 

143 3 

63 3 

38 8 

8 8 

78(64 / ) ) 

60' ' 

1400 (112 7) 

65' ' 

1/b' ' ' 

0. 4 4 

2. 6 6 

4. 4 4 

5. 8 8 

4. 3 3 

8.0 0 

8.3 3 

3. 7 7 

18.3(22.7' ) ) 

24 . / / 

6. 66  (9.2 0 

9.5 ' ' 

Ser " ' " (% ) ) 

29 9 

72 2 

81 1 

85 5 

81 1 

89 9 

89 9 

79 9 

9 55 (96' ) 

96' ' 

8 77 (90 / ) 

90' ' 

""  Conditions: p(CO/H2)(l:l ) = 3.6 bar, ligand/Rh = 10, substrate/Rh = 640, [Rh] = 1.00 mM in toluene, number of 
experimentss is 2. In none of the experiments was hydrogenation observed. bX = refers to the top bridging group in the ligand 
(seee Figure 2), p„  = the natural bite angle (see Table 1). c Linear to branched ratio, percent linear aldehyde and turnover 
frequencyy were determined after 2h. d Turnover frequency = (mol aldehyde).(mol Rh) '.h"'." Percentage of linear aldehyde of 
alll  products other than octenes.'p(CO/H2)( 1:1) = 2.0 bar. 
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Figuree 7 Parity plot 1-octene vs 2-octene hydroformylation with ligands 1 -8. 

Unprecedentedd high regio-selectivities at moderate activities for the hydroformylation of trans-2-

octenee are obtained when the dibenzophoshole type ligands 9 and 10 are used. These results can be 

attributedd to the combination of the high isomerisation activity and the very high regio-selectivity of 

thesee ligands. Compared to ligands 1 -8 only a small difference in hydroformylation activity between 

thee 1-octene and rtww-2-octene is observed, especially for 10. 

Inn an attempt to improve the regio-selectivity even further, the effect of ligand concentration on 

activityy and selectivity was investigated for 9. Upon increasing the ligand:rhodium ratio from 5 to 40 

equivalentss a gradual decrease in TOF from 75 mol.mol"1.h"1 to 34 mol.mol"1.If ' was observed. Within 

thiss range the regio-selectivity did not change. This indicates a very strong co-ordination of the 

diphosphinee to the rhodium metal; the formation of an inactive (diphosphine^Rh-species is favored at 

increasedd ligand:rhodium ratios. 

Deuterioformylationn of 1-hexene. 

Deuterioformylationn of 1-hexene was carried out under similar conditions as the hydroformylation 

experiments.. 1-Hexene was used for the deuterioformylation instead of 1-octene to facilitate comparison 

withh literature data of the 'H and 2H spectra.32 The percentages of deuterated species formed in the 

deuterioformylationn were calculated using GC and 2H{'H }  NMR data on the ratio of heptanal to 

branchedd aldehydes, percent conversion, percent isomerisation towards internal hexenes and deuterium 

contentss of aldehydes and recovered hexenes. Activities were comparable to the 1-octene 

72 2 



Thee Influence of the Bite Angle on the Hydroformylation of Internal Olefins to Linear Aldehydes 

hydroformylationn experiments, while the regio-selectivities are somewhat lower than those obtained 

withh 1-octene. Table 7 summarizes the deuterioformylation results. 

Previouss studies by Casey,32 Lazzaroni,33,34 Pino35 and van Leeuwen28 have shown that the formation 

off  the alkyl rhodium intermediate is reversible at elevated temperatures. By a similar experimental 

method,, the amount of initial linear alkyl rhodium formation and branched alkyl rhodium formation can 

bee easily deduced. Detailed dissection of the labeling results of catalysis with 1, 5 and 7 shows that the 

initiall  ratio of linear-alkyl to branched-alkyl intermediates is ~ 4.2 - 4.4 (Table 8). These results prove 

thatt when these ligands are used the differences in observed 1/b ratio are not only the result of 

preferentiall  formation of the linear aldehyde, but are mainly the result of different rates of P-hydrogen 

elimination.. In all three cases > 92% of the linear alkyl intermediate reverts to the aldehyde directly. On 

thee other hand, the branched alkyl intermediate partitions between conversion towards the branched 

aldehyde,, 1-hexene, and cis- and trans-2-hexene. 

Tablee 7 Deuterioformylation of 1 -hexene" 
Ligand d 

1 1 

5 5 

7 7 

conversionn to 
aldehydes s 

(%) ) 

20.7 7 

23.8 8 

13.9 9 

CH:=CHCiH, , 

77.1 1 

71.5 5 

83.2 2 

1-hexenee (%) 

CH:=CDCjH, , 

1.34 4 

0.56 6 

0.68 8 

CHD=CHC4H, , 

0.29 9 

1.76 6 

1.13 3 

2-hexene-d! ! 
(%) ) 

CHD-CH=CHC,H: : 

0.6 6 

2.4 4 

1.6 6 

heptanal l 
-d22 (%)* 

17.2 2 

22.7 7 

13.4 4 

2-methyl l 
he\anal-d2 2 

(%)* * 

3.5 5 

1.1 1 

0.5 5 

"Conditions:: p(CO/D2) = 20 bar (~ 1:1, see experimental section for more details), ligand/Rh = 5, substrate/Rh = 806, [Rh] = 
1.000 mM in toluene. In none of the experiments was hydrogenation observed. It is important to note that the amounts of 
deuteratedd hexenes do not reflect the actual percentages of formed (1- and 2-alkyl)rhodium intermediates as also non-
productivee (3-D elimination occurs. Deuterium labels were almost exclusively found in the formyl group and the position (3 
too the formyl group. Only traces of deuterium label was found at the a position to the formyl group. 

Tablee 8 Partitioning of (alkyl)rhodium intermediates 
Ligand d 

1 1 

5 5 

7 7 

(1-alkyll  / 

2-alkyl) ) 
intermediate e 

4.22 2 

4.42 2 

4.37 7 

1/b b 

4.9 9 

20 0 

25 5 

(1-alkyl) ) 

heptanal l 

(%) ) 

92.8 8 

97.6 6 

95.2 2 

intermediate" " 

CH H =CDC4H, , 

7.2 2 

2.4 4 

4.8 8 

(2-alkyl)) intermediate'' 

2-methyihcxanall  CDH=C%H„, CDH,CH=C4HK 

(%)) (%) (%) 

79.7 7 

20.9 9 

15.5 5 

6.6 6 

33.5 5 

35.0 0 

13.7 7 

45.6 6 

49.5 5 

aa CH2=CDC4H, + heptanal = 100 % (data converted from Table 6). * CDH=C5HI0 + CDH2CH=C4HS + 2-methylhexanal 
1000 % (data converted from Table 6). 
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Fromm these results it can be concluded that increasing the bite angle in a branched alkyl rhodium 

intermediatee causes a decrease in branched aldehyde formation, while the percentage of isomerisation 

towardss both 1-hexene and 2-hexene increases. 

Discussion. . 

Spectroscopy.. The high pressure NMR data of the (1 - 8)RhH(CO)2 and [(9 - 10)Rh(CO)2]2 

complexess are in line with the results obtained with high pressure IR. For (1 - 8)RhH(CO)2 the small 

rhodium-protonn coupling constant and phosphorus-proton coupling constant and the large rhodium-

phosphoruss coupling constant indicate that the dynamic equilibrium between ee and ae isomers is 

shiftedd towards the ee isomer. Quantitative estimations of the ee:ae ratios for (1 - 2, 8)RhH(CO)2 cannot 

bee made using the averaged phosphorus-proton coupling constants, as the ae and ee phosphorus-proton 

couplingg constants are not known for these phosphacyclic diphosphines. As is indicated in Table 2 they 

cann differ substantially between the different ligands; e.g. a relatively large phosphorus-proton coupling 

iss observed for complexes with ligands 3 and 7 and a low phosphorus-proton coupling is observed for 

thee complex with ligand 2. High pressure IR indicates exclusive formation of ee isomers for the former 

twoo complexes and an ee-ae mixture for the latter complex. In non-disturbed trigonal bipyramidal 

complexess the phosphorus-hydride coupling should be very small;4 therefore the results imply that in 

mostt cases the trigonal bipyramidal rhodium complexes are highly distorted with the phosphines bent 

outt of the equatorial plane. The rhodium-proton coupling constants are also indicative of the ee:ae ratio. 

Thee ae co-ordinated isomers have often large rhodium-proton coupling constants, while for purely ee 

co-ordinatingg ligands, like BISBI, small coupling constants are observed.39 Moreover, in previous 

studiess increasing ee:ae ratios were accompanied by decreasing rhodium-proton coupling constants.3'4 It 

iss surprising that for (2)RhH(CO)2 the rhodium-proton coupling could not be resolved (^(Rh,?!) < 2 Hz) 

evenn at low temperatures (183K), while high pressure IR clearly shows absorption bands belonging to 

thee ae isomer, albeit in a small amount. 

Thee results obtained by high pressure IR suggest that the electron-density around rhodium is similar 

forr all (1 - 8)RhH(CO)2 complexes as all bands are within close range. Comparison of the CO-stretch 

frequenciess with the (diphosphine)RhH(CO): complexes of the diphenylphosphine-analogues of ligands 

11 - 84 shows that all ligands have similar electronic properties. The large differences in catalytic activity 

betweenn these two systems are therefore attributed to extended ^-conjugation21 and increased effective 

stericc bulk upon introduction of the phenoxaphosphino-moiety and are to a lesser extent the result of 

decreasedd phosphorus basicity. 

Catalysis::  Activity . Widening the bite angle in the square planar (diphosphine)Rh(CO)H complex, 

onee of the supposed intermediates in the hydroformylation reaction, would certainly accelerate the 
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overalll  reaction by increasing the concentration this intermediate complex as a trans co-ordination of the 

diphosphinee is energetically more favorable than a cis co-ordination. If other effects are absent or 

counterbalancee one another (i.e. alkene and CO association/dissociation, hydride and alkyl migration, 

andd hydrogenolysis) then this leads to an increase in hydroformylation activity as was postulated 

previously.44 In the same study an increased rate of alkene co-ordination for ligands with a wider bite 

anglee was also proposed in order to explain the effect on reaction rate in accord with other studies.40'4' 

Whilee these positive effects of widening the bite angle on activity are certainly not ruled out for 1 - 8, 

thee results indicate that another step in the catalytic cycle becomes rate-limiting. This effect is especially 

pronouncedd in the hydroformylation of /ra»s-2-octene. The decrease of hydroformylation activity with 

increasedd bite angle might be explained by a step later in the catalytic cycle becoming rate limiting. In 

thee trigonal bipyramidal rhodium complex, increasing the bite angle results in increased steric 

congestionn around rhodium especially in the apical position. In addition, with the exception of 2 and 7 

ann increased bite angle leads to a decreased phosphorus-hydride coupling, which is indicative of 

approachingg a more perfect trigonal bipyramidal structure. This might be an indication that ligands with 

aa larger bite angle lead to less distorted trigonal bipyramidal complexes and thereby to an increased 

effectivee steric bulk (Figure 8). 

Accordingg to this postulation it is more favorable for complexes of B (Scheme 2) with wide bite angle 

ligandss to undergo P-hydrogen elimination (B -» A) than CO-association (B -> C) as required for 

hydroformylation.. From the deuterioformylation experiments it can be concluded that isomerisation 

towardss internal olefins is faster than isomerisation towards the terminal olefin. Also, the rate of 

v.. JM 

^^ CO v CO 

Figuree 8 Effect of bite angle on space around rhodium. 
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Schemee 2 (3-Hydrogen elimination vs CO-association. 
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isomerisationn is faster than the rate of CO-insertion. Additionally, CO-insertion in to the branched alkyl 

rhodiumm intermediate is slower than CO-insertion in to the linear alkyl rhodium intermediate, especially 

whenn bulky ligands are used this CO-insertion is hampered. Thus, it is reasoned that systems that show 

aa higher rate of isomerisation (thus ligands with wide bite angles) show a lower hydroformylation 

activity.. For 1-octene hydroformylation these effects are less pronounced as differences between the rate 

off  (3-hydrogen elimination from the linear alkyl rhodium species are smaller and since CO-association to 

aa linear alkyl rhodium intermediate is sterically less demanding. 

Anotherr explanation for the bite angle effect on the activity in hydroformylation is found in a 

decreasedd rate of alkenc insertion. The increased steric congestion around rhodium hampers the olefin 

fromm entering the coordination sphere. For internal olefins this effect is stronger than for terminal 

olefins. . 

Catalysis:: Regio-selectivity. Concerning regio-selectivity the scries does follow the trend that was 

observedd before; i.e. ligands possessing larger bite angles lead to more regio-selectivc systems. It must 

bee noted that the origin of the regio-selectivity is different from that reported previously in which the 

increasee in selectivity is attributed to more selective formation of the linear alkyl-rhodium species. In 

thee present study using 1 -8 the differences in regio-selectivity are caused by the differences in rate of 

p-hydrogenn elimination of the branched alkyl intermediate compared to the linear alkyl intermediate as 

supportedd by the deuterioformylation experiments. The branched alkyl intermediate reverts to an olefin 

complexx but the linear alkyl intermediate is converted directly to the aldehyde.32 As more linear than 

branchedd products arc formed for hydroformylation of //w7.v-2-octene using 2 - 8 it can be concluded 

thatt most products are formed via in situ generated terminal olefins. The order in the regio-selectivities 

off  the different systems is therefore unchanged. It can be concluded that the formation of terminal 

olefinss from internal olefins is faster than the formation of branched aldehydes. 

Uponn increasing the natural bite angle to 131 ° with ligand 8 a decrease in regio-selectivity is 

observed.. Although this might be due to possible co-ordination of the phosphine in the ligand backbone, 

therebyy acting partially as a monophosphine, it is unlikely that this is happening, since at low 

phosphoruss concentrations and under CO pressure the mono-phosphine would dissociate. A more 

plausiblee reason is that systems possessing too large bite angles again lead to less regio-selective 

systemss by relatively increasing the rate of p-hydrogen elimination from the linear alkyl intermediate. 

Ann optimum bite angle is found around 120 ° to 125 °. Previous studies on a dibenzofuran based 

diphenylphosphinee (4,6-bis(diphenylphosphinodibenzofuran, (3n = 131.1 °) also showed a decrease in 

selectivityy compared to similar ligands with a smaller bite angle.11 

Thee results with the dibenzophosphole type ligands 9, 10 and 12 show that very subtle changes in 

eitherr backbone structure or cyclic phosphino-moiety can have a tremendous influence on the catalysis 
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results.. How these subtle changes influence catalysis is not yet understood. Unfortunately, the 

preferentiall  formation of the rhodium dimer complex hampers a detailed in situ study. 

Conclusions. . 

Withinn the series of Xantphenoxaphos-type ligands no distinct effect of the natural bite angle on the 

co-ordinationn mode of the (1 - 8)Rh(CO)2H complexes has been found. Most ligands show ee co-

ordinationn preferentially and only for ligands 1, 2 and 8 also ae co-ordination was observed. The 

decreasee of catalytic activity with an increase in natural bite angle is attributed to differences in the rate 

off  (3-hydrogen elimination and CO-association in the intermediate (1 - 8)Rh(CO)(alkyl) complex, and 

thesee are mainly determined by steric factors. The differences in selectivity are also attributed to the 

differencess in rate of (3-hydrogen elimination as deuterioformylation experiments have shown that the 

initiall  ratio of (linear alkyl)rhodium intermediate:(branched alkyl)rhodium intermediate is equal when 1, 

55 and 7 are used. To the best of our knowledge, thixantphenoxaphos (3) gives an unprecedented high 

activityy with a respectable selectivity in the rhodium-diphosphine catalysed hydroformylation of 

terminall  olefins. Noteworthy, though, are the recent results obtained by Stanley et a!., who improved 

existingg systems by the addition of water to the reaction medium.42 

Highh regio-selectivities are observed when the dibenzophosphole-type ligands 9 and 10 are used for 

thee hydroformylation of /ra«s-2-octene, which are unprecedented. These regio-selectivities even 

supersedee the regio-selectivities often reported for the hydroformylation of terminal olefins. Despite 

theirr moderate 1-octene hydroformylation activity, 9 and 10 still show an acceptable activity in 

hydroformylationn of trans-2-octene. 

Acknowledgement.. Financial support from Celanese Chemicals Europe, G.m.b.h., Germany is 

gratefullyy acknowledged. We thank Martin Lutz for solving the crystal structures. 

Experimental. . 

Computationall  details. The molecular mechanics calculations were performed using CAChe 

WorkSystemm version 4.0, on an Apple Power Macintosh 950, equipped with two CAChe CXP co-

processors.. Calculations were carried out similarly to the method described by Casey and Whiteker,5 

usingg a Rh-P bond length of 2.315 A. Minimisation's were done using the block-diagonal Newton-

Raphsonn method, allowing the structures to converge with a termination criterion of a rms factor of 

0.00011 kcalmol"1 A"1 or less. 
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Generall  procedure. Al l air- or water-sensitive reactions were performed using standard Schlenk 

techniquess under an atmosphere of purified argon. Toluene was distilled from sodium, THF from 

sodium/benzophenone,, and hexanes from sodium/benzophenone/triglyme. Isopropanol and 

dichloromethanee from CaHi. Chemicals were purchased from Acros Chimica, and Aldrich Chemical 

Co.. Benzo[k,l]xanthene,43,44 10,11-dihydrodebenzo[b,fjoxepine,45 9-isopropylidenexanthene,46 10-

phenylphenoxaphosphine,477 2,8-dimethyl-10-chlorophenoxaphosphine,48 2,7-di-/-butyl-10,10-

dimethylphenoxasilin,49,500 2,7-dimethylphenoxathiin5', 9-(/-butyldimethylsilyl)phenoxazine52, 2,7-di-f-

butyl-9,9-dimethyl-4,5-bis(10-phenoxaphosphino)xanthenee (ll), 10,21 and 4,5-bis(9-

dibenzo[b,d]phospholyl)-2,7-dw-butyl-9,9-dimethylxanthenee (12)10,21 were prepared according to 

literaturee procedures. Silica gel 60 (230-400 mesh) purchased from Merck was used for column 

chromatography.. Melting points were determined on a Gallenkamp MFB-595 melting point apparatus in 

openn capillaries and are reported uncorrected. NMR spectra were recorded on a Varian Mercury 300 or 

Inovaa 500 spectrometer. 31P and l3C spectra were measured 'H decoupled. TMS was used as a standard 

forr 'H and l3C NMR and 85% of H3PO4 in H20 for 3IP NMR. Infrared spectra were recorded on a 

Nicolett 510 FT-IR spectrophotometer. High pressure IR spectra were measured using a 50 mL home-

madee stainless steel autoclave equipped with mechanical stirrer and ZnS windows. Hydroformylation 

reactionss were carried out in a 200 mL home-made stainless steel autoclave. Both high pressure IR and 

hydroformylationn experiments were conducted at a stirring rate of 800 rpm. The alkene was filtered over 

neutrall  activated alumina to remove peroxide impurities. The reactions were stopped by quenching the 

reactionn mixture with tri-n-butylphosphite, cooling on ice and venting the gases. Synthesis gas (CO/H2, 

1:1,, 99.9%) was purchased from Air Liquide. D2 was purchased from Hoekloos. '3CO (99%) was 

purchasedd from Cambridge Isotope Laboratories. Gas chromatopgraphic analysis were run on an 

Intersciencee HR GC Mega 2 apparatus (split/splitless injector, J&W Scientific, DB-1 30m column, film 

thicknesss 3.0 mm, carrier gas 70 kPa He, FID detector) equipped with a Hewlett Packard Data system 

(Chrom-Card)) using decane as an internal standard. 

4,5-bis(2,8-dimethyl-10-phenoxaphosphino)-10,ll-dihydrodibenzo[b,f)oxepine e 

(Homoxantphenoxaphos,, 1) 

Att 0 CC 1.9 mL of/7-butyllithium (2.5 M in hexanes, 4.8 mmol) was added to a stirred solution of 380 

mgg of 10,1 l-dihydrodibenzo[b,f]oxepine (1.9 mmol) and 0.73 mL of TMEDA (4.8 mmol) in 10 mL 

diethylether.. The resulting solution was warmed to room temperature overnight. The reaction mixture 

wass cooled to -78 °C and a solution of 1.25 g of 10-chloro-2,8-dimethylphenoxaphosphine (4.8 mmol) 

inn 10 mL toluene was added. The reaction mixture was slowly warmed to room temperature overnight. 

Nextt the diethylether was removed in vacuo and the mixture was diluted with 30 mL of 
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dichloromethanee and hydrolyzed with 10 mL of a 10% aqueous HC1 solution. The water layer was 

removedd and the organic layer was dried over MgSC>4. The solvents were removed in vacuo and the 

resultingg white solid was crystallized from 2-propanol/toluene. Yield: 860 mg of white crystals (68%). 

M.p.. 247 - 249 °C. 3iP{'H}  NMR (CDC13): 6= -69.12. 'H NMR (CDC13): 5 = 7.67 (d, 3J(P,H) = 1.5 Hz, 

4H),, 7.12 (dd, 3J(H,H) = 8.0 Hz, 4J(H,H) = 2.0 Hz, 4H), 7.07 (d, 3J(H,H) = 8.5 Hz, 4H), 7.01 (dd, 
3J(H,H)) = 7.0 Hz, 4J(H,H) = 2.5 Hz, 2H), 6.89 (dd, 3J(H,H) = 7.0 Hz, 4J(H,H) = 1.5 Hz, 2H), 6.86 (t, 
3J(H,H)) = 7.0 Hz), 3.07 (s, 4H), 2.24 (s, 12H). 13C{'H}  NMR (CDC13): 5 = 158.01 (t, 10.9 Hz), 153.23 

(s),, 135.10 (t, 18.7 Hz), 132.86 (t, 16.6 Hz), 132.68 (s), 132.449 (t, 4.9 Hz), 131.34 (s), 131.02 (s), 

123.911 (s), 118.83 (s), 117.24 (s), 32.58 (s), 20.51 (s). Anal. Calcd. for C42H34O3P2: C, 77.77; H, 5.28. 

Found:: C, 77.95; H, 5.40. 

4,5-bis(2,8-dimethyl-10-phenoxaphosphino)-2,7-di-f-butyl-10,10-dimethylphenoxasilin n 

(Sixantphenoxaphos,, 2) 

Att 0 °C 3.6 mL of «-butyllithium (2.5 M in hexanes, 9.0 mmol) was added to a stirred solution of 1.23 

gg of 2,7-di-/,-butyl-10,10-dimethylphenoxasilin (3.6 mmol) and 1.4 mL of TMEDA (9.3 mmol) in 20 

mLL diethylether. The resulting solution was warmed to room temperature overnight. The reaction 

mixturee was cooled to -78 °C and a solution of 2.4 g of 10-chloro-2,8-dimethylphenoxaphosphine (9.1 

mmol)) in 10 mL toluene was added. The reaction mixture was slowly warmed to room temperature 

overnight.. Next the diethylether is removed in vacuo and the mixture is diluted with 60 mL of 

dichloromethanee and hydrolyzed with 20 mL of a 10% aqueous HC1 solution. The water layer was 

removedd and the organic layer was dried over MgSC>4. The solvents were removed in vacuo and the 

resultingg yellow/white foam was crystallized from 2-propanol/toluene. Yield: 1.3 g of white crystals 

(44.4%).. M.p. 300 - 302 °C. 31P{'H}  NMR (CDC13): 5= -72.09. 'H NMR (CDCI3): 8 = 8.06 (s, 4H), 

7.422 (d, 4J(H,H) = 2.5 Hz, 2H), 7.22 (dd, 3J(H,H) = 8.5 Hz, 4J(H,H) - 2.0 Hz, 4H), 7.17 (d, 3J(H,H) = 

8.00 Hz, 4H), 7.17 (d, 4J(H,H) = 2.0 Hz, 2H), 2.39 (s, 12H), 1.20 (s, 18H), 0.49 (s, 6H). 13C{'H}  NMR 

(CDCh):: 5 = 156.41 (t, 11.0 Hz), 151.13 (s), 142.05 (s), 132.57 (m), 131.35 (s), 129.54 (s), 128.41 (s), 

128.288 (s), 126.12 (s), 125.42 (vt), 115.70 (s), 114.37 (s), 31.28 (s), 28.24 (s), 17.72 (s), -3.0 (s). Anal. 

Calcd.. for C50H52O3P2S1: C, 75.92; H, 6.63. Found: C, 75.75; H, 6.65. 

4,5-bis(2,8-dimethyl-l0-phenoxaphosphino)-2,7-dimethylphenoxathiinn (Thixantphenoxaphos, 3) 

Att 0 °C 11.0 mL of /7-butyllithium (2.5 M in hexanes, 27.6 mmol) was added to a stirred solution of 

2.55 g of 2,7-dimefhylphenoxathiin (11.0 mmol) and 4.2 mL of TMEDA (27.4 mmol) in 50 mL 

diethylether.. The resulting solution was warmed to room temperature overnight. The reaction mixture 

wass cooled to -78 °C and a solution of 7.2 g of 10-chloro-2,8-dimethylphenoxaphosphine (27.4 mmol) 
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inn 30 mL toluene was added. The reaction mixture was slowly warmed to room temperature overnight. 

Nextt the diethylether was removed in vacuo and the mixture was diluted with 120 mL of 

dichloromethanee and hydrolyzed with 40 mL of a 10% aqueous HC1 solution. The water layer was 

removedd and the organic layer was dried over MgS04. The solvents were removed in vacuo and the 

resultingg yellow solid was crystallized from 2-propanol/toluene. Yield: 3.3 g of white crystals (43.5%). 

M.p.. 333 - 338 °C (dec). ^Pj 'H}  NMR (CDC13): 8= -71.28. 'H NMR (CDCI3): 5 = 7.77 (bs, 4 H), 7.17 

(dd,, 3J(H,H) - 8.4 Hz, 4J(H,H) = 2.1 Hz, 4H), 7.08 (d, 3J(H,H) = 8.4 Hz, 4H), 6.78 (bs, 2H), 6.46 (bs, 

2H),, 2.32 (s, 12H), 2.03 (s, 6H). I3C{'H }  NMR (CDCI3): 5 = 153.89 (s), 152.61 (t, 12.2 Hz), 149.86 (s), 

135.533 (t, 20.8 Hz), 134.61 (s), 132.93 (t, 4.8 Hz), 131.76 (s), 129.74 (t, 15.8 Hz), 128.37 (s), 120.42 (s), 

117.977 (t, 3.6 Hz), 117.67 (s), 20.93 (s). Anal. Calcd. for C42H34O3P2S: C, 74.10; H, 5.03. Found: C, 

73.48;; H, 4.98. 

4,5-bis(2,8-dimethyl-10-phenoxaphosphino)-9-isopropylidenexanthenee (Isopropxantphenoxaphos, 

4) ) 

Att 0 °C 5.8 mL of w-butyllithium (2.5 M in hexanes, 14.5 mmol) was added to a stirred solution of 

1.33 g of 10-isopropylidenexanthene (6.8 mmol) and 2.25 mL of TMEDA (14.6 mmol) in 30 mL 

diethylether.. The resulting solution was warmed to room temperature overnight. The reaction mixture 

wass cooled to -78 °C and a solution of 3.8 gof 10-chloro-2,8-dimethylphenoxaphosphine (14.5 mmol) 

inn 10 mL toluene was added. The reaction mixture was slowly warmed to room temperature overnight. 

Nextt the diethylether was removed in vacuo and the mixture was diluted with 60 mL of 

dichloromethanee and hydrolyzed with 20 mL of a 10% aqueous HC1 solution. The water layer was 

removedd and the organic layer was dried over MgSCV The solvents were removed in vacuo and the 

resultingg yellow solid was precipitated from 2-propanol/toluene. Yield: 1.5 g of a slightly tanned 

powderr (38.8%). M.p. 333 - 335 °C (dec). 3IP{'H}  NMR (CDC13): 8= -71.10. 'H NMR (CDCI3): 5 = 

7.866 (bd, 3J(P,H) = 8.7 Hz, 4H), 7.22 (dd, 3J(H,H) = 7.2 Hz, 4J(H,H) - 2.7 Hz, 2H), 7.17 (dd, 3J(H,H) = 

8.44 Hz, 4J(H,H) - 2.1 Hz , 4H), 7.11 (d, 3J(H,H) - 8.1 Hz, 4H), 6.92 (t, 3J(H,H) = 7.5 Hz , 2H), 6.75 

(bdd,, 3J(H,H) = 7.8 Hz, 4J(H,H) = 1.8 Hz, 2H), 2.33 (s, 12H), 2.00 (s, 6H). Anal. Calcd. for C44H36O3P2: 

C,, 78.33; H, 5.38. Found: C, 78.45; H, 5.53. 

4,5-bis(2,8-dimethyl-10-phenoxaphosphino)-9,9-dimethylxanthene(Xantphenoxaphos,, 5) 

Att 0 °C 6 mL of «-butyllithium (2.5 M in hexanes, 15 mmol) was added to a stirred solution of 1 g of 

9,9-dimethylxanthenee (4.8 mmol) and 2.2 mL of TMEDA (15 mmol) in 20 mL of diethylether. The 

resultingg solution was warmed to room temperature and stirred overnight. The reaction mixture was 

cooledd to -78 °C and a solution of 3.9 g of 10-chloro-2,8-dimethylphenoxaphosphine (15 mmol) in 20 
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mLL of toluene was added. The reaction mixture was slowly warmed to room temperature and stirred 

overnight.. Next the diethylether was removed in vacuo and the mixture was diluted with 40 mL of 

dichloromethanee and hydrolyzed with 10 mL of a 10% aqueous HC1 solution. The water layer was 

removedd and the organic layer was dried over MgSCu. The solvents were removed in vacuo and the 

resultingg yellow/white solid was crystallized from 2-propanol/toluene. Yield: 1.9 g of white crystals 

(59%).. M.p. 328 - 329 °C. 3IP{'H}  NMR (CDC13): 8= -70.96. 'H NMR (CDC13): 6 = 7.98 (d, 3J(P,H) = 

6.00 Hz, 4 H), 7.29 (dd, 3J(H,H) = 5.0 Hz, 4J(H,H) = 1.5 Hz, 4H), 7.18 (dd, 3J(H,H) = 8.5 Hz, 4J(H,H) -

2.55 Hz, 4H), 7.11 (d, 3J(H,H) = 8 Hz, 2H), 6.90 (t, 3J(H,H) = 8.0 Hz, 2H), 6.75 (bd, 3J(H,H) = 7.5 Hz, 

2H),, 2.35 (s, 12H), 1.55 (s, 6H). 13C{'H}  NMR (CDCI3): 5 -154.35 (s), 152.41 (t, 10.56 Hz), 135.77 (t, 

21.55 Hz), 132.96 (t, 5.4 Hz), 132.09 (s), 131.74 (s), 130.26 (s), 127.79 (vt, 11.44 Hz), 127.18 (s), 123.76 

(s),, 118.16 (s), 117.66 (s), 34.58 (s), 32.59 (s), 20.85 (s). Anal. Calcd. for C43H36O3P2: C, 77.93; H, 5.48. 

Found:: C, 77.91; H, 5.54. 

6,7-bis(2,8-dimethyl-10-phenoxaphosphino)benzo[k,l]xanthene(Benzoxantphenoxaphos,, 6) 

Att 0 °C 0.8 mL of «-butyllithium (2.5 M in hexanes, 2.0 mmol) was added to a stirred solution of 180 

mgg of benzo[k,l]xanthene (0.82 mmol) and 0.31 mL of TMEDA (2 mmol) in 10 mL diethylether. The 

resultingg solution was wanned to room temperature overnight. The reaction mixture was cooled to -78 

°CC and a solution of 525 mg of 10-chloro-2,8-dimethylphenoxaphosphine (2,0 mmol) in 5 mL toluene 

wass added. The reaction mixture was slowly warmed to room temperature overnight. Next the 

diethyletherr was removed in vacuo and the mixture was diluted with 40 mL of dichloromethane and 

hydrolyzedd with 10 mL of a 10% aqueous HC1 solution. The water layer was removed and the organic 

layerr was dried over MgSO.4. The solvents were removed in vacuo and the resulting yellow solid was 

crystallizedd from 2-propanol/toluene. Yield: 280 mg of yellow crystals (51%). M.p. 308 - 310 °C. 
31P{'H}}  NMR (CDCL): 5- -70.86. lH NMR (CDCL): 5 - 8.14 (bd, 3J(H,H) = 6.5 Hz, 2H), 7.94 (bd, 
3J(H,H)) = 6.5 Hz, 2H), 7.86 (dd, 3J(H,H) = 8.0 Hz, 4J(H,H) = 1.5 Hz, 1H), 7.70 (d, 3J(H,H) = 7.0 Hz, 

1H),, 7.50 (d, 3J(H,H) = 7.5 Hz, 1H), 7.40 (t, 3J(H,H) = 7.5 Hz, 1H), 7.26 - 7.2 (m, 5H), 7.17 - 7.13 (m, 

8.00 Hz, 4H), 6.95 (t, 8.0 Hz, 1H), 6.88 (dd, 3J(H,H) = 8.5 Hz, 3J(H,H) = 1.5 Hz, 1H), 6.73 (bdd, 3J(H,H) 

== 7.5 Hz, 3J(H,H) = 1.5 Hz, 1H), 2.39 (s, 6H), 2.37 (s, 6H). 13C{'H}  NMR (CDCI3): 5 = 155.59 (s), 

154.988 (s), 154.41 (t, 10.9 Hz), 136.58 (vt), 136.56 (s), 136.05 (vt), 134.81 (s), 134.06 (m), 132.87 (s), 

132.555 (s), 131.76 (s), 129.56 (s), 129.18 (s), 128.25 (s), 126.65 (s), 125.03 (s), 124.81 (s), 122.17 (s), 

121.722 (s), 121.63 (s), 119.40 (s), 119.15 (s), 118.96 (t, 2.7 Hz), 118.48 (s), 118.46 (s), 118.43 (s), 

118.344 (s), 116.28 (s), 20.83 (s), 20.80 (s). Anal. Calcd. for C44H32O3P2: C, 78.80; H, 4.81. Found: C. 

79.52;; H, 5.01. 
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4,5-bis(2,8-dimethyl-10-phenoxaphosphino)phenoxazine(Nixantphenoxaphos,, 7) 

Att 0 °C 13.8 mL of rc-butyllithium (2.5 M in hexanes, 34.5 mmol) was added to a stirred solution of 

4.00 g of 9-(/-butyldimethylsilyl)phenoxazine (13.5 mmol) and 5.2 mL of TMEDA (34.5 mmol) in 200 

mLL diethylether. The resulting solution was warmed to room temperature overnight. The reaction 

mixturee was cooled to -78 °C and a solution of 9.1 g of 10-chloro-2,8-dimethylphenoxaphosphine (34.5 

mmol)) in 60 mL toluene was added. The reaction mixture was slowly warmed to room temperature 

overnight.. Next the diethylether was removed in vacuo and the mixture was diluted with 120 mL of 

dichloromethanee and hydrolyzed with 40 mL of a 10% aqueous HC1 solution. The water layer was 

removedd and the organic layer was dried over MgSO.*. The solvents were removed in vacuo and the 

resultingg brown paste was dissolved in 100 mL of THF. 8.62 g of rt-(Bu)4NF.3H20 (33 mmol) was 

addedd and the reaction mixture was stirred for two days at room temperature. Then 50 mL of brine and 

2000 mL of dichloromethane were added. The water layer was removed and the organic layer was dried 

onn MgS04. The solvents were removed in vacuo and the resulting yellow solid was crystallized from 

dichloromethane/ethanol.. Yield: 2.6 g of brown/yellow microcrystals (30%). M.p. 276 °C (dec). 
3IP{'H}}  NMR (CDC13): 6= -70.71. 'H NMR (CDCIJ ): S - 7.98 (d, 3J(P,H) = 9.5 Hz, 4H), 7.20 (dd, 

'' J(H,H) - 8.5 Hz, 4J(H,H) = 1.9 Hz, 4H), 7.06 (d, 3J(H,H) = 8.5 Hz, 4H), 6.41 (t, 3J(H,H) = 7.5 Hz, 2H), 

6.188 (d, 3J(H,H) = 7.5 Hz, 2H), 5.93 (dd, 3J(H,H) = 7.5 Hz, 4J(H,H) - 1.8 Hz, 2H), 4.76 (bs, 1H), 2.37 

(s,, 12H). 13C{'H}  NMR (CDCI3): 5 = 155.38 (s), 136.63 (vt, 21.9 Hz), 135.01 (s), 133.87 (t, 5.5 Hz), 

133.67(t,, 2.4 Hz), 132.56 (s), 131.91 (s), 125.01 (s), 124.82 (s), 118.67 (s), 118.25 (s), 114.57 (s), 20.83 

(s).. 20.82 (s). Anal. Calcd. for C40H31NO3P2: C, 75.58; H, 4.92; N, 2.20. Found: C, 75.14; H, 4.89; N, 

2.31. . 

4,5-bis(2,8-dimethyl-10-phenoxaphosphino)-10-phenylphenoxaphosphinee (Phosxantphenoxaphos, 

8) ) 

Att room temperature 23 mL of phenyllithium (1.8 M in hexanes, 41.4 mmol) was added to a stirred 

solutionn of 1.5 g of 10-phenylphenoxaphosphine (5.4 mmol) and 6.24 mL of TMEDA (40.7 mmol) in 

300 mL diethylether. The dark brown reaction mixture was heated at reflux temperature for two days. 

Thenn the reaction mixture was cooled to -78 °C and a solution of 10.7 g of 10-chloro-2,8-

dimethylphenoxaphosphinee (40.7 mmol) in 80 mL toluene. The reaction mixture was slowly warmed to 

roomm temperature overnight. Next the diethylether was removed in vacuo and the mixture was diluted 

withh 120 mL of dichloromethane and hydrolyzed with 40 mL of a 10% aqueous HC1 solution. The water 

layerr was removed and the organic layer was dried over MgS04. The resulting solid was filtered 

throughh silicagel (eluent: toluene). The solvent was removed in vacuo and the resulting white solid was 

purifiedd by several washings with boiling hexanes. Yield: 1.5 g of a white powder (37.9%). 
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Alternatively,, crystals can be obtained from dichloromethane/ethanol. M.p. 256 - 258 °C. 31P{1H}  NMR 

(CDCb):: 5= -53.08, -70.38 (ratio 1:2). 'H NMR (CD2C12): 5 = 7.93 (m, 2H), 7.84 (m, 2H), 7.40 (ddd, 
4J(P,H)) = 10.5 Hz, 3J(H,H) = 6.3 Hz, 4J(H,H) = 2.4 Hz, 2H), 7.23 (m, 5H), 7.14 (d, 3J(H,H) = 7.2 Hz, 

4H),, 7.09 (m, 4H), 6.96 (m, 4H), 2.34 (s, 6H), 2.32 (s, 6H).I 3C{ 'H }  NMR (CD2C12): 5 = 157.05 (t, 10.3 

Hz),, 154.18 (d, 6.8 Hz), 140.17 (d, 21.2 Hz), 136.24 (d, 35.7 Hz), 136.02 (s), 135.74 (t, 20.61 Hz), 

135.599 (t, 19.9 Hz), 133.52 (dt, 12.5 Hz, 5.6 Hz), 132.63 (s), 132.46 (s), 132.36 (s), 130.54 (vt, 17.1 

Hz),, 129.46 (s), 129.03 (d, 6.9 Hz), 124.94 (d, 11.7 Hz), 119.97 (d, 4.8 Hz), 118.29 (t, 2.8 Hz), 118.01 

(d,, 11.1 Hz), 20.95 (s), 20.90 (s). Anal. Calcd. for C46H35O3P3: C, 75.82; H, 4.84. Found: C, 75.89; H, 

4.74. . 

4,5-bis(9-dibenzo[b,d]phospholyl)-2,7-dimethylphenoxathiinn (DBP-Thixantphos, 9) 

Att 0 °C 4.4 mL of «-butyllithium (2.5 M in hexanes, 11.0 mmol) was added to a stirred solution of 1.1 

gg of 2,7-dimethylphenoxathiin (4.7 mmol) and 1.7 mL of TMEDA (27.4 mmol) in 25 mL diethylether. 

Thee resulting solution was warmed to room temperature overnight. The reaction mixture was cooled to 

-788 °C and a solution of and 2.4 g 9-chlorodibenzo[b,d]phosphole (11.0 mmol) in 10 mL toluene was 

added.. The reaction mixture was slowly warmed to room temperature overnight. Next the diethylether 

wass removed in vacuo and the mixture was diluted with 100 mL of dichloromethane and hydrolyzed 

withh 30 mL of a 10% aqueous HC1 solution. The water layer was removed and the organic layer was 

driedd over MgSC>4. The solvents were removed in vacuo and the resulting yellow solid was crystatlized 

fromm 2-propanol/toluene. Yield: 1.3 g of colorless crystals (47%). M.p. 345 °C (dec). 3IP{'H}  NMR 

(THF-dg):: 5= -19.78. 'H NMR (THF-d8): 5 = 8.1 (dd, 3J(H,H) = 7.5 Hz, 4J(H,H) = 1.6 Hz, 4H), 8.09 (d, 
3J(H,H)) = 7.5 Hz, 4H), 7.45 (t, 3J(H,H) - 7.5 Hz, 4H), 7.36 (t, 3J(H,H) = 7.2 Hz, 4H), 6.95 (bs, 2H), 6.32 

(bs,, 2H), 1.99 (s, 6H). "C^H}  NMR (CDC13): 5 = 153.38 (t, 11.6 Hz), 143.91 (s), 142.31 (t, 2.3 Hz), 

134.533 (s), 131.36 (t, 6.2 Hz), 129.99 (s), 129.03 (s), 128.54 (s), 128.25 (s), 127.38 (t, 3.1 Hz), 126.24 

(vt,, 13.1 Hz), 121.38 (s), 20.41 (s). Anal. Calcd. for C38H26O3P2S: C, 77.01; H, 4.42. Found: C, 76.85; 

H.4.37. . 

4,5-bis(9-dibenzo[b,d]phosphoIyl)phenoxazinee (DBP-Nixantphos, 10) 

Att 0 °C 6.8 mL of «-butyllithium (2.5 M in hexanes, 16.9 mmol) was added to a stirred solution of 2.2 

gg of 9-(/-butyldimethylsilyl)phenoxazine (7.4 mmol) and 2.6 mL of TMEDA (16.9 mmol) in 100 mL 

diethylether.. The resulting solution was warmed to room temperature overnight. The reaction mixture 

wass cooled to -78 °C and a solution 3.7 g of 9-chlorodibenzo[b,d]phosphole (16.9 mmol) in 30 mL 

toluenee was added. The reaction mixture was slowly warmed to room temperature overnight. Next the 

diethyletherr was removed in vacuo and the mixture was diluted with 100 mL of dichloromethane and 
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hydrolyzedd with 30 mL of a 10% aqueous HC1 solution. The water layer was removed and the organic 

layerr was dried over MgS04. The solvents were removed in vacuo and the resulting brown paste was 

dissolvedd in 100 mL of THF. 4.22 g of «-(Bu)4NF.3H20 (16.2 mmol) was added and the reaction 

mixturee was stirred for two days at room temperature. Then 30 mL of brine and 100 mL of 

dichloromethanee were added. The water layer was removed and the organic layer was dried on MgS04. 

Thee solvents were removed in vacuo and the resulting yellow solid was crystallized from 

dichloromethane/ethanol.. Yield: 1.6 g of yellow crystals (43%). M.p. 268 °C (dec). 3IP{'H}  NMR 

(THF-ds):: 8= -20.52. 'H NMR (THF-ds): ö =8.22 (bdd, 3J(H,H) = 7.2 Hz, 4J(H,H) = 1.2 Hz, 4H), 7.99 

(d,, 3J(H,H) = 7.5 Hz, 4H), 7.44 (t, 3J(H,H) = 7.2 Hz, 4H), 7.37 (t, 3J(H,H) = 7.2 Hz, 4H), 6.41 (td, 
3J(H,H)) - 7.5 Hz, 3J(P,H) = 1.2 Hz, 2H), 6.30 (d, 3J(H,H) = 7.8 Hz, 2H), 5.93 (bdd, 3J(H,H) - 7.5 Hz, 
4J(H,H)== 1.2 Hz, 2H), 5.5 (s, 1H). I3C{ !H}  NMR (THF-d8): 5 - 147.58 (t, 10.8 Hz), 144.98 (s), 143.11 

(s),, 133.92 (s), 132.45 (t, 13.1 Hz), 129.45 (s), 128.24 (s), 125.04 (s), 124.63 (vt, 12.6 Hz), 122.78 (s), 

122.344 (s), 115.03 (s). Anal. Calcd. for C46H35O3P3: C, 78.97; H, 4.23; N, 2.56. Found: C, 79.11; H, 

4.33;; N, 2.41. 

Hydroformylation .. In a typical experiment the autoclave was charged with a 8.5 mL solution of 

Rh(CO)i(acac)) and 5 equivalents of ligand in toluene. After purging the solution three times with CO/H2 

(1:1),, the reactor was brought to 16 bar of CO/H2. Next the autoclave was heated to 80 °C. After 1 hour 

att 80 °C the substrate and internal standard are charged to the reaction mixture by overpressure of 

CO/H2( l : l ) . . 

Deuterioformylation .. In a typical experiment the autoclave was charged with a 8.5 mL solution of 

Rh(CO)2(acac)) and 5 equivalents of ligand in toluene. After purging the solution three times with D2, 

thee reactor was brought to 8 bar of D2 and further pressurised to 16 bar with CO. Next the autoclave was 

heatedd to 80 °C. After 1 hour at 80 °C the substrate was charged to the reaction mixture by overpressure 

off  CO. Samples of the crude reaction mixture were analysed by GC. Thereafter the reaction mixture was 

distilledd to separate the hexenes from the aldehydes. Deuterium contents were determined by 2H NMR, 

dataa identical to the data reported by Casey et al. was obtained.32 

Highh pressure NMR experiments. In a typical experiment a solution of 5.2 mg of Rh(CO)2(acac) (20 

u.mol)) and 1.1 equivalent of ligand in 1.5 mL of toluene-dg were pressurised to 16 bar of CO/H2. In the 

NMR-spectrometerr the tube was heated to 40 °C til l complete formation of the rhodium-hydride was 

observed.. NMR-spectra at different temperatures were recorded. 
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Highh pressure FT-IR experiments. In a typical experiment the high pressure IR autoclave was charged 

withh a solution of 4 mg of Rh(CO)2(acac) and 1.1 equivalents of ligand in 15 mL of cyclohexane. The 

autoclavee was purged three times with 10 bar CO/H2 (1:1), pressurised to 16 bar and heated to 40 °C. 

Catalystt formation was monitored in time. Hydride-deuterium exchange was carried out by cooling the 

autoclavee to room temperature, venting the gases, and purging the solution three times with 5 bar of D2. 

Nextt the autoclave was pressurised to 5 bar Di, finally the autoclave is brought to 10 bar by further 

pressurisationn with CO. 
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Abstract. . 

Thee application of phenoxaphosphino-modified Xantphos-type ligands (1 - 9) in the rhodium 

catalysedd hydroaminomethylation of internal olefins to linear amines is reported. Very high chemo- and 

regioselectivitiess can be obtained with the use of these ligands, which leads to an economically and 

environmentallyy attractive synthetic route for the preparation of amines from internal alkenes. 

Investigationss of the effect of the calculated natural bite angle of ligands 2 - 7 on 

hydroaminomethylationn shows that the regioselectivity for the linear product follows a similar trend as 

inn the hydroformylation of internal alkenes using these ligands. 

Hydroaminomethylationn and each of its individual steps were monitored by high pressure infrared 

spectroscopy.. The results show that hydroaminomethylation can take place by a sequential 

hydroformylation-amination-hydrogenationn pathway, but they do not exclude a different reaction 

mechanism. . 
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Introduction . . 

Whilee most catalytic conversions focus on the formation of new carbon-carbon or carbon-hydrogen 

bonds,, the formation of carbon-nitrogen bonds is of particular interest since a large number of nitrogen-

containingg molecules are of great importance for both the bulk and fine chemical industry, e.g. for the 

productionn of solvents, pharmaceutical intermediates or emulsifiers. Compared to conventional methods 

off  amine synthesis such as nucleophilic substitutions of organic halides by amines, azides or cyanides, 

mostt catalytic conversions avoid the production of (stoichiometric amounts) of salts, the use of 

expensivee starting materials or multi-step synthetic routes. Environmentally benign methods for amine 

synthesiss include catalytic nucleophilic substitution of alcohols, reductive amination of carbonyl 

compounds,, reduction of nitro or nitrile compounds and hydrocyanation followed by hydrogenation, but 

oftenn starting compounds are not available or the required reaction conditions may be incompatible with 

otherr functionalities in the substrate. In that respect both hydroamination' and hydroaminomethylation2 

(Schemee 1) provide efficient routes to synthesise amines via mild and clean chemistry having a high 

atom-economyy starting from readily available and inexpensive feedstocks of alkenes and amines. 

catalyst t 

/ - ^^ + R ' R 2 N H » - \ - ^ ^ N R ' R 2 (1) 

CO/H22 catalyst 

/ ^^ + R'R2NH * - -^^ - -^^NR'R 2 + H2  ( 2 ) 

Schemee 1 Hydroamination (1) and hydroaminomethylation (2). 

Thee hydroamination reaction still needs to be improved with regard to generality, but considerable 

progresss in this field has been made in recent years.' The one-pot hydroformylation-amination-

hydrogenationn domino reaction (hydroaminomethylation) already offers a versatile and selective route 

towardd the preparation of new amines that is compatible with the use of many different alkenes and 

amines. . 

Hydroaminomethylationn was initially discovered by Reppe who used Fe(CO)s as catalyst in almost 

stoichiometricc amounts.3-4 Research on this reaction, predominantly in industry, showed that harsh 

conditionss were required to give some selectivity toward the desired linear amines.5"11 In recent years 

Bellerr developed efficient hydroaminomethylation protocols,12'13 especially those that used naphos and 

Xantphos-typee ligands (Figure 1) as the modifying ligands.14 Concerning ligand-free 

hydroaminomethylationn procedures, the work of Eilbracht et al. is noteworthy as it shows how to 

preparee a large number of differently functionalised organic compounds via hydroaminomethylation.15" 
26 6 
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Iphoss Xantphos 

Figuree 1 Iphos and Xantphos. 

Recently,, a selective catalysis protocol was published for regio-selective hydroaminomethylation of 

internalinternal alkenes to linear amines.27 Thus, before the initial hydroformylation step, the system has to 

catalysee isomerisation between the internal and terminal alkene as the thermodynamic mixture contains 

lesss than 5% of the terminal alkene. For this reaction a ligand was employed (Iphos, Figure 1) that is 

particularlyy suited for the hydroformylation of internal alkenes to linear aldehydes.28 In most cases the 

selectivityy during the initial hydroformylation step is preserved and is reflected in the regio-selectivity 

forr hydroaminomethylation. The results obtained with Iphos 7 and Xantphos14 prompted us to test a 

seriess of wide bite angle ligands (1 - 9, Figure 2) that were specifically prepared to study the influence 

off  the natural bite angle on the hydroformylation of internal alkenes to linear aldehydes. Although 

thee regio-selectivity in the initial hydroformylation step might be retained, the consecutive amination 

andd reduction reactions might also be influenced by the nature of the different ligands. The scope of this 

reactionn was investigated by hydroaminomethylation reactions with non-functionalised and 

functionalisedd internal olefins and with several amines. High pressure infrared spectroscopy was used to 

followw the hydroaminomethylation reaction in situ. 

Resultss and discussion. 

Somee domino reactions that utilise hydroformylation as the initial step have a second step that can be 

performedd under hydroformylation conditions, like reduction and aldol condensation. Many consecutive 

reactions,, however, do require additional reagents and different reaction conditions. Change of the often 

optimisedd conditions might hinder or suppress the hydroformylation activity and selectivity. Many 

reactionss of the metal acyl intermediate or the final aldehyde may occur.31,32 In cases where a modifying 

ligandd is used, the ligand might undergo decomposition reactions or compete with other additives, 

reagentss or products for free binding sites on the metal.31'33 Successful incorporation of different 
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POPP POP 

Thixantphenoxaphoss (3) 
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Nixantphenoxaphoss (6) 

DBPP DBP 
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POP:: R = Me 
POP2:: R = H 
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DBP P 

Dibenzophosphole-moiety y 

Figuree 2 Tested ligands for hydroaminomethylation. 

reactionn steps in a one-pot procedure can therefore be difficult. Compared to hydroformylation the 

hydroaminomethylationn reaction often requires harsher conditions, because the low reaction temperature 

andd low hydrogen pressure give a slow hydrogenation of the produced imines and enamines.34 High 

temperaturess and high hydrogen pressures are required, but hydrogenation of the alkene should be 

negligible.. The presence of the amines wil l not influence the regio-selectivity of the initial 

hydroformylationn step when strongly chelating phosphines are used,14 but the resulting basic conditions 

catalysee the formation of aldol condensation by-products. Thus, the in situ produced aldehydes should 

bee converted rapidly to the amine in order to prevent side reactions. During hydroaminomethylation, 

stoichiometricc amounts of water are produced that could react with the catalyst, substrates or products. 

Previouss studies on hydroaminomethylation have shown that the solvent can have a major influence on 

thee catalysis results with regard to side-product formation, selectivity and activity. Therefore, as a 

startingg point for the screening of ligands 1 - 9 in hydroaminomethylation we used the optimised 

conditionss found for Xantphos as the ligand,14 since the structures of 1 - 9 are closely related to 

Xantphos.. The rhodium-catalysed hydroaminomethylation of 2-pentene and piperidine (Scheme 2) to 
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Schemee 2 Hydroaminomethylation of 2-pentene with piperidine. 

producee AZ-hexylpiperidine with 1 as modifying ligand was used to study the influence of some other 

importantt reaction parameters; i.e. reaction time, pCO, pWi, T, catalyst pre-cursor, and solvent (Table 

1).. As reference results obtained with Iphos are also included. 

Underr the optimised reaction conditions for Xantphos (solvent = methanol-toluene (1:1), T = 125 °C, 

/;COO = 7 bar (at room temperature), p\\i = 33 bar (at room temperature, treacljon = 12 h, Table 1 entry 2), 

wee observe only 70 % conversion toward the formation of amines, with a low regioselectivity (73:27). 

Additionally,, the in situ generated enamine is not completely hydrogenated. A lower conversion, but a 

higherr regio-selectivity (78:22) for the linear amine was obtained by reducing the reaction time to 6 

hourss (Table 1, entry 3). 

AA longer reaction time of 16 hours and reduced CO pressure to 5 bar ensures complete conversion at 

veryy high regio-selectivity (96:4). At lower pressures of 2.5 bar similar regio-selectivities were obtained, 

butbut the conversions were not reproducible as conversion levels ranged from 75% to > 99 %, which 

mightt be related to catalyst stability at these low CO pressures. 

Thee positive effect of reducing the CO pressure on regio-selectivity is in line with results obtained 

duringg the hydroformylation of internal alkenes to linear aldehydes,30'35 and can be explained by 

enhancedd rate of isomerisation as this effectively reduces the amount of branched alkyl rhodium 

intermediatee undergoing carbonylation. The efficiency of the enamine hydrogenation seems to increase 

att lower CO pressures, but this could be a side-effect as a result of the increased regio-selectivity, 

becausee linear enamines are in general easier to hydrogenate than branched enamines. Additionally, the 

formationn of A'-formylpiperidine is suppressed at lower CO pressures, which results in high chemo-

selectivitiess ranging from 97 to 99%. 
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Tablee 1 The effect of various reaction parameters on hydroaminomethylation of'2-pentene and piperidine" 
## Cat. Ligand pCO Solvent t T Conv. Sel. Selectivity (%) 

(bar) ) 

(h)) (°C) (%)A (%)' 

linearr  branched branched V-CHO l/b 

aminee amine enamine Piperidine 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

Iphos s 7/33 3 

77 33 

7/33 3 

5/33 3 

5/33 3 

2.55 33 

100 33 

5/5 5 

5/15 5 

5'5() ) 

5/33 3 

5/33 3 

5/33 3 

5'33 3 

5/33 3 

24 4 

12 2 

6 6 

12 2 

16 6 

16 6 

16 6 

16 6 

16 6 

16 6 

16 6 

16 6 

16 6 

16 6 

16 6 

125 5 

125 5 

125 5 

125 5 

125 5 

125 5 

125 5 

125 5 

125 5 

125 5 

105 5 

125 5 

125 5 

125 5 

125 5 

88 8 

70 0 

35 5 

80 0 

100 0 

75 5 

85 5 

53 3 

96 6 

93 3 

65 5 

95 5 

90 0 

100 0 

86 6 

98 8 

91 1 

89 9 

96 6 

99 9 

97 7 

97 7 

93 3 

98 8 

99 9 

95 5 

94 4 

82 2 

95 5 

52 2 

82 2 

66 6 

69 9 

86 6 

95 5 

94 4 

66 6 

87 7 

93 3 

91 1 

84 4 

90 0 

70 0 

85 5 

50 0 

17 7 

25 5 

20 0 

10 0 

4 4 

3 3 

30 0 

6 6 

5 5 

8 8 

11 1 

4 4 

12 2 

10 0 

0.4 4 

2 2 

1 1 

2 2 

2 2 

--
--
3 3 

1 1 

1 1 

1 1 

3 3 

1 1 

--
4 4 

. . 

82:18 8 

73:27 7 

78:22 2 

90:10 0 

96:4 4 

96:4 4 

68:32 2 

94:6 6 

95:5 5 

92:8 8 

88:12 2 

96:4 4 

85:5 5 

89:11 1 

96:4 4 

+351in. . 

""  Conditions: indicated pressures at room temperature, L/Rh = 4. substrate/Rh = 1114. [Rh] = 0.3 mM (0.1 mol%). Catalyst: 
AA = Rh(cod)2BF_, B = Rh(CO)2acac. Solvent: C = toluene-tetrahydrofuran (1:1). D = toluene-methanol (1:1). E. = toluene. F 
== methanol, G = anisol Conversion of piperidine at indicated reaction time.' selectivity toward amines.'' linear to branched 
ratio. . 

AA HT pressure of 33 bar is sufficient to ensure complete hydrogenation of all enamines, and a slightly 

higherr regio-selectivity is obtained compared to catalysis run under 50 bar of H2 (Table 1, compare 

entriess 5, 8 - 10) A reaction temperature of 105 °C (Table 1, entry 11) is not sufficient to ensure full 

conversionn and enamine hydrogenation. A good alternative catalyst pre-cursor for Rh(cod)2BF4 is 

Rh(CO)2(acac)) (Table 1, entry 12), although slightly lower conversions and chemo-selectivities are 

obtained.. Although unlikely with so much base present, BF4 influences the amount of cationic rhodium 

speciess present during catalysis, which most likely performs the enamine hydrogenation. 

Entriess 5, and 13-15 (Table 1) show that the solvent also has a dramatic effect on conversion, chemo-

andd regio-selectivity. From the solvent systems tested a 1:1 mixture of methanol and toluene is in all 

aspectss the best reaction solvent. Very high regio-selectivities are observed in anisol, but unfortunately 

hydrogenationn of the linear (!) enamine is very slow in anisol, resulting in a low chemo-selectivity. The 

influencess of most reaction parameters are similar to the influences reported when Xantphos was used in 

thee hydroaminomethylation of 1-pentene and piperidine.14 
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Tablee 2 Hydroaminomethylation of various alkenes and amines" 
~~ Alkene Amine Product Conv.(%)b Sel. (%)c Yield"  l/be 

977 87 24 

966 96 24 

944 94 16 

966 90 32 

955 91 12 

700 89 13 

855 42 2 

822 55 32 

""  Conditions: pCÖ = 5 bar (at T = room temperature), pH2 = 33 bar (at T = room temperature, 1/Rh = 4, substrate/Rh = 1114, 
[Rh]]  = 0.3 mM (0.1 mol%).b Conversion of piperidine after 16 h.' Selectivity toward amines.'' Yield toward amines." linear 
too branched ratio. 

Thee scope and limitations of this catalysis protocol were tested by using various unsaturated 

compoundss and amines. Catalysis was performed under 5 bar of CO, and a reaction time of 16 hours 

(Tablee 2). Good to excellent regio- and chemo-selectivities at very high conversions were obtained for 

non-functionalisedd alkenes (Table 2, entries 1 - 6). Functionalised alkenes lead to a lower conversion 

andd to a loss in chemo-selectivity (Table 2, entries 7 and 8). 

Thee influence of the bite angle on hydroaminomethylation. 

Inn spite of the fact that better results were obtained at a CO pressure of 5 bar and reaction time of 16 

hours,, we opted to study the effect of the different ligand structures at a CO pressure of 7 bar and 12 

hourss reaction time. Differences in regio-selectivity and conversion between the different catalysts will 

bee larger and thus the effect of natural bite angle on the performance may be more pronounced. Table 3 

summarisess the results obtained with ligands 2 - 9. 

Comparisonn of catalysis in presence of ligands 2 -7 shows the effect of natural bite angle on catalytic 

performance.. The best results as regards conversion, chemo-, and regio-selectivity were obtained when 

90 0 

100 0 

100 0 

93 3 

95 5 

94 4 

60 0 

65 5 

95 5 
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ligandd 4 with a natural bite angle of 114 ° was employed. Surprisingly, the catalyst obtained in the 

presencee of 6 led to a high conversion toward iV-methylpiperidine. 

Thee initial hydroformylation step is essential for a good hydroaminomethylation of internal alkenes, 

thereforee the results seem to contradict the results reported for the hydroformylation of trans-2-octene 

usingg the same ligand series, since it was reported that an increase in natural bite angle results in a 

decreasee in activity.30 It is important to note, however, that conversion and initial rate can be completely 

differentt due to differences in catalyst stability. Additionally, hydroaminomethylation reactions were 

conductedd under different reaction conditions, which might influence the performance of each catalytic 

systemm in a different manner. 

Thee regio-selectivity for the linear amine follows a similar trend as that observed for the 

hydroformylationn of frwK-2-octene; an increase in bite angle results in an increase in regio-selectivity 

forr the linear product up to bite angles of 125 ° and very wide bite angles lead to a decrease in regio-

selectivityy as was observed with 7.30 The results strongly suggest that the regio-selectivity during the 

initiall  hydroformylation step is retained during the consecutive steps of hydroaminomethylation. 

Thee hydrogenation efficiency is highly affected by the natural bite angle. Wide bite angle ligands lead 

too faster hydrogenation, but this might also be attributed to more facile hydrogenation of the linear 

enaminee compared to the branched enamine. The rhodium complex(es) formed with 2 are inefficient 

evenn in hydrogenation of the linear enamine. Another possibility is that the concentration of a cationic 

rhodiumm species (Figure 3), which is most likely to perform the hydrogenation step, is higher when wide 

bitee angle ligands are used, since wide bite angle ligands facilitate the coordination of the oxygen in the 

ligandd backbone to rhodium.36 

Tablee 3 The effect of natural bite angle on hydroaminomethylation" 

Ligand d 

2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

Pn n 

n* * 105.7 7 
112.5 5 
114.2 2 
116.0 0 
124.5 5 
131.2 2 
111.8 8 
128.9 9 

Conv. . 

(%r ' ' 
60 0 
75 5 
97 7 
71 1 
82 2 
65 5 
20 0 
94 4 

Selectivity y 

70 0 
93 3 
99 9 
96 6 
77 7 
78 8 
96 6 
98 8 

Lin.. amine 

13 3 
32 2 
67 7 
66 6 
56 6 
40 0 
43 3 
83 3 

Branchedd amine 

57 7 
61 1 
32 2 
30 0 
20 0 
38 8 
63 3 
15 5 

Branched d 
enaminee ("/o/ 
244 (+4 linear) 

6 6 
--
1 1 
--

21 1 
--
--

N-CHOO (%ff 

2 2 
1 1 
1 1 
3 3 

238 8 

1 1 
4 4 
1 1 

Vb" Vb" 

0.2 2 
0.5 5 
2.1 1 
2.2 2 
2.8 8 
1.0 0 
0.8 8 
5.7 7 

"Conditions:: pCO = 7 bar {at T = room temperature),pti2 = 33 bar (at T = room temperature), ligand/Rh = 4, substrate/Rh 
1114,, [Rh] = 0.3 mM in toluene/methanol (1:1), Treactl0T1 = 125 °C, t = 12 hours.h As reported in30.' Conversion of 
piperidine.. d Linear to branched ratio, percent product and conversion were determined after 12 h of reaction time.' 
Selectivityy toward amines. 'TV-formylpiperidine.? -V-methylpiperidine. 
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R R 

XX 0 - R h - C O + BF4" 

R R 

Figuree 3 Postulated intermediate cationic complex of ligands 2 - 7. 

Hydroaminomethylationn using the dibenzophosphole ligands 8 and 9 shows no enamine formation, 

indicatingg a very high hydrogenation activity and consequently a clean hydroaminomethylation 

procedure.. The low conversion obtained for 8 compared to the rest of the ligands is attributed to a slow 

catalystt pre-formation and less stable catalyst system as was reported in a previous study with these 

ligands. . 

Overall,, the best hydroaminomethylation results were obtained in the presence of 9 as both chemo-

andd regio-selectivity are highest, almost complete conversion is achieved and the only side product is N-

formylpiperidine. . 

InIn  situ High Pressure IR studies. 

Thee use of high pressure infrared spectroscopy for hydroaminomethylation can be a powerful tool to 

studyy the individual reactions involved in this domino reaction, especially since both intermediate 

productss (the aldehyde (uabs = 1734 cm"1) and the enamine ((uabS = 1650 cm"')) and some side-product 

(thee product formed via aldol condensation ((uabs = 1690 cm"1)) have strong and very specific absorption 

bands.. We used high pressure IR to follow the hydroformylation of pentene to hexanal (Scheme 3, 

reactionn 1), the condensation reaction of hexanal with piperidine (Scheme 3, reaction 2), the enamine 

hydrogenationn (Scheme 3, reaction 3) and the overall hydroaminomethylation reaction (Scheme 3, 

reactionn 4). In these experiments the catalyst was pre-formed in-situ from [Rh(cod)2)]BF4 and 4 

equivalentss of 1 in the high pressure IR autoclave at 125 °C under a CO/H2 (1:4) atmosphere. 

Subsequently,, by overpressure of hydrogen gas the substrates were introduced to the high pressure IR 

autoclavee and difference IR spectra were recorded every 5 - 15 minutes to follow the change of the 

absorptionn bands of the aldehyde, enamine and aldol-condensation products. The results are depicted in 

Figuree 4. 

Comparisonn of the rate of hydroformylation of 2-pentene to hexanal (Scheme 3, reaction 1; Figure 4, 

 ) and the rate of the condensation reaction of piperidine and hexanal to form the enamine (Scheme 3, 
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Hydroformylationn of 2-pentene (1) 

CO/H22 catalyst 

Enamincc formation (2) 

, 00 < > 

Reductivee amination (3) 

H H 
,NN CO/H2 catalyst 

++ H20 

Hydroaminomethylationn (4) 

H H 
NN CO/H2 catalyst 

++ H20 

Schemee 3 Different reaction steps (1 -3) of hydroaminomethylation (4). 

CD D 
o o c c 
03 3 

-Q Q 

O O 
(f) (f) 

-O -O 
03 3 

timee (h) 

Figur ee 4 Various reactions steps of hydroaminomethylation (sign, absorbance). Hydroformylation of 2-
pentenee to hexanal in toluene-methanol , hexanal), enamine formation and hydrogenation in toluene-
methanoll , enamine), and hydroaminomethylation in 2-MeTHF , enamine; A, hexanal). (see 
Experimentall  for reaction conditions and procedure). 
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reactionn 2; Figure 4, ) at 125 °C shows that under hydroaminomethylation conditions enamine 

formationn is much faster than the hydroformylation step. During hydroaminomethylation the formed 

aldehydess react directly with piperidine to form the enamine and water, and the equilibrium 

enamine/water-aldehydee is quickly established. If a system is not active in the hydrogenation reaction, 

aldehyde,, water and enamine remain, and the aldol condensation side-product forms. When hexanal and 

piperidinee are introduced to the autoclave with pre-formed (l)RhH(CO)2 than the enamine formed is 

hydrogenatedd to the desired amine. In all instances the hydrogenation reaction is much slower than the 

ratee of hydroaminomethylation (Scheme 3, reaction 3; Figure 4, , since not all enamine was 

hydrogenated,, even after a prolonged reaction time of 18 hours. Possibly the relative concentration of 

thee intermediates compared to catalysis under normal hydroaminomethylation conditions, where both 

waterr and enamine are formed with the rate of hydroformylation, influences the hydrogenation activity 

off  the catalyst. Consequently, under conditions where piperidine and hexanal are introduced to 

(l)RhH(CO)2,, aldol condensation occurs. 

Whenn hydroaminomethylation (Scheme 3, reaction 4) was followed by high pressure IR no 

absorptionss corresponding to the aldehyde or enamine were observed. GC and GC/MS analysis of the 

reactionn mixture corroborates the formation of iV-hexylpiperidine. In contrast to experiments where all 

reagentss are added simultaneously and heated to the reaction temperature (Table 1, entry 2), the 

introductionn of the substrates to a pre-formed catalyst at the reaction temperature does not lead to any 

enaminee formation. It is postulated that these enamines are formed during the heating of the autoclave 

beforee reaching the reaction temperature, and are hydrogenated less efficiently (compare to the 

experimentss where the aldehyde and amine are introduced to the autoclave, vide supra). 

Hydroaminomethylationn in 2-methyltetrahydrofuran (2-MeTHF) instead of in toluene-methanol (1:1) 

iss inefficient due to the formation of many side-products caused by a very slow hydrogenation of the 

producedd enamines (Figure 4, . Probably the more polar environment that is obtained with MeOH 

favourss ionic species that are potentially responsible for the hydrogenation. The aldehydes react either 

withh piperidine to form enamines or undergo aldol condensation reactions. jV-formylpiperidine, N-

methylpiperidinee and JV-hexanoylpiperidine were also formed, albeit in small amounts. The formation of 

thesee products indicates that nucleophilic attack of the piperidine to a metal acyl intermediate takes 

placee under hydroaminomethylation conditions, either intra- or intermolecularly; apparently the formed 

amidee bond can be hydrogenated with these type of catalyst systems. 

Whilee the results strongly support that hydroaminomethylation can proceed via a hydroformylation-

amination-hydrogenationn sequence, other mechanisms cannot be excluded. It is especially peculiar that 

noo formation of aldehydes or enamines are detected during hydroaminomethylation in methanol:toluene 

(1:1),, which strongly suggests that the hydrogenation of the enamine is very rapid and not rate-
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determining,, but the hydrogenation of enamine in a separate reaction is very slow (Figure 4, . 

Especiallyy the results in 2-MeTHF have shown that the rhodium-acyl intermediates can be subject to 

nucleophilicc attack, which might be another indication that hydroaminomethylation proceeds via 

anotherr reaction pathway than a sequential hydroformylation-amination-reduction reaction. 

Unambiguouss evidence for either pathway is currently lacking. 

Conclusions. . 

AA recently developed series of phenoxaphosphino,- and dibenzophosphole-modified Xantphos type 

ligandss has been applied in the rhodium catalysed hydroaminomethylation to produce synthetically 

importantt linear amines from economically and environmentally attractive internal olefins in very high 

yieldss and with very high regio-selectivities (up to 96%). The natural bite angle of the ligand has a 

strongg influence on the chemo- and regio-selectivity of the reaction. While the regio-selectivity follows 

thee same trend as hydroformylation, subsequent hydrogenation steps also seem to be influenced by the 

naturall  bite angle of the ligands, which might be related to the concentration of a cationic rhodium 

species. . 

Eachh separate step of the proposed sequence of hydroaminomethylation can be followed easily by high 

pressuree IR and shows that all reaction steps can take place under hydroaminomethylation conditions, 

butt these results do not exclude the occurance of other sequences, especially since the rate of the overall 

hydroaminomethylationn is higher than the rate of enamine hydrogenation as a separate step. 

Acknowledgements.. RPJB would like to thank Celanese Chemicals Europe, G.m.b.h., Germany for 

financialfinancial support. 

Experimental. . 

Generall  procedure. Al l air- or water-sensitive handlings were performed using standard Schlenk 

techniquess under an atmosphere of purified argon. Toluene was distilled from sodium, 2-

methyltetrahydrofurann from sodium/benzophenone. Cyclohexane, methanol and piperidine were 

distilledd from CaH2. 2-Pentene was either distilled or purified by percolation over neutral activated 

alumina.. Chemicals were purchased from Acros Chimica, and Aldrich Chemical Co. 2,7-di-/-butyl-9,9-

dimethyl-4,5-bis(10-phenoxaphosphino)xanthenee (l),37'38 4,5-bis(2,8-dimethyl-10-phenoxaphosphino)-

10,11 l-dihydrodibenzo[b,f]oxepine (2),30 4,5-bis(2,8-dimethyl-10-phenoxaphosphino)-2,7-

dimethylphenoxathiinn (3),30 4,5-bis(2,8-dimethyl-10-phenoxaphosphino)-9-isopropylidenexanthene 

(4),300 4,5-bis(2,8-dimethyl-10-phenoxaphosphino)-9,9-dimethylxanthene (5),30 4,5-bis(2,8-dimethyl-10-

phenoxaphosphino)phenoxazinee (6),30 4,5-bis(2,8-dimethyl-10-phenoxaphosphino)-10-
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phenylphenoxaphosphinee (7),30 4,5-bis(9-dibenzo[b,d]phospholyl)-2,7-dimethylphenoxathiin (8), and 

4,5-bis(9-dibenzo[b,d]phospholyl)phenoxazinee (9)30 were prepared according to literature procedures. 

Silicaa gel 60 (70-230 and 230-400 mesh) purchased from Merck was used for column chromatography. 

Infraredd spectra were recorded on a Nicolet 510 FT-IR spectrophotometer. High pressure IR spectra 

weree measured using a 50 mL home-made stainless steel autoclave equipped with mechanical stirrer and 

ZnSS windows. Synthesis gas (CO/H2, 1:1, 99.9%) was purchased from Air Liquide. Gas 

chromatopgraphicc analyses were run on an Hewlett Packard HP 5890 chromatograph with FID detector 

andd a HP5 column (crosslinked 5%PhMe siloxane). GC/MS analyses was conducted on an Agilent-

6890NN equipped with a HP5 column. 

Hydroaminomethylation.. The hydroaminomethylation reactions were carried out in a 200 mL home-

madee stainless steel autoclave or in a Parr stainless steel autoclave (100 mL). In a typical experiment, 

thee autoclave was charged with a solution of [Rh(cod)2]BF4 (0.1 mol%), ligand (0.4 mol%), 2-pentene 

(10.00 mmol) and piperidine (10.0 mmol) in 30 mL of a 1:1 methanol-toluene mixture. Subsequently, the 

autoclavee was pressurised with CO (7 bar) and hydrogen (33 bar), and heated to 125 °C. After 12 hours 

thee autoclave was cooled to room temperature and the gases were vented. The reaction mixture was 

driedd over MgS04 and analysed by GC using bis(methoxyethyl)ether as an external standard, and by 

GC/MS. . 

Highh pressure FT-I R experiments. In a typical experiment the high pressure IR autoclave was 

chargedd with a solution of [Rh(cod)2]BF4 (0.1 mol%) and 4 equivalents of ligand in 15 mL of a 1:1 

methanohtoluenee mixture. The autoclave was purged three times with 10 bar CO/H2 (1:1), pressurised 

withh CO (7 bar) and H2 (28 bar) and heated to 125 °C. Catalyst formation was monitored in time. Next a 

mixturee of 2-pentene and piperidine was introduced by an overpressure of hydrogen to a total pressure 

off  50 bar, the pressure that the would be reached at T = 125 °C when the autoclave would be pressurised 

withh 7 bar CO and 33 bar H2 at room temperature (as by using the standard hydroaminomethylation 

protocol).. IR spectra were recorded every 15 minutes. After 12 hours, the autoclave was cooled to room 

temperaturee and the gases were vented. The reaction mixture was dried over MgS04 and analysed by 

GCC using bis(methoxyethyl)ether as an external standard and by GC/MS. 
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Abstract. . 

AA highly active and regio-selective rhodium catalyst obtained from 1, a novel dicationic ligand, and 

Rh(CO)2(acac)) for hydroformylation of 1-hexcne and 1-octene in ionic liquids using is reported. 

Optimisationn studies of various reaction parameters led to an unprecedentedly active (TOFs > 6200 

mol.mof1.h',, T = 100 °C), selective (1/b ratios > 40) and stable hydroformylation procedure. No 

catalystt leaching (Rh-loss < 0.07% of initial rhodium intake, P-loss < 0.4% of the initial phosphorus 

intake)) or losses in performance could be measured during 1-octene hydroformylation recycle 

experimentss in l-butyl-3-methylimidazolium hexafluorophosphate. At low catalyst loadings activities 

andd regio-selectivities competitive with one-phase catalysis in conventional solvents were observed. At 

highh catalyst loadings the system is extremely stable and has a long shelf-life as a result of the formation 

off  stable, if inactive rhodium dimers. 
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Introduction . . 

Inn recent years much effort has been devoted to the development of catalytic systems that allow facile 

separationn of the products and catalysts.' Especially systems that enable efficient catalyst recycling have 

attractedd much attention." In this field the immobilisation of tailor-made catalysts to organic and 

inorganicc solid support has been successful, but in these systems immobilisation often results in lower 

catalyticc activity due to mass transfer limitations.3"7 The use of soluble supports, like dendrimers, results 

inn immobilised homogeneous catalysts that do not suffer from mass transfer limitations,8"11 but the 

limitedd availability of proper membrane material hampers efficient recycling. In recent years room 

temperaturee ionic liquids (RTIL) have proven to be attractive and alternative mediums for many 

homogeneouslyy catalysed reactions. The properties of ionic liquids can be tuned easily by adjustment of 

thee cation-anion pair. For example, a plethora of imidazolium ionic liquids can be prepared by varying 

thee anion (X", PFfl \ BF4", CFLCOO, etc..) and the alkyl groups on the aromatic ring. The combination 

off  high density, high stability, non-measurable vapour pressure, and the possibilities for catalyst 

immobilisationn via ionic interactions allows easy separation of the catalyst by simple phase separation 

orr distillation and recycling, as most products are not or only slightly soluble in the ionic phase. 

Comprehensivee information on this field can be found in the reviews that have appeared on this 

subject.. " Compared to the aqueous two-phase catalysis concept,17,18 the scope of two-phase catalysis 

cann be extended to substrates that are poorly soluble or insoluble in aqueous media. In addition, the use 

off  phosphites, phosphonites and phosphinites as modifying ligands for two-phase catalysis comes 

withinn reach in RTILs because degradation reactions, such as hydrolysis,20"21 are less likely to occur. 

Forr hydroformylation reactions l-butyl-3-methylimidazolium hexafluorophosphate (BMI.PF6) is often 

usedd as reaction medium. In this medium a good activity,19,22,23 selectivity19,22'24 and complete retention 

off  the catalyst can be obtained. Unfortunately, no systems have been reported that combine all three 

aspects.. In order to obtain a catalytic system that combines a high activity, high selectivity and a good 

retention,, we designed a novel diphosphine ligand. Our recent studies have shown that various xanthene 

basedd diphosphines show a moderate activity, but a high selectivity in the rhodium catalysed 

hydroformylation.. *" This high selectivity is in part retained when modified for use in RTILs.24,28 In 

addition,, the nature of the anions and cations of both the ionic liquid and the ligand have a major 

influencee on the recyclability of the catalyst. Excellent retention of the catalyst was observed by 

adjustingg the ligand structure to the ions of the solvent.19 Previously, we had found that when 

phenoxaphosphino-modifiedd xanthene-type ligands (Figure 1) are used in conventional solvents the 

catalyticc activity is enhanced considerably.29,30 

Heree we report our recent advances in the application of a novel phenoxaphosphino-modified 

Xantphos-typee ligand in RTILs (Figure 2), which was recently reported in a communication.31 

106 6 



AA Novel Dicationic Phenoxaphosphino-Modified Xantphos-type Ligand: Hydroformylation in Ionic Liquids 

Figuree 1 POP-Xantphos. "'" 

Resultss and discussion. 

Synthesis. . 

Previouss studies employing phenoxaphosphino-modified Xantphos-type ligands in the rhodium 

catalysedd hydroformylation in toluene have shown that these systems lead to very high 

hydroformylationn activities and selectivities. Averaged turn-over-frequencies (TOFs) of 1700 mol.mol" 

'.h"11 (T = 80 °C, p(CO/H2)(l:l ) = 20 bar, [Rh] = ImM, [1-octene] = 637 mM) have been 

observed.29'30'32'33 3 

Thee high regio-selectivity is mainly determined by the differences in the rates of (3-hydrogen 

eliminationn between the respective rhodium-alkyl species rather than by preferential formation of linear 

alkyll  rhodium intermediates.29'33 The use of this type of ligands for immobilisation procedures results in 

aa relatively high activity compared to other reported systems, while the regio-selectivity remains 

unequivocallyy high.31 Studies on related ligands have shown that modification of the 9,9-

dimethylxanthenee backbone at the 2- and 7- positions with different aliphatic groups does not have a 

largee influence on the catalytic reaction. This is in contrast to modification of the phenoxaphosphino-

moieties,, which often leads to a change in selectivity. 2 Therefore, a synthetic procedure was developed 

thatt allows easy modification of the 9,9-dimethylxanthene backbone by two cationic moieties at the 2-

andd 7- positions. 

Ligandd 1 was prepared via a six-step synthetic route. The first step involved a Friedel-Crafts acylation 

usingg 5-bromovaleryl chloride and 9,9-dimethylxanthene. Next, the ketone functionalities were reduced 

catalyticallyy using InC^ and chlorodimethylsilane.34 Compared to standard methods for reduction, like 

thee Wolff-Kischner or Clemmensen reduction, the catalytic reduction provides a more efficient route. 

Next,, bromination of the 4,5 positions of the modified-xanthene backbone followed by dilithiation and 

reactionn with 10-chloro-2,8-dimethylphenoxaphosphine yielded 2. Reaction of 2 with two equivalents of 

1-methylimidazolee at 80 °C followed by a halide / PF6 exchange gives the desired ligand 1 in a 

moderatee overall yield (Scheme 1). 
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Figuree 2 Novel dicationic ligand. 

POPP POP 

Schemee 1 Synthesis of ligand 1. (yields between parenthesis) /') 2.2 eq. AICI3 / 2.2 eq. 5-bromovaleric 

acidd chloride (90%), ii)  a) InCl3 / chlorodimethylsilane (86%), b) Br2 (90%), Hi) a) «-BuLi, -80 °C, 30 

min.,, b) 10-chloro-2,8-dimethylphenoxaphosphine (48%), iv) a) 1-methylimidazole, 80 °C, 8 days in 

CHjCN/toluenee (46%), b) KPF6 in H20 (77%). 

Catalysis. . 

Thee immobilised catalyst-precursor was formed by mixing Rh(CO)2(acac) and four equivalents of 

ligandd in an acetonitrile/BMI.PFö mixture. After stirring for 1 hour the acetonitrile was removed by 

evaporationn under reduced pressure at 60 °C for 3 hours, which afforded a red solution of the ionic 

liquidd catalyst-precursor. Prior to hydroformylation the catalyst pre-cursor was heated at 80 °C for 1 

hourr under 15 bar of CO/H2 (1:1) to form the active hydroformylation catalyst. Hydroformylation of 1-

octenee was carried out at 100 °C under 17 bar of CO/H2 (1:1) using 3 mL of ionic liquid and 3 mL of 1-

octene.. At approximately 30 % conversion the reaction was stopped by cooling the autoclave in an ice-
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Tablee 1 Hydroformylation of 1-octene" 

Cycle e 
1 1 
2 2 
3 3 
4 4 
5 5 
6' ' 
i i 

TOF i c c 

65 5 
XX X 
93 3 
112 2 
107 7 
318 8 
305 5 

%%  isom*'' 
11.8 8 
8.3 3 
7.8 8 
7.7 7 
9.6 6 
13.3 3 
17.7 7 

(%) ) Sel.. '(% ) 
86.2 2 
89.8 8 
90.1 1 
90.3 3 
88.1 1 
85.0 0 
80.8 8 

1/bb ratio" 
44 4 
49 9 
44 4 
44 4 
38 8 
49 9 
55 5 

""  Conditions: T = 100 °C,/?(CO/H2)(l:l ) = 17 bar, [Rh] = 6.4 mM, [1] = 27 mM, substrate/Rh = 988, ionic liquid = BMI.PF,,. 
Ratee of stirring = 900 rpm. In none of the experiments was hydrogenation observed. '' Linear to branched ratio, percent 
isomerisationn to 2-octene, percent linear aldehyde and turnover frequency were determined at -30% alkene conversion. ' 
Turnoverr frequency = (mol aldehyde), (mol Rh)'1, h '. d % isom = (octenes other than l-octene)/(octenes other than 1-
octene+aldehydes)*100%.. " Sel. = (linear aldehyde)/(branched aldehyde + octenes other than 1-octene)*  100%. ' pH2 = 40 
bar,/>COO = 6bar. 

C O cc H 

(( Rh Rh ) • 2 ( Rh -CO 

gg CO CO 

Schemee 2 Equilibrium between Rh-dimer and Rh-hydride species. 

bathh and venting the gasses. Recycling experiments were performed by removal of the octene/aldehyde 

layerr by decantation followed by charging the autoclave with 1-octene, repressurisation and heating to 

thee desired temperature. The results of seven consecutive recycling experiments are shown in Table 1. 

Thee applied catalysis conditions are similar to the optimised conditions described by Dupont et al. 

whoo used sulfonated Xantphos as modifying ligand.28 Already from the first experiment it is evident that 

veryy high linear to branched (1/b) ratios are obtained by employing this ligand, albeit with moderate 

activity.. The increase in catalytic activity observed for recycle experiments 2 through 4 indicates that 

probablyy no complete conversion toward the active rhodium-hydride species had been reached in the 

firstfirst run, an effect also observed by others. Starting from recycle experiment 4 reproducible activities 

weree obtained. The relatively low activity for this ligand system and the red colour of the rhodium 

complexx in the ionic liquid after catalysis suggests the presence of a dimeric rhodium species (Scheme 

2).355 Dimer formation is a known cause for lower activity of rhodium hydroformylation catalysts. As a 

resultt the concentration of the active monomeric catalyst species decreases. Since most 

hydroformylationn catalysts exhibit a first order dependency in the concentration of this rhodium-hydride 

species,366 the reaction becomes slower. In order to shift the equilibrium between the rhodium-monomer 

andd the rhodium-dimer towards the rhodium-monomer a higher partial hydrogen pressure was applied. 

Indeed,, the catalytic activity could be enhanced to TOFs > 300 mol.mol .h" by applying higher 

hydrogenn pressures while keeping the CO pressure constant (Table 1, entries 6 and 7). In addition, even 

att these high hydrogen pressures, no hydrogenation takes place. Unfortunately, and in contrast to our 

previouss studies using sulphonated Xantphos, no conclusive high pressure IR and high pressure NMR 
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dataa could be obtained for this system." According to ICP analysis of the octene/aldehyde mixture after 

catalysiss neither phosphorus (< 100 ppb; < 0.4% of the initial phosphorus intake) nor rhodium (< 5 ppb; 

<< 0.07% of the initial rhodium intake) leaching was detected. Furthermore, the catalyst proved to be 

extremelyy stable even under atmospheric conditions without special precautions. When the 

hydroformylationn of 1-octene was repeated after the ionic liquid containing the catalyst had been stored 

forr 14 days at room temperature under air, similar catalysis results were obtained as in the initial 

hydroformylationn experiment, although a slightly higher rate of isomerisation was observed. The 

increasedd isomerisation might be due to formation of acidic impurities caused by some anion hydrolysis 

withh moisture from air.38"41 

Thee effect of catalyst concentration on hydroformylation . 

Despitee the promising initial results with this catalytic system, the activity is still low compared to 

catalysiss under one-phase conditions, which was conducted at lower temperatures.29-,,U2-33 The 

existencee of dimeric rhodium species, possibly still present at high hydrogen pressures, is considered to 

bee the main reason for the relatively low activity. High catalyst concentrations may favour the formation 

off  rhodium-dimers" and therefore we opted to reduce the catalyst concentration. This was expected to 

shiftt the rhodium-dimer/monomer equilibrium toward the monomeric rhodium species, but it also 

reducess the effect of potential mass transfer limitations that are commonly observed for immobilised 

systems.. The results of catalysis at lowered rhodium concentration ([Rh] = 1.7 mM in ionic liquid, [1] = 

277 mM) and at different stirring rates (from 230 to 1600 rpm) arc summarised in Table 2. 

Loweringg the rhodium concentration results in a tremendous increase in activity per rhodium and in a 

slightt increase in regio-selectivity. The effect of stirring rate indicates that we are operating under mass 

transferr limitations as the activity increases when the reaction mixture is stirred more vigorously. The 

stirringg rate also has a large impact on isomerisation activity, possibly due to differences in dissolution 

ratess of the substrates. Overall the best performance was obtained at a stirring rate of 900 rpm as a good 

balancee between isomerisation and hydroformylation activity was found. 

Next,, the effect of reducing the ligand concentration was studied ([Rh] = 1.7 mM in ionic liquid, [1] = 

77 mM) (Table 3). At this lowered ligand concentration slightly higher activities (TOF = 6200 mol.mof 

Vh"1.)) were obtained, while maintaining a high 1/b ratio. Reducing the /?(CO/Fb) - 60 bar (1:9) to 

p{COI\\2)p{COI\\2) - 12 bar (1:1) resulted in a slight drop in catalytic activity only. This indicates that still some 

rhodium-dimerr species might be present under lowered hydrogen pressures, but that the equilibrium is 

shiftedd almost completely to the monomeric rhodium species. In addition, the colour of the ionic liquid 

solutionn turns yellow instead of remaining red during recycling experiments, supporting this hypothesis. 
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Tablee 2 Hydroformylation of 1-octene at different rates of stirring" 

Cvcle e 
1 1 
4-5 5 
2-3 3 
6-7 7 
10-11 1 
8-9 9 

rpm m 
550 0 
230 0 
550 0 
900 0 
1285 5 
1600 0 

TOF* ' ' 
3450 0 
2900 0 
4850 0 
5150 0 
6400 0 
7400 0 

% % isomm ' 
14 4 
14 4 
11 1 
11 1 
19 9 
21 1 

'(% ) ) Sel l ) ) 
84 4 
84 4 
87 7 
87 7 
79 9 
77 7 

1/bb ratio* 
64 4 
63 3 
65 5 
59 9 
56 6 
52 2 

""  Conditions: T = 100 °C, ^(CO/H:)(l:9) = 60 bar, [Rh] = 1.7 mM, [ligand] = 27 mM, substratc/Rh = 3823, ionic liquid = 
BMI.PF6.. In none of the experiments was hydrogenation observed. '' Linear to branched ratio, percent isomerisation to 2-
octene,, percent linear aldehyde and turnover frequency were determined at -40% alkene conversion.' Turnover frequency = 
(moll  aldehyde), (mol Rh)"1, h~'. '' % isom = (octenes other than l-octene)/{octenes other than l-octene+aldehydes)*100%. ' 
Sel.. = (linear aldehyde)/(branched aldehyde + octenes other than 1-octene)*  100%. 

Tablee 3 Hydroformylation of 1-octene and fra/«-2-octene" 

Cvcle e 
1 1 
2 2 
3 3 
4 4 
5 5 
6' ' 
7' 7' 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 

Substrate e 
11 -octene 
11 -octene 
II  -octene 
11 -octene 
11 -octene 
11 -octene 
11 -octene 
11 -octene 

/raw.v-2-octene e 
trans-2-oclene trans-2-oclene 

11 -octene 
11 -octene 
11 -octene 

TOF* ' ' 
5250 0 
6150 0 
6800 0 
7200 0 
6650 0 
5100 0 
5000 0 
6650 0 
1200 0 
1200 0 
9600 0 
10100 0 
8700 0 

%isom* lrf (%) ) 
26.5 5 
23.6 6 
21.0 0 
21.3 3 
27.0 0 
15.8 8 
13.4 4 
26.6 6 
13.6* * 
16.3* * 
nd' ' 

23.0 0 
26.0 0 

Sel.*-f(%) ) 
72 2 
75 5 
77 7 
77 7 
71 1 
82 2 
85 5 
72 2 
37 7 
14 4 
Nd d 
54 4 
53 3 

1/bb ratio* 
45 5 
41 1 
43 3 
43 3 
42 2 
44 4 
41 1 
41 1 
0.7* * 
0.2" " 
1.9 9 
2.4 4 
2.5 5 

""  Conditions: T = 100 °C, /?(CO/H2)(l:9) = 60 bar, [Rh] = 1.7 mM, [ligand] = 7mM, substrate/Rh = 3823, ionic liquid = 
BMI.PFf,.. Rate of stirring = 900 rpm. In none of the experiments was hydrogenation observed. h Linear to branched ratio, 
percentt isomerisation to 2-octene, percent linear aldehyde and turnover frequency were determined at -40% alkene 
conversion.. ' Turnover frequency = (mol aldehyde), (mol Rh)"1. h '. J % isom = (octenes other than l-octenc)/(octenes other 
thann l-octene+aldehydes)*100%. !' Sel. = (linear aldehyde)/(branched aldehyde + octenes other than 1-octene)*  100%. ' 
/>(CO/H;)(l:l)) = 12 bar. K predominantly isomerisation to c/.s-2-octene. '' The differences in 1/b ratio between cycle 9 and 
cyclee 10 are most likely caused by some aldehydes present in the RTIL from the previous catalysis experiment (cycle 8). ' nd 
== not determined. 

Alternatively,, there could exist a small positive order in hydrogen pressure. Decomposition of the 

catalyticc system could be excluded since under the standard reaction conditions the same activity and 

selectivityy were measured, and no rhodium or phosphorus leaching was detected (Table 3, cycle 8). 

Thee very high hydroformylation and isomerisation activity prompted us to test the catalyst for the 

selectivee hydroformylation of trans-2-octene to nonanal. In order to enhance the isomerisation activity 

andd to suppress the hydroformylation of internal alkenes to branched aldehydes the reaction temperature 

wass increased to 120 °C and the CO pressure was reduced to 2.5 bar (pCO = 2.5 bar, pH2 = 47.5 bar). 

Severee catalyst deterioration was observed under these conditions during the hydroformylation of trans-

2-octene,, even at high ligand concentrations ([1] = 27mM). Therefore we also tested the system under 

identicall  conditions as for the hydroformylation of 1-octene (Table 3, cycle 9 and 10). High activities 
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Tablee 4 Comparison of different systems" 

PP leaching''  (%) 

nrL' ' 
nr r 
nr r 
nr r 
nr r 

<0.4' ' 

""  Conditions: T = 100 °C. p(CO'H2) = 10-60 bar. substrate = l-octene. ionic liquid = BMI.PF,,. In none of the experiments 
wass hydrogenation observed. '' Turnover frequency = (mol aldehyde), (mol Rh)"1, h '. ' Rate ^ (mol aldehyde).I/1.h'1.'7 

Percentagee of leached rhodium/phosphorus of initial intake.' Monophosphate ligand. ' Substrate = 1-hexene. T = 80 °C. ~ nr 
== not reported. ' Munophosphine ligand. ' Diphosphine ligand. ' Phenylguanidium modified diphosphine hgand. * nd - no 
sufficientt data to calculate the rate in (mol aldehyde).!/1.h"'. ' Detection limit of ICP analysis. '" Sulphonated diphosphine 
ligand d 

butt very low 1/b ratios were observed, but again the catalyst was not stable when fra/?.v-2-octenc was 

usedd as substrate. Subsequent experiments using l-octene confirmed that catalyst decomposition had 

takenn place (Table 3, cycles 11-13). Why the use of /ram-2-octene results in catalyst decomposition is 

currentlyy unclear, as the resting state is the species (diphosphine)RhH(CO): for both l-octene and trans-

2-octenee hydroformylation. Perhaps unidentified impurities are present. The low rate of alkene 

coordinationn is determined by the lower reactivity of internal alkenes and the low concentration of the 

alkenee in the ionic liquid. Rhodium and phosphorus leaching was detected (1% Rh-, and 8% P-leaching 

off  the initial intake). The low selectivity and increased activity of experiments 1 1 - 13 compared to 

recyclee experiments I - 8 are typical of non-ligated rhodium, which could point to ligand 

decomposition. . 

Remarkably,, a stable catalyst system under ambient conditions is only obtained at high catalyst 

loadings,, because at low concentrations decomposition is observed within a few days after exposing the 

catalystt to air. When stored under a pressure of CO/H: the catalyst retains its activity and selectivity. 

Apparently,, only the rhodium-dimer is stable under ambient 

conditions. . 

Overalll  the activity and selectivity for the l-octene hydroformylation experiments are by far superior 

too those reported by others under comparable reaction conditions (Table 4). 

Hydroformylatio nn of l-octene and 1-hexene at 80 °C and hydroformylatio n in HMI.PFÖ . 

Hydroformylationn at 80 °C was carried out to enable a valid comparison with literature data on the 

one-phasee systems (Table 5). At this temperature TOFs of 1200 mol.mol"1.h~' were observed; these 

surprisinglyy high activities are competitive with results obtained under typical one-phase 

hydroformylationn conditions (TOF = 1700 mol.mol'.h"1, solvent = toluene, T = 80 °C, p{CO/H2)( 1:1) = 

200 bar, [Rh] = 1 mM, [l-octene] = 637 mM).29'30'32,33 To investigate the influence of substrate solubility 

Ligand d 
backbone e 
Phenol''' ' 
2-imidazolium'' ' 
Cobaltocenium' ' 
Xanthenc' ' 
Xanthenc'" " 
Xanthenc' ' 

Reference e 

[19] ] 
[23] ] 
[22] ] 
[24] ] 
[28] ] 

thiss work 

TOF* * 

240 0 
552 2 
810 0 
52 2 
32 2 

6200 0 

Rate' ' 

1.3 3 
1.3 3 
2.0 0 
nd' ' 
0.1 1 
5.3 3 

1/bb ratio 

13 3 
1 1 

Id d 
21 1 
13 3 
44 4 

Rhh leaching' 
(%) ) 

2 2 
nr r 

<0.2 2 
<< 0.07' 

nr r 
<< 0.07' 
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1-hexenee was tested as substrate in BMI.PF6, because the solubility of 1-hexene in BMI.PF6 is higher 

thann that of 1-octene. Under one-phase conditions, the hydroformylation of 1-hexene or 1-octene gives 

similarr results as regards both activity and selectivity.33'42 Differences in performance between the two 

substratess in ionic liquids might be attributed to differences in solubility, but the activation parameters 

off  the two processes for the two substrates have not been determined. Comparison of the results shows 

thatt a much higher activity for the hydroformylation of 1-hexene is obtained (Table 5). 

Thee use of 1-hexene leads to 8% rhodium leaching, determined by ICP analysis, after three recycle 

experiments.. The large increase in TOF that is observed from cycle 7 - 9 can therefore in part be 

attributedd to catalysis not taking place in the ionic liquid phase, but in the substrate phase. Leaching was 

corroboratedd by consecutive hydroformylation reactions with 1-octene at T = 80 °C since the TOF 

droppedd from 1200 mol.mof'.h"1 for the initial hydroformylation experiments (cycle 4 - 6) to 950 

mol.mor'.h"'' for the experiments performed after 1-hexene hydroformylation (cycle 10 - 15). This loss 

inn activity (21%) is larger than the detected loss of rhodium (8%), which might indicate catalyst 

decomposition.. Catalyst decomposition would also explain the loss in regio-selectivity. During none of 

thee 1-octene hydroformylation experiments rhodium or phosphorus leaching was detected. 

Thee cause of this different behaviour of the catalyst system when using different substrates is unclear, 

thereforee l-hexyl-3-methylimidazolium hexafluorophosphate (HMI.PFtl) was used as the reaction 

mediumm as the solubility of 1-octene is increased in this solvent.15'40 The results for the recycling 

experimentss are summarised in Table 6. 

Thee activity for 1-octene hydroformylation increases from TOFs o f- 6200 mol.mor'.h" in BM1.PF6 

too TOFs of- 9000 mol.mol'.h"1 in HMI.PF6, while maintaining a high 1/b ratio. The catalyst can again 

bee recycled for at least 10 times without showing any noticeable loss in activity or selectivity, but in 

Tablee 5 Hydroformylation of 1 -hexene and I -octene" 

Cycle e 
1 1 
2 2 
3 3 
4-6 6 
7''* * 
8A* * 
9/.* * 
10-15 5 

Substrate e 
1-octene e 
11 -octene 
11 -octene 
1-octene e 
1-hexene e 
1-hexene e 
1-hexene e 
1-octene e 

T(°C) ) 
100 0 
100 0 
100 0 
80 0 
80 0 
80 0 
80 0 
80 0 

TOF fr ' ' 
4800 0 
6250 0 
6200 0 
1200 0 
4000 0 
5800 0 
8900 0 
950 0 

%isom/ w (%) ) 
12.3 3 
11.1 1 
13.0 0 
10.3 3 
nd d 
nd d 
nd d 
12.2 2 

Sel.*-'(%) ) 
86 6 
87 7 
85 5 
88 8 
nd d 
nd d 
nd d 
85 5 

l/bb ratio* 
45 5 
42 2 
44 4 
50 0 
54 4 
58 8 
54 4 
31 1 

""  Conditions: T = 100 °C. />(CO/H:)(l:9) = 60 bar. [Rh] = 1.7 mM. [ligand] = 7 mM, substrate/Rh = 3823, ionic liquid = 
BMI.PF,,.. Rate of stirring = 900 rpm. In none of the experiments was hydrogenation observed. '' Linear to branched ratio, 
percentt isomerisation to 2-octene. percent linear aldehyde and turnover frequency were determined at -40% alkene 
conversion.'' Turnover frequency = (mol aldehyde), (mol Rh)"1, h '. J % isom = (octenes other than l-octene)/(octenes other 
thann l-octenc+aldehydes)*100%. ' Sel. = (linear aldehyde)/(branched aldehyde + octenes other than l-octene)*100%. ' 
Substrate/Rhh = 4821/ Cyclc7: 89% conversion, Cycle8: 77% conversion. Cyclc9: 49% conversion. 
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Tablee 6 Hydroformylation of 1-octcne in HM1.PF,,' 
Cycle e 
1 1 
2 2 
3-6 6 
7-9' ' 

TOF*.' ' 
1400 0 
4950 0 
9000 0 
5250 0 

/o o i s o m * ' ' 
10.8 8 
5.9 9 
16.6 6 
19.0 0 

{%) ) Sel l . * • ' ( % ) ) 

87 7 
92 2 
XI I 
79 9 

1/bb ratio* 
41 1 
44 4 
44 4 
43 3 

""  Conditions: T - 100 °C. /;<CO'H:)(l:9) = 60 bar, [Rh] = 1.7 mM, [ligand] = 7 mM. substratc/Rh = 3823. ionic liquid = 
HMI.PF6.. Rate of stirring = 900 rpm. In none of the experiments was hydrogenation observed. '' Linear to branched ratio, 
percentt isomerisation to 2-octene, percent linear aldehyde and turnover frequency were determined at -40% alkene 
conversion.. ' Turnover frequency = (mol aldehyde), (mol Rh)"1, h '. ' % isom = (octenes other than 1-octene)'(octenes other 
thann l-octene+aldehydes)*100%. ' Sel. = (linear aldehyde)/(branched aldehyde + octenes other than 1-octcne)*  100%. ' 
/;(CO'H;)(l: l) == 12 bar. 

contrastt to the recycle experiments in BMI.PFA detectable rhodium leaching occurs, albeit in trace 

amountss (0.07 - 0.08 % of the initial rhodium intake). Surprisingly, only minor differences in activity 

betweenn catalysis in BMI.PFf l or HMI.PF6 are measured when the pressure is reduced to 12 bar of 

CO/FFF (1:1). Although the differences in catalysis could be ascribed to differences in substrate 

solubility,, it must be noted that other minor differences between the two ionic liquids exist that 

influencee catalysis, e.g. viscosity and surface tension, as both parameters affect the rates of mass 

transfer.'' Also differences in dissolution rates of CO and FF influence the catalysis results, as 

corroboratedd by the effect of stirring rate on activity. 

Fromm a thermodynamic point-of-view the differences in catalysis results between the two ionic liquids 

aree not clear. If the three phases of the reaction mixtures are in equilibrium than the chemical potential 

off  the gas-phase, substrate-phase and ionic liquid-phase should be equal. For the experiments with 

BMFPF66 and HMI.PF6 the same CO and Fh pressures were applied, the ionic liquids have no 

measurablee vapour pressure, and therefore the vapour pressure of the substrate should be equal and 

independentt of the ionic liquid. Consequently, the activity (or fugacity) of CO, FF and substrate should 

bee irrespective of the ionic liquid employed, and the catalytic activities should be the same if the 

activationn parameters of the reaction were the same. Since the rates are not the same, more research is 

requiredd to elucidate the exact thermodynamic parameters of all mixtures. The first results seem to 

suggestt that above 900 rpm no mass-transfer limitations are involved, but this needs further scruting for 

alll  substrates and conditions. 

Conclusions. . 

AA synthetic route toward a novel functionalised phenoxaphosphino-modified ligand has been 

described.. While this ligand was specifically designed for use in ionic liquids, minor adjustments of the 

syntheticc procedure wil l allow easy modification of the ligand with other functional groups. During 

recyclingg experiments under different reaction conditions we have shown that the efficiency of this 
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catalystt system is sensitive to the catalyst concentration, partial hydrogen pressure, stirring rate, 

substratess and ionic liquids employed. The best results were obtained by using a low rhodium 

concentration,, a high hydrogen pressure and a stirring rate of 900 rpm in BMI.PFf, as the ionic liquid 

andd 1-octene as the substrate. Under these conditions an unrivalled combination of activity, regio-

selectivityy and recyclability has been observed in the rhodium catalysed hydroformylation of 1-octene in 

ionicc liquids. 

Acknowledgements.. Financial support from Celanese Chemicals Europe, G.m.b.h., Germany is 

gratefullyy acknowledged. 

Experimental. . 

Generall  procedures. Al l air- or water-sensitive reactions were performed using standard Schlenk 

techniquess under an atmosphere of purified argon. Toluene was distilled from sodium, THF from 

sodium/benzophenone,, and hexanes from sodium/benzophenone/triglyme. Isopropanol and 

dichloromethanee were distilled from CaH2. Chemicals were purchased from Acros Chimica, and 

Aldrichh Chemical Co. Silica gel 60 (230-400 mesh) purchased from Merck was used for column 

chromatography,, l-^-butyl-3-methylimidazolium hexafluorophosphate ionic liquid (BMI.PF6)
43 and 

2,8-dimethyl-10-chlorophenoxaphosphine444 were prepared according to literature procedures. It is 

importantt to note that the quality of the ionic liquid has a large impact on the percentage of 

isomerisationn (compare the results of Table 3 and 5). Traces of water in the ionic liquid might lead to 

somee anion hydrolysis, which might cause a higher proportion of isomerisation. However, reactions 

withh the same ionic liquid give reproducible results; home-made ionic liquid led to a lower percentage 

off  isomerisation than the commercially available ionic liquid. 

Meltingg points were determined on a Gallenkamp MFB-595 melting point apparatus in open 

capillariess and are reported uncorrected. NMR spectra were recorded on a Varian Mercury 300 and 

Inovaa 500 spectrometer. 31P and 13C spectra were measured in *H decoupled mode. TMS was used as an 

externall  standard for 'H and l3C NMR and 85% H3PO4 in H20 as an external standard for 3IP NMR. 

Hydroformylationn reactions were carried out in a 75 mL home-made stainless steel autoclave. The 

alkenee was purified by percolation over neutral activated alumina. The reactions were terminated by 

coolingg on ice, stopping the mechanical stirring and by venting the gases. Synthesis gas (CO/H2, 1:1, 

99.9%),, CO and H2 were purchased from Air Liquide. Gas chromatopgraphic analyses were run on an 

Intersciencee HR GC Mega 2 apparatus (split/splitless injector, J&W Scientific, DB-1 30m column, film 

thicknesss 3.0 mm, carrier gas 70 kPa He, FID detector) equipped with a Hewlett Packard Data system 

(Chrom-Card). . 
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2,7-di(5-bromopentanoyl)-9,9-dimethylxanthenee At 0 °C 24.9 g of A1C13 (187 mmol) was added 

slowlyy to a stirred solution of 17 g of 9,9-dimethylxanthene (81 mmol) and 25 mL of 5-

bromovalericacidd chloride (187 mmol; 2.3 equivalents) in 250 mL of CH2C12. After overnight stirring 

thee reaction mixture was poured into 100 mL of icewater and extracted with CH2C12 (3 x 100 mL). 

Subsequently,, the organic layer was dried over MgS04. The solvents were removed in vacuo and the 

resultingg dark green solid was purified by flash column chromatography over silica (eluent: CH2C12). 

Yieldd 39 g of a yellow/green solid (90%) that was used without further purification. 'H NMR (CDCh): 

55 = 8.10 (d, 4J(H,H) = 1.8 Hz, 2H), 7.83 (dd, 7(H,H) = 8.7 Hz, 4J(H,H) = 2.1 Hz, 2H), 7.12 (d, 3J(H,H) 

== 8.4 Hz. 2H), 3.46 (t, 3J(H,H) = 6.6 Hz, 4H). 3.00 (t, 3J(H,H) = 6.9 Hz), 1.93 (m, 8H), 1.70 (s, 6H). 
nnC\C\]] H\H\ NMR(CDC13):5 = 198.41 (s), 153.49 (s), 132.96 (s), 130.10 (s), 128.40 (s), 127.38 (s). 116.90 

(s),, 37.46 (s). 34.95 (s), 34.35 (s), 33.32 (s), 33.1 1 (s), 23.09 (s). 

2,7-di(5-bromopentyl)-9,9-dimethylxanthenee To a stirred suspension of 1.3 g InCl3 ( 5.9 mmol) and 

27.66 mL of chlorodimethylsilane (4.8 eq., 245 mmol) in 80 mL of CH2C12 is added 27.2 g of 2,7-di-5-

bromopentan-l-one-9,9-dimethylxanthenee (51 mmol) in 80 mL of CH2C12. The reaction is followed by 

GC-MSS and IR and is quenched by addition of 100 mL of water after complete reduction of the ketone 

functionalitiess (- 4 h reaction time). Next, the mixture is extracted with 3 x 80 mL of CH2C12. 

Subsequently,, the organic layer was dried over MgS04. The solvents were removed in vacuo and the 

resultingg solid was purified by flash column chromatography (eluent: hexanes). Yield: 22 g of a slightly 

yelloww compound (86%) that was used without further purification. 'H NMR (CDC13): Ö = 7.18 (d, 
4J(H,H)) = 1.8 Hz, 2H), 6.99 (dd, ?J(H,H) - 8.4 Hz, 4J(H,H) = 2.1 Hz, 2H), 6.94 (d, 3J(H,H) = 7.8 Hz, 

2H),, 3.41 (t, -J(H,H) = 6.6 Hz, 4H), 2.60(t, 3J(H,H) = 7.8 Hz, 4H), 1.89 (m,4H), 1.66 (m,4H), 1.61 (s, 

6H),, 1.49 (m,4H). I3C{ ]H}  NMR (CDC13): S = 148.96 (s), 136.91 (s), 129.98 (s), 127.49 (s), 126.09 (s), 

116.366 (s), 35.58 (s), 34.24 (s), 34.19 (s), 32.94 (s), 32.67 (s), 31.13 (s), 28.08 (s). GC-MS (m/z, rel. 

intensity):: 508 (M+, 8), 493 (100), 413 (20), 371 (9), 356 (14), 276 (14), 221 (22), 207 (27), 131 (18), 

555 (22). 

4,5-dibromo-2,7-di(5-bromopentyl)-9,9-dimethylxanthenee To an ice-cooled solution of 13.5 g of 2,7-

di-5-bromopentyl-9,9-dimethylxanthenee (26.6 mmol) in 130 mL of CH2C12 is added dropwise 4.9 mL of 

Br22 (3.6 eq., 95.0 mmol) in 4.9 mL of hexane. The reaction mixture is wanned to room temperature and 

stirredd overnight. Next the excess of Br2 is quenched with 100 mL of an aqueous NaS03 solution, the 

mixturee is extracted with 3 x 80 mL of CH2Ck Subsequently, the organic layer was dried over MgS04. 

Thee solvents were removed in vacuo and the resulting solid was purified by flash column 
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chromatographyy (eluent: CH2C12). Yield: 15.9 g of a yellow solid (89.6%) that was used without further 

purification.. !H NMR (CDCL): 5 = 7.28 (s, 2H), 7.11 (s, 2H), 3.4 (t, 3J(H,H) = 6.6 Hz, 4H), 2.57 (t, 

3J(H,H)) = 7.5 Hz, 4H), 1.88 (m, 4H), 1.59 (s, 6H), 1.59 - 1.47 (m, 4H). I3C{'H}  NMR (CDC13): 5 = 

145.844 (s), 138.65 (s), 131.80 (s), 131.25 (s), 124.99 (s), 110.88 (s), 35.66 <s), 35.29 (s), 34.09 (s), 32.81 

(s),, 32.07 (s), 30.84 (s), 27.93 (s). 

2,7-di(5-bromopentyl)-9,9-dimethyl-4,5-di(2,8-dimethyl-10-phenoxaphosphino)xanthenee (2) At -78 

°CC 2.2 mL of w-butyllithium (2.5 M in hexanes, 5.5 mmol) was added to a stirred solution of 1.6 g of 

4,5-dibromo-2,7-di(5-bromopentyl)-9,9-dimethylxanthenee (2.4 mmol). The resulting solution was 

stirredd for 30 min. at -78 °. Subsequently, a suspension of 1.5 g of 2,8-dimethyl-10-chloro-

phenoxaphosphinee (5.7 mmol) in 15 mL of toluene was added dropwise. The reaction mixture was 

slowlyy warmed to room temperature and stirred overnight. Next the diethylether was removed in vacuo 

andd the mixture was diluted with 40 mL of CH2C12 and hydrolyzed with 10 mL of a 10% aqueous HC1 

solution.. The water layer was removed and the organic layer was dried over MgS04. The solvents were 

removedd in vacuo and the resulting yellow/white solid was crystallized from 2-propanol/toluene. Yield: 

1.11 g of white crystals (48%). 31P{'H}  NMR (CDC13): 5= -70.51. 'H NMR (CDCI3): 8 = 7.94 (bd, 
3J(P,H)) = 5.5 Hz, 4 H). 7.19 (dd, 3J(H,H) = 8.0 Hz, 4J(H,H) = 1.5 Hz, 4H), 7.11 (d, 3J(H,H) = 8.5 Hz, 

4H),, 7.06(d, 4J(H,H) = 1.5 Hz, 2H), 6.51 (d, 4J(H,H) = 1.5 Hz, 2H), 3.47 (t, 3J(H,H) = 6.5 Hz, 0.8H; 

CH2-CI),, 3.45 (t, 3J(H,H) = 6.5 Hz, 3.2H; CH2-Br), 2.40 (t, 3J(H,H) = 7.5 Hz, 4H), 2.35 (s, 12H), 1.79 

(q,, 3J(H,H) = 7.5 Hz, 4H), 1.54 (s, 6H), 1.43 (m, 4H), 1.32 (m, 4H). I3C{'H}  NMR (CDC13): 5 =154.38 

(s),, 150.88 (t, 10.3 Hz), 136.92 (s), 135.77 (vt, 21.7 Hz), 133.64 (s), 132.91 (t, 5.2 Hz), 131.76 (s), 

131.699 (s), 130.05 (s), 127.11 (s), 118.30 (bs), 117.58 (s), 35.10 (s), 34.68 (s), 33.91 (s), 32.83 (s), 32.58 

(s),, 30.27 (s), 27.66 (s), 20.85 (s). Anal. Calcd. for C.^H.^BnChP:: C, 66.26; H, 5.67. Found: C, 66.68; 

H,, 5.62. 

2,7-di(5-(3-methylimidazolium)pentyl)-9,9-dimethyl-4,5-di(2,8-dimethyl-10--

phenoxaphosphino)xanthenee hexafluorophosphate (1) To a stirred solution of 490 mg of 2,7-di(5-

bromopentyl)-9,9-dimethyl-4,5-bis(2,8-dimethyl-10-phenoxaphosphino)xanthenee (0.52 mmol) in 30 mL 

off  an acetonitrile/toluene mixture (1:1) is added 0.1 mL of 1-methylimidazole (2.7 eq., 1.4 mmol). The 

mixturee is heated to 80 °C and stirred for 8 days to obtain complete conversion. Next, the solvents were 

removedd in vacuo and the resulting solid was purified by precipitation from toluenc/acetonitrile. Yield: 

2500 mg of a white solid (46%). M.p. = 216 °C (dec). 3IP{'H}  NMR (CD2C12): 5= -69.03. 'H NMR 

(CD2C12):: 5 = 10.45 (s, 2H), 7.98 (bd, 3J(P,H) = 5.4 Hz, 4 H), 7.3 - 7.1 (m, 14 H), 6.51 (bs, 2H), 4.22 (t, 
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-- J(H,H) = 7.5 Hz, 4H),4.01 (s, 3H), 2.40 (tn, 4H), 2.36 (s, 12H), 1.84 (q, 3J(H,H) - 7.5 Hz, 4H), 1.53 (s, 

6H),, 1.48 (m. 4H). 1.27 (m, 4H). ,3C{'H }  NMR (CD:C12): 8 = 156.17 (s), 152.72 (t, 20.5 Hz), 139.17 

(s),, 137.52 (t, 22.0 Hz), 135.24 (s), 133.83 (s), 133.36 (s), 132.36 (s), 129.33 (s), 128.86 <vt, 

unresolved),, 125.34 (s), 123.83 (s), 120.05 (s), 119.51 <s), 51.87 (s), 38.58 (s), 36.93 (s), 36.64 (s). 

34.122 (s), 32.47 (s), 32.07 (s), 27.49 (s), 22.53 (s). To a suspension of 150 mg of 2,7-di(5-(3-

methylimidazoliurn)pentyl)-9,9-dirnethyl-4.5-di(2,8-dimethyl-10-phenoxaphosphino)xanthenee bromide 

{0.144 mmol) in H20 was added 78 mg of KPF6 (3 eq.. 42 mmol). After overnight stirring the solvent is 

removedd in vacuo and 15 mL of CH2CI2 is added. After filtration of the salts (KBr) the CH2CI2 is 

removedd in vacuo yielding a white powder (yield: 130 mg, 77%). M.p. = 221 °C (dec.). 3 'P } ] H J NMR 

(CD3CN):: 8= 61.42 (heptet, 'j(P,F; PF6") = 706 Hz), -66.02 (s). l9F{'H j NMR (CD3CN): 8- -67.80 (d, 

'J(P.F)) = 704 Hz). 'H NMR <CD3CN): 5 = 8.38 (bs, 2H). 7.97 (dd, 3J(P,H) = 6.6 Hz, 4J(H,H) = 1.4 Hz, 

4H),, 7.34 (m. 4H), 7.28 (dd, \J(H,H) - 8.1 Hz, 4J(H,H) = 2.1 Hz, 4H), 7.24 (d, 4J(H,H) = 2H). 7.15 (d, 

\l(H,H)) = 8.1 Hz, 4H), 6.45 (d, 4J(H,H) = 1.5 Hz, 2H), 4.06 (t, \J(H,H) = 7.2 Hz, 4H), 3.83 (s, 6H), 2.38 

(t,, \J(H,H) = 7.8 Hz, 4H), 2.36 (s, 6H), 1.76 (m,4H), 1.51 (s, 6H), 1.42 (m, 4H). 1.21 (m, 4H). L ,C| 'H| 

NMRR (DMSO-d6): 5 = 154.15 (s), 150.45 (t, 22.6 Hz), 137.67, 137.15 (s), 135.49 (t, 21.4 Hz), 133.64 

(s),, 132.85 (s), 131.21 (s), 130.52 (s), 128.41 (s), 126.73 (v/, unresolved), 124.31 (s). 122.91 (s), 118.21 

(s),, 117.75 (s), 49.56 (s), 36.09 (s), 34.52 (s), 31.79 (s), 30.38 (s), 29.59 (s), 25.27 (s), 19.95 (s). Anal. 

Calcd.. for C M H ^ F U N ^ P^ C, 58.42; H, 5.22; N, 4.47. Found: C, 58.26; H, 5.40; N, 4.58. 

Hydroformylation .. The catalyst pre-cursor was prepared by adding 3 mL of BMI.PF6 to a stirred 

solutionn of 1.3 mg of Rh(CO)2(acac) (5 u.mol) and 4 equivalents of ligand in 5 mL of acetonitrile. After 

11 h the acetonitrile is removed under reduced pressure at 60 °C for 3 h affording a red ionic liquid 

solution. . 

Inn a typical hydroformylation experiment a home-made 75 mL autoclave was charged with this 

catalyst-precursorr containing solution. After purging the autoclave three times with CO/H2 (1:1), the 

reactorr was brought to 5 bar of CO and 45 bar of H2. Next the autoclave was heated to 80 °C. After 1 

hourr at 80 °C the autoclave was cooled down to room temperature and the gases were vented. The 

substratee (3 mL) was added and the reactor was pressurised to 5 bar of CO and 45 bar of H2. Next the 

autoclavee was heated to 100 °C, reaching a total pressure of 60 bar. Reactions were started by stirring at 

9000 rpm. After 15 minutes the stirring was stopped and the autoclave was rapidly cooled on ice. After 

ventingg the gases, the top-layer was removed by decantation. New substrate was added, the reactor was 

purged,, pressurised and heated for the next hydroformylation cycle. 
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Abstract. . 

Forr the first time a phenoxaphosphino-modified Xantphos-type ligand (1) has been covalently 

anchoredd to polysiloxane support (Silica-1 and Sol-gel-1). The use of these heterogenised ligands in the 

rhodiumm catalysed hydroformylation of 1-octene gives a system that is competitive with systems 

employingg Xantphos (9) as ligand, but with the added advantages of immobilised systems, like facile 

catalystt recycling and facile product-catalyst separation. During the recycle experiments no rhodium 

leachingg was detected by ICP analysis (< 0.2% Rh-leaching of initial intake) when either Silica-1 or 

Sol-gel-11 were used. 

Thee application of Sol-gel-1 for the hydroformylation of fnms-2-octene resulted in an active and 

regio-selectivee catalyst, but under forced reaction conditions (T = 393 K, /?(CO/H2) = 3.6 bar) 

significantt catalyst deterioration was detected. 

Thee use of supercritical carbon dioxide as reaction medium in a continuous-flow set-up resulted in 

similarr activities, but slightly lower regio-selectivities compared to batch-wise hydroformylation 

reactionss in toluene. In this medium the catalyst can withstand high temperatures and low pressures, but 

showss no activity for the hydroformylation of /r<m?-2-octene. 
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Introduction . . 

Nowadays,, many industrial processes use homogeneous catalysts for the production of bulk 

chemicals,, e.g. hydroformylation, the Monsanto and BP acetic acid processes, Wacker oxidation 

process,, terephtalic acid process,1 and for the production of many important fine chemicals, e.g. 

Ibuprofenn and Naproxen. A key issue in these processes remains the separation of the catalyst from the 

products,, especially for the fine chemical industry; important factors to consider are catalyst costs, 

addedd value, and toxicity of the metal. Thus in the past decades intensive research has been devoted to 

facilitatee product-catalyst separation for a number of catalytic reactions.3 Distillation, liquid-liquid 

separationn or extraction, catalyst destruction and crystallisation arc all applied in bulk chemical industry. 

Oftenn the catalyst cannot be reused easily and therefore many different methods for catalyst recycling 

havee been studied. Successful approaches in the laboratory include the attachment of homogeneous 

catalystss to polymeric or dendrimeric support,5"9 aqueous biphasic catalysis,10'" fluorous catalysis,12"15 

thee use of supercritical fluids16'17 and ionic liquids18"22 or combinations thereof.23"26 Unfortunately there 

iss no general methodology that overcomes all of the problems often encountered with these systems, 

likee loss of activity, catalyst instability, metal leaching and problems concerning the solubility of the 

differentt components. For example inorganic materials such as silica are particularly suited for the 

preparationn of heterogenised homogeneous catalysts because of their high physical strength and 

chemicall  inertness, but the activity is in general lower compared to the homogeneous system. One of the 

problemss of immobilisation on soluble polymers is caused by the limited availability of proper 

membranee materials that are compatible with the reaction conditions, while aqueous phase catalysis is 

limitedd to substrates that are soluble in water. 

Previouss studies in which Nixantphos was heterogenised on silica support (Silica-627 and Sol-gel-628) 

showedd that high regio-selectivities, moderate activities and highly stable catalysts for the rhodium 

catalysedd hydroformylation can be obtained. Substitution of the diphenylphosphino-moieties by 

phenoxaphosphino-moietiess could give some additional advantages, like improved activity and the 

possibilityy of selective hydroformylation of internal olefins, while a high regio-selectivity and good 

recyclabilityy are retained. "~ 

Heree we report the synthesis of a new phenoxaphosphino-modified ligand (1) that was prepared via a 

routee comparable to the synthesis of a dicationic ligand for the hydroformylation of 1-octene in ionic 

liquids,333 and for the use as recyclable non-covalently bound ligand (Silica-7).34 Thus, small and facile 

modificationss in the generic backbone (4) allow a rapid screening of this type of ligands under many 

differentt reaction conditions. 
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Heree we further extend the general use of these type of ligands by covalently anchoring the ligand on 

polysiloxanee support for the use in the rhodium catalysed hydroformylation of 1-octene in toluene and 

inn supercritical carbon dioxide (scCCK). 

Resultss and discussion. 

Synthesis. . 

Ligandd 1 was prepared via a multistep procedure (Scheme 1). Friedel-Crafts acylation of 9,9-

dimethylxanthenee with 5-bromovaleryl chloride and hexanoylchloride followed by an 

indium(III)chloridee catalysed reduction35 gives 2 in a good yield (-86 % on the basis of the amount of 

9,9-dimefhylxanthene).. Selective mono-functionalisation of the 9,9-dimethylxanthene backbone is 

possiblee since the introduction of the first acyl-group deactivates 9,9-dimethylxanthene for electrophilic 

substitutionn to such an extent that only after complete mono-substitution of 9,9-dimethylxanthene a 

secondd electrophilic attack takes place and only on the aromatic ring that is non-substituted. We chose 

too put only one single functional group on the backbone in order to retain optimal fluxional structure 

C-6H13 3 

POPP POP 
4 4 

1A1A A 
(Etohsnn £ N NA K 

3 HH H 5 

s \ S K o o 

S i -0 0 
o ' ll ,0 
// i 

>ii / ^o 
Oi^-00 I 
b ll Si 

Silica-11 /Sol-gel-1 

C6H13 3 

Schemee 1 Synthesis of Silica-1 and Sol-gel-1 (yields between parenthesis) i) a) 1 eq. hexanoyl chloride 
// 1 eq. AICI3, b) 1 eq. 5-bromovalericacid chloride / 1 eq. AICI3 (86%), c) InCb / chlorodimethylsilane 
(86%),, ii)  Br2 (83%), in) a) «-BuLi, -80 °C, 30 min., b) 10-chloro-2,8-dimethylphenoxaphosphine 
(53%),, iv) NH3 (1), 70 °C (89%), v) 1.1 eq. triethoxysilane-w-propylisocyanate (95%), vi) Silica-1: 
Silica,, 70 °C; Sol-gel-1: TMOS / H20 / THF, Rh(CO)2(acac). 
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andd contact to the solution. Effectively, the ligand can move from the polysiloxane support and thereby 

thee final catalyst wil l resemble more the homogeneous analogue. Next the 4, and 5 positions of the 

xanthenee backbone were brominated. Subsequent lithiation with «-butyllithium at -80 °C and reaction 

withh 2,8-dimethyl-10-chlorophenoxaphosphine yielded 4. Compound 5 was obtained by the reaction of 

44 with ammonia at 70 °C. Next the amine was reacted with triethoxysilane-tf-propylisocyanate to give 1 

inn a moderate overall yield (32%, based on 9,9-dimethylxanthene). Anchoring of 1 on commercially 

availablee silica (particle size 200 - 500 urn) took place by the condensation reaction between the tri-

ethoxysilanee groups of the ligand and free silanol groups of silica at 70 °C to yield Silica-1. The catalyst 

precursorr was prepared by adding 0.1 equivalent of Rh(CO)2(acac) to a mechanically stirred suspension 

off  Silica-1 in a 5:1 THF : EtjN mixture.27 

Thee sol-gel procedure involved the immobilisation of a 10:1 mixture of 1 and Rh(CO):(acac) in THF 

usingg tetramethylorfhosilicate (TMOS), MeOH and H2O.28 Gelation started after a few hours and was 

continuedd for 36 hours. The resulting gel was carefully dried and crushed into free flowing silica to 

yieldd the pink-red Sol-gel 1. 

Batch-wisee hydroformylatio n recycling experiments. 

Thee catalytic performance and recyclability of Silica-1 and Sol-gel-1 in the hydroformylation of 1-

octenee was studied by performing a series of consecutive catalytic experiments in a batch-wise process. 

Thee results are compared with Silica-6,27 Sol-gel-6,28Silica-734, 829 and Xantphos (9)36-37 ((Figure 1 and 

Tablee 1). 

Comparedd to Silica-6, Sol-gel-6 and Silica-7, both Silica-1 and Sol-gel-1 show a higher activity under 

similarr reaction conditions. In addition, Sol-gel-1 shows a slight increase in regio-selectivity compared 

too the homogeneous system (8), but with more isomerisation, and Silica-1 shows a similar regio-

selectivity,, while immobilisation of the diphenylphosphino-modified ligands28,29"14 resulted in a decrease 

inn regio-selectivity. It has been observed before that changes in catalyst environment have less effect on 

regio-selectivityy when phenoxaphosphino-modified ligands are used. The increase in regio-selectivity 

forr Sol-gel-1 compared to 8 is in part attributed to an increase in isomerisation activity as isomerisation 

offerss an 'escape route' of the branched alkyl rhodium species, but the overall selectivity toward the 

linearr aldehyde has decreased. Compared to catalysis in presence of 8 a large decrease in 

hydroformylationn activity was observed, which is commonly encountered for heterogenised systems. On 

thee other hand both activity and selectivity with Silica-1 and Sol-gel-1 are very competitive with the 

resultss obtained for Xantphos (9) under identical reaction conditions. It must be noted, though, that the 

amountt of isomerisation is much higher in the immobilised systems and therefore the selectivity toward 

thee linear aldehyde is much lower. 
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Tablee 1 Results of the hydroformylation of trans 1-octene in subsequent cycles" 
Ligand d 

Silica-6 6 
Sol-gel-6 6 
Silica-7 7 
8 8 
Xantphos s 
Sol-gel-1 1 

Silica-1 1 

cycle e 

2 2 
3 3 
4 4 
5 5 
6d d 

7 7 
8 8 
1 1 
3 3 
5 5 
7 7 

C o m. . 

(%) ) 
20 0 
20 0 
40 0 
20 0 
20 0 
12 2 
16 6 
88 8 
25 5 
20 0 
7 7 
28 8 
22 2 

37.9 9 
22.6 6 
33.3 3 
22.2 2 

%% isom. 

<%) ) 
0.2 2 
2.0 0 
9.0 0 
9.0 0 
3.7 7 

22.2 2 
21.3 3 
16.4 4 
19.7 7 
17.7 7 

--
46.9 9 
14.4 4 
7.4 4 
7.2 2 
9.8 8 
8.3 3 

TOF* * 

8.7 7 
35 5 
17 7 

1700 0 
187 7 
111 1 
76 6 
28 8 
99 9 
84 4 
9 9 

115 5 
34 4 

232 2 
133 3 
119 9 
143 3 

1/b' ' 

37 7 
35 5 
25 5 
27 7 
52 2 
33 3 
41 1 
27 7 
35 5 
32 2 
7.6 6 
2.7 7 
5.9 9 
30 0 
25 5 
29 9 
25 5 

""  Conditions: p(CO/H2) (1:1) = 20 bar, ligand/Rh = 10, Substrate/Rh = 640, T = 80 °C, Initial TOF determined and averaged 
overr indicated conversion.h Average turn over frequencies were calculated as (mol aldehyde).(mol catalyst) .h" at indicated 
conversion.. For the immobilised systems much scatter was observed, but with different catalyst batches gave TOF-values 
withinn the same range.' linear to branched ratio.' Substrate = trans-2-octene, p(CO/H2) (1:1) = 3.2 bar, T = 120 °C. 

Silica a 
\\ .-.--Silica 

Silicaa - - 0 - S i 

PPh,, PPh, 

Silica-6 6 
Sol-gel-6 6 

Figuree 1 
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Inn contrast to the system where Silica-6 and Sol-gel-6 were employed no hydrogenation activity was 

observedd when Silica-1 or Sol-gel-1 were used. The hydrogenation activity in presence of Silica-6 and 

Sol-gel-66 were attributed to the formation of [Rh(diphosphine)(CO)]' species having a siloxate as its 

counterion.. The absence of any hydrogenation activity gives a strong indication that a similar cationic 

speciess is not formed when phenoxaphosphino-substituted ligands are used. The steric shielding of the 

phenoxaphosphino-moietiess might hamper the formation of such a species under the applied catalysis 

conditions. . 

Thee high isomerisation activity and the high rcgio-selectivity obtained with Sol-gcl-1, prompted us to 

testt this system for the hydroformylation of /ram-2-octene. Despite the promising initial results, the 

catalystt was not stable under typical hydroformylation conditions for internal alkenes (high temperature, 

loww pressure (T = 120 °C, p(CO/H2) = 3.2 bar)). Severe catalyst deterioration was observed in 

consecutivee recycling experiments using 1-octcnc as substrate (Table 1. Sol-gel-1, cycle 7 and 8). 

Continuouss hydroformylatio n in SCCO2. 

Ann elegant approach toward catalyst recycling involves the use of supercritical carbon dioxide 

(scC02;; Tc = 31 °C,/7L. = 73.75 bar, dc = 0.468 g.mL"1). This environmentally benign medium has a few 

advantagess over conventional solvents: it is highly miscible with gases, there exists no liquid-gas 

boundary,, and it has a high compressibility. Previous studies using Silica-6 in scCO: resulted in a large 

increasee in hydroformylation activity.16 This effect was mainly attributed to increased mass-transfer. 

Therefore,, Silica-1 was tested in scCO: using a continuous flow reactor. In addition we tested the 

influencee of various reaction parameters on catalytic performance. 

Inn contrast to our expectations, the use of Silica-1 did not show an improvement in hydroformylation 

activity.. Thus, Silica-1 behaves differently in scCO? than Silica-6. Additionally, the regio-selectivity 

decreasedd compared to the results obtained in toluene. This drop in regio-selectivity is ascribed to an 

Tablee 2 Results from Hydroformylation of 1-octene using Silica-1, values shown arc 
averagee numbers over a period of 1.5-5 hours." 

pco2 2 
(bar) ) 

80 0 
120 0 
160 0 
120 0 
120 0 
120 0 
120 0 

co2--
flowrate* * 
(L.min 1) ) 

0.65 5 
0.65 5 
0.65 5 
0.33 3 
1.40 0 
0.65 5 
0.65 5 

1-octene--
flowrate* * 

(mL.miiT 1) ) 
0.05 5 
0.05 5 
0.05 5 
0.05 5 
0.05 5 
0.03 3 
0.10 0 

Conv. . 
(%) ) 

1.02 2 
2.94 4 
0.99 9 
2.60 0 
1.23 3 
2.57 7 
0.32 2 

TOF' ' 

44.1 1 
126.6 6 
54.0 0 
111.8 8 
52.7 7 
66.5 5 
27.3 3 

LV V 

19.6 6 
12.5 5 
12.3 3 
10.7 7 
18.7 7 
22.6 6 
19.0 0 

Ligand:: Rh ratio is 10:1, catalysis performed at 80 °C, substratc:syngas = 1:5. No accurate data on the extent of 
isomerisationn can be provided due to the low conversions. '' Flowratcs at 20 °C, 1 atm.' Average turn over frequencies were 
calculatedd as (mol aldehyde).(mol catalyst )_1.h"' at indicated conversion.'' linear to branched ratio. 

128 8 



Thee Immobilisation of Phenoxaphosphine-Modified Xanthene-typc Ligand on Polysiloxane Support and Application thereof 

enhancedd rate of CO-insertion in the secondary alkyl rhodium intermediate. This should be reflected in 

thee amount of isomerisation, but since we operated under very low conversion levels, no accurate 

measurementt of the amount of isomerisation could be accomplished. Nevertheless, it is assumed that the 

ratee of isomerisation is suppressed considerably taking into consideration the results during the 

hydroformylationn of trans-2-octene (vide infra). 

Variationn of the CO2 pressure between 80 bar and 160 bar shows an optimum around 120 bar. A 

decreasee in activity upon increasing the C02 pressure has been observed previously by Cole-Hamilton et 

a/.,388 but they could not provide a satisfactorily explanation. We also cannot explain the initial increase 

inn activity and this requires further investigations. For example the change in density of the reaction 

mixturee could play an important role. 

AA lower CO? pressure resulted in a higher regio-selectivity, thus at a CO? pressure of 80 bar regio-

selectivitiess that resemble more the homogeneous system were obtained. 

Thee CO: flow-rate effectively influences the residence time of the substrate in the medium. A 

decreasee in CO? flow-rate leads to an increased contact time of the substrate with the catalyst, and could 

inn theory lead to a higher conversion compared to catalysis at higher C02 flow rates. Surprisingly, 

decreasingg the C02 flow-rate from 0.65 L.min"1 to 0.33 L.min"1 did not lead to an increase in conversion, 

butt to a slight decrease in conversion. Increasing the flow-rate to 1.4 L.min"1 did show the expected 

effectt as the conversion dropped. The regio-selectivity increased by decreasing the CO2 flow-rate. 

Similarr effects were expected and observed by changing the substrate flow-rate. For the regio-

selectivity,, however, a minimum was found at a substrate flow-rate of 0.05 mL.min" at a CO2 flow rate 

off  0.65 L.min"1 0CO2 = 120 bar). 

Itt is important to note that we did not investigate whether or not we preserved single-phase conditions 

whilee studying the effect of the different reaction parameters. Thus, while the influence of the different 

reactionss parameters are not fully understood it is likely that by changing one parameter the system is 

affectedd in many different ways. 

Whenn /ram-2-octene was used as substrate (at an increased temperature of 120 °C and syngas/substrate 

== 2.5) no hydroformylation took place, which is potentially the result of decreased rate of isomerisation. 

However,, under these conditions the catalyst remains stable as no rhodium leaching (< 0.2% of initial 

Rh-intakee as determined by ICP analysis) was detected and the activity was restored when the initial 

reactionn conditions were applied (substrate = 1-octene, T = 80 °C, syngas/substrate = 5). 

Conclusions. . 

Inn conclusion we have prepared a new highly stable heterogenised catalysts that shows enhanced 

activitiess when used for the hydroformylation of terminal olefins. Although the catalyst obtained from 
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Sol-gel-11 and Rh(CO)2(acac) is very selective and moderately active for the hydroformylation of 

internall  olefins, with regard to stability the system has to be improved considerably. 

Althoughh the use of scC02 does not lead to improved activity, it does offer a more facile separation of 

substratee from the reaction medium. Additionally the stability is enhanced considerably since under 

forcedd reaction conditions the catalyst retained its activity and selectivity. The influence of most 

reactionn parameters is still unclear and needs further exploration. 

Experimental. . 

Generall  procedure. All air- or water-sensitive reactions were performed using standard Schlenk 

techniquess under an atmosphere of purified argon. Toluene was distilled from sodium, THF from 

sodium/benzophenonc,, and hexanes from sodium/benzophenone/triglymc. Isopropanol and 

dichloromethanee from CaH2. Chemicals were purchased from Acros Chimica, and Aldrich Chemical 

Co.. Silica gel 60 (230-400 mesh) purchased from Merck was used for column chromatography. Silica 

1000 (0.2 - 0.5 mm), BET: 300 - 400 m2.g~', porevolume 0.9 1.2 mL.g"1 (N2-isotherm) was purchased 

fromm Merck. Melting points were determined on a Gallenkamp MFB-595 melting point apparatus in 

openn capillaries and are reported uncorrected. NMR spectra were recorded on a Varian Mercury 300 or 

Inovaa 500 spectrometer. 3IP and nC spectra were measured 'H decoupled. TMS was used as a standard 

forr 'H and 13C NMR and 85% of H3P04 in H20 for 3IP NMR. Infrared spectra were recorded on a 

Nicolett 510 FT-IR spectrophotometer. Batch-wise hydroformylation reactions were carried out in a 200 

mLL home-made stainless steel autoclave. The continuous hydroformylation experiments were carried 

outt in a flow-reactor assembled from commercially available units: scC02 pump PM101, CO/H2 

compressorr CU105 and Expansion Module PE103 (all from NWA gmbH, Lörrach, Germany), a high 

pressuree mixer (Medimix) and a Gilson 305 pump (for the substrate). The alkene was filtered over 

neutrall  activated alumina to remove peroxide impurities. Synthesis gas (CO/H2, 1:1, 99.9%) was 

purchasedd from Ai r Liquide. Gas chromatopgraphic analysis were run on an Interscience HR GC Mega 

22 apparatus (split/splitless injector, J&W Scientific, DB-1 30m column, film thickness 3.0 mm, carrier 

gass 70 kPa He, FID detector) equipped with a Hewlett Packard Data system (Chrom-Card) using decane 

ass an internal standard. 

2-hexanoyl-9,9-dimethylxanthenee At 0 °C 8.32 g of A1C13 (62.4 mmol) was added slowly to a stirred 

solutionn of 13.1 g of 9,9-dimethylxanthene (62.4 mmol) and 8.8 mL of hexanoylchloride (62.4 mmol) in 

2000 mL of CH2C12. The mixture was warmed to room temperature and was stirred overnight. Next, the 

mixturee was poured on 300 ml ice and extracted with 3x 100 ml CH2C12. The combined extracts were 

washedd with 150 ml of a 10% NaHCÔ  solution and washed with dichloromethane. The organic layer 
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wass dried over MgS04 and the solvent was removed in vacuo. Crude yield: 17.6 g (57 mmol, 91%) of a 

yellow/brownn solid that was used without any further purification. 'H NMR (CDC13): Ö = 8.10 (d, 
4J(H,H)) = 2.1 Hz, 1H), 7.81 (dd, 3J(H,H) = 8.7 Hz, 4J(H,H) = 2.4 Hz, 1H), 7.42 (dd, 3J(H,H) = 5.7, 
4J(H,H)) = 1.5 Hz, 1H), 7.22 (td, 4J(H,H) - 7.8 Hz, 4J(H,H) - 1.5 Hz, 1H), 7.14 (td, 3J(H,H) = 7.5, 
4J(H,H)) = 1.5 Hz, 1H), 7.08 (d, 3J(H,H) = 8.5, 1H), 7.05 (dd, 3J(H,H) = 7.5,4J(H,H) = 1.5 Hz, 1H), 2.94 

(t,, 3J(H,H) = 7.8 Hz, 2H), 1.66 (m, 8H), 1.37 (m, 4H), 0.92 (t, 3H). 13C NMR (CDCI3): 5 = 199.46 (s), 

154.211 (s), 149.88 (s), 132.58 (s), 130.45 (s), 129.82 (s), 128.22 (s), 127.81 (s), 127.27 (s), 126.44 (s), 

123.988 (s), 116.60 (s), 116.66 (s), 38.55 (s), 34.24 (s), 32.85 (s), 31.83 (s), 24.50 (s), 22.76 (s), 14.18 (s). 

2-(5-bromopentanoyl)-7-hexanoyl-9,9-dimethylxanthenee At 0 °C 9.1 g of A1C13 (68 mmol) was 

addedd slowly to a stirred solution of 17.6 g of 2-hexanoyl-9,9-dimethylxanthene (57 mmol) and 9.1 mL 

off  5-bromovaleryl chloride (68 mmol) in 200 mL of CH2C12. The mixture was warmed to room 

temperaturee and was stirred overnight. Next, the mixture was poured on 300 ml ice and extracted with 

3xx 100 ml CH2CI2. The combined extracts were washed with 150 ml of a 10% NaHC03 solution and 

extractedd with CH2C12 (3 x 100 mL). The organic layer was dried over MgS04 and the solvent was 

removedd in vacuo. Crude yield: 25 g (53.3 mmol, 94%) of a yellow/brown solid that was used without 

anyy further purification. 'H NMR (CDCI3): 6 = 8.10 (d, 4J(H,H) = 1.8 Hz, 2H), 7.83 (d, 3J(H,H) = 8.4 

Hz,, 2H), 7.10 (d, 3J(H,H) - 8,4 Hz, 2H), 3.46 (t, 3J(H,H) = 6.3 Hz, 4H), 3.00 (t, 3J(H,H) - 6.8 Hz, 2H), 

2.933 (t, 3J(H,H) = 7.5 Hz , 2H), 1.9 (m, 4H), 1.8- 1.6 (m, 2H), 1.69 (s,6H), 1.4-1.3 (m, 4H), 0.91 (t, 
3J(H,H)) = 6.9 Hz, 3H). 13C NMR (CDCI3): 5 = 199.41 (s), 198.57 (s), 153.54 (s), 153.32 (s), 133.25 (s), 

132.933 (s), 130.20 (s), 130.02 (s), 128.30 (s), 128.33 (s). 127.33 (s), 127.32 (s), 116.87 (s), 116.78 (s), 

38.588 (s), 37.43 (s), 33.52 (s), 33.05 (s), 32.41 (s), 32.04 (s), 24.43 (s), 23.11 (s), 22.73 (s), 14.15 (s). 

2-(5-bromopentyl)-7-hexyl-9,9-dimethylxanthenee (2) To a stirred suspension of 470 mg of InCl3 (2.1 

mmol)) and 11.2 mL of chlorodimethylsilane (4.8 eq., 102.7 mmol) in 80 mL of CH2C12 was added 1O.0 

gg of 2-(5-bromopentanoyl)-7-hexanoyl-9,9-dimethylxanthene (20 mmol) in 80 mL of CH2C12. The 

reactionn was quenched after complete reduction of the ketone functionalities by addition of 100 mL of 

waterr (~ 4 h reaction time). Next, the mixture is extracted with 3 x 80 mL of CH2C12. Subsequently, the 

organicc layer was dried over MgS04. The solvents were removed in vacuo and the resulting solid was 

purifiedd by flash column chromatography (eluent: hexanes). Yield: 7.6 g (17 mmol, 86%) of a slightly 

yelloww compound that was used without further purification. 'H NMR (CDCI3): 7.20 (s, 2H), 7.01 (d, 
3J(H,H)) = 8.1 Hz, 2H), 6.96 (d, 3J(H,H) = 8.7 Hz, 2H), 3.55 (t, 3J(H,H) = 6.6 Hz, 0.9H) 3.42 (t, 3J(H,H) 

== 6.6 Hz, 1.1H), 2.62 (t, 3J(H,H) = 6.9 Hz, 2H), 2,60 (t, 3J(H,H) = 7,2 Hz, 2H), 1.9 - 1.1 (m, 14H), 1.64 

(s,, 6H), 1.0 - 0.8 (m, 3H). 13C {'H}  NMR (CDC13): S = 149.01 (s), 148.82 (s), 137.51 (s), 136.79 (s). 
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130.066 (s), 129.85 (s), 127.47 (s), 127.41 (s), 126.03 (s), 126.01 (s), 116.34 (s), 116.23 (s), 35.82 (s), 

35.577 (s), 34.28 (s), 34.06 (s), 32.95 (s), 32.60 (s), 31.99 (s), 31.97 (s), 31.10 (s), 29.25 (s), 28.07 (s), 

22.900 (s), 14.37. GC-MS (m/z, rel. intensity): 444 / 446 (M+, 6), 429 / 431 (100), 349 (29), 307 (7), 294 

(10),, 236(7), 223(13), 207(10). 

4,5-dibromo-2-(5-bromopentyl)-7-hexyl-9,9-dimethyIxanthenee (3) To an ice-cooled solution of 1.97 

gg 2-(5-bromopentyl)-7-hexyl-9,9-dimethylxanthene (4.4 mmol) in 30 mL of CH2C12 was added 

dropwisee 0.81 mL of Br2 (3.6 eq., 16.7 mmol) in 2 mL of hcxanes. The reaction mixture was wanned to 

roomm temperature and stirred overnight. Next the excess of Br2 is quenched with 20 mL of an aqueous 

NaSChh solution, the mixture is extracted with 3 x 20 mL of CH2C12. Subsequently, the organic layer was 

driedd over MgS04. The solvents were removed in vacuo and the resulting solid was purified by flash 

columnn chromatography (eluent: CH2C12). Yield: 2.2 g (3.7 mmol, 83%) of a yellow solid that was used 

withoutt further purification. 'H NMR (CDC1,): 7.29 (d, 4J(H,H) = 1,5 Hz, 2H), 7.11 (d, 4J(H,H) - 1.8 

Hz,, 2H), 3.55 (t, 3J(H,H) = 6.3 Hz, 0.9H), 3.40 (t, 3J(H,H) = 6.3 Hz, 1.1H), 2.58 (t, 3J(H,H) = 7.5 Hz, 

2H),, 2.55 (t, 3J(H,H) = 7.8 Hz , 2H), 1.93 (quintet, 3J(H.H) = 7.1 Hz, 2H), 1.7- 1.55 (m, 4H). 1.59 (s, 

6H),, 1.6- 1.4(m, 2H), 1.4- 1.25 (m, 6H), 0.88 (t, 3J(H,H) = 6.6 Hz, 3H). 13C {'H}  NMR (CDC13): 8 = 

145.922 (s), 145.71 (s), 139.27 (s), 138.54 (s), 131.86 (s), 131.66 (s), 131.28 (s), 131.22 (s), 124.92 (s), 

124.911 (s), 110.92 (s), 110.80 (s), 35.66 (s), 35.54 (s), 35.29 (s), 33.99 (s), 32.82 (s), 32.04 (s), 31.91 (s), 

31.700 (s), 30.84 (s), 29.11 (s), 27.94 (s). 22.85 (s), 14.34 (s). 

2-(5-bromopentyI)-7-hexyl-9,9-dimethyl-4,5-bis(2,8-dimethyl-10-phenoxaphosphino)xanthenee (4) 

Att -78 °C 3.2 mL of w-butyllithium (2.5 M in hexanes, 7.9 mmol) was added to a stirred solution of 2.2 

gg 4,5-dibromo-2-(5-bromopentyl)-7-hexyl-9,9-dimethyl-xanthene (3.6 mmol) in 75 mL of Et20. The 

resultingg solution was stirred for 30 min. at -78 °C. Subsequently, a suspension of 2.4 g of 2,8-dimethyl-

10-chloro-phenoxaphosphinee (9.3 mmol) in 20 mL of toluene was added dropwise. The reaction 

mixturee was slowly warmed to room temperature and stirred overnight. Next the diethylether was 

removedd in vacuo and the mixture was diluted with 50 mL of CH2C12 and hydrolyzed with 50 mL of a 

10%% aqueous HC1 solution. The water layer was removed and the organic layer was dried over MgS04. 

Thee solvents were removed in vacuo and the resulting yellow/white solid was crystallized from 2-

propanol/toluene.. Yield: 1.7 g of white crystals (1.9 mmol, 53%). 'H NMR (CDC13): 7.93 (d, 3J(P,H) -

66 Hz, 4H), 7.16 (m, 4H), 7.11 (m, 4H), 7.06 (m, 2H), 6.50 (m, 2H), 3.34 (t, 3J(H,H) = 7.0 Hz, 2 H), 2.4 -

2.33 (m, 4H), 2.34 (s, 12H), 1.79 (quintet, 3J(H,H) = 7.0 Hz, 1.1 H), 1.70 (quintet, 3J(H,H) = 7.5 Hz, 0.9 

H),, 1.50 (s, 6H), 1.4 (m, 4H), 1.31 (t, 3J(H,H) = 7.0 Hz, 2H), 1.2 (m, 8H), 0,87 (t, 3J(H,H) = 7.5 Hz, 3H). 
13CC {'H}  NMR (CDC13): 5 = 154.36 (s), 154.29 (s), 150.82 (t, 17.6 Hz), 137.58 (s), 136.86 (s), 136.83 
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(s),, 135.90 (t, 8.7 Hz), 135.62 (t, 8.7 Hz), 132.90 (d, 6.3 Hz), 132.82 (d, 6.3 Hz), 131.81 (s), 131.64 (s), 

131.588 (s), 130.09 <s), 129.86 (s), 127.19 (vt, unresolved), 127.08 (s), 35.41 (s), 35.12 (s), 34.66 (s), 

33.922 (s), 32.83 (s), 32.57 <s), 31.84 (s), 31.19 (s), 30.27 (s), 28.86 (s), 28.06 (s), 22.76 (s), 20.82 (s), 

14.311 (s). 31P {'H! NMR (CDC13): S = -70.38 (s). Anal. Calcd. for C^H^BrOsP:: C, 72.40; H, 6.41. 

Found:: C, 72.42; H, 6.44. 

2-(5-aminopentyl)-7-hexyl-9,9-dimethyl-4,5-bis(2,8-dimethyl-10-phenoxaphosphino)xanthenee (5) 

AA homemade 100 ml hastelloy autoclave was equipped with a stirring bean and filled with 

approximatelyy 60 mL of NH_-i(l). To this was added a solution of 420 mg of 2-(5-bromopentyl)-7-hexyl-

9,9-dimethyl-4,5-bis(2,8-dimethyl-10-phenoxaphosphino)-xanthenee in 10 mL of THF, that was cooled 

downn to -80 °C. The autoclave was closed and stirred at 70 °C overnight. During heating the pressure 

increasedd to approximately 20 bars. Next, the autoclave was cooled to room temperature and slowly 

depressurised.. The autoclave was washed several times with dichloromethane and the solvents were 

removedd in vacuo. The solid was dissolved in dichloromethane and washed with water (3 x 20 mL). The 

organicc layer was dried over MgSC>4 and the solvent was removed in vacuo. Yield: 0.35 g (89%) of a 

puree white solid. lH NMR (CDCI3): 5 = 7.94 (bs, 4H), 7.16 (d, 3J(H,H) = 8.5 Hz, 4H), 7.10 (d, 3J(H,H) = 

8.55 Hz, 4H), 7.05 (s, 2H), 6.49 (d, 4J(H,H) = 2 Hz, 2H), 5.30 (s, 2H), 2.67 (t, 3J(H,H) - 7.0 Hz, 2H), 

2.377 (t, 3J(H,H) = 7 Hz, 4H), 2.33 (s, 12H), 1.53 (s, 6H), 1.41 (m, 6H), 1.22 (m, 8H), 0.86 (t, 3J(H,H) = 

7.00 Hz, 3H). 13C {'H}  NMR (CDCI3): Ö = 154.14 (s), 154.08 (m), 150.55 (t, unresolved), 137.33 (s), 

136.899 (s), 135.54 (m),132.65 (d, 10.6 Hz), 132.61 (d, 11.06 Hz), 131.60 (s), 131.50 (s), 131.40 (s), 

131.366 (s), 129.80 (s), 129.64 (s), 126.97 (vt, unresolved), 126.86 (s), 118.17 (t, 5.5 Hz), 117.31 (s), 

41.811 (s), 35.19 (s), 35.10 (s), 34.43 (s), 32.73 (s), 31.62 (s), 30.97 (s), 30.75 (s), 28.63 (s), 26.13 (s), 

22.555 (s), 20.61 (s), 14.09 (s).3lP {lH\ NMR (CDCI3): 5 =-70.46 (s). Anal. Calcd. for C54H59NO3P2: C, 

77.95;; H, 7.15; N, 1.68. Found: C, 77.76; H, 7.21; N, 1.61. 

2-(5-(3-(triethoxysiIyl)propylurea)pentyI)-7-hexyl-9,9-dimethyI-4,5-bis(2,8-dimethyl-10--

phenoxaphosphino)xanthenee (1) 

AA mixture of 720 mg of 2-(5-amino-pentyl)-7-hexyl-9,9-dimethyl-4,5-bis(2,8-dimethyl-10-

phenoxaphosphino)xanthenee (0.9 mmol) and 270 JUL of triethoxysilane-o-propylisocyanate (1.1 mmol) 

inn 15 mL of CH2CI2 were stirred overnight. The resulting mixture was evaporated in vacuo to yield pure 

2-(5-(3-(triethoxysilyl)propylurea)pentyl)-7-hexyl-9,9-dimethyl-4,5-bis(2,8-dimethyl-10--

phenoxaphosphino)-xanthenee (1). Yield: 890 mg (0.8 mmol, 95%). 'H NMR (CDCI3): 5 - 7.96 (d, J = 9 

Hz,, 2H), 7.95 (d, J = 7.5 Hz, 2H), 7.16 (d, 3J(H,H) = 8.5 Hz, 4H), 7.13 (d, 3J(H,H) - 8.0 Hz, 4H), 7.06 

(d,, 4J(H,H) = 3 Hz, 2H), 6.50 (d, 4J(H,H) = 5.7 Hz, 2H), 4.42 (t, 3J(H,H) = 5.5 Hz, 1H), 4.24 (t, 3J(H,H) 
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== 5.5 Hz, 1H), 3.83 (q, 3J(H,H) = 7.0 Hz, 6H), 3.18 (q, 3J(H,H) - 6.5 Hz, 2H), 3.11 (q, 3J(H,H) - 6.5 Hz, 

2H),, 2.39 - 2.32 (m, 4H), 2.33 (s, 12H), 1.64 (quintet. 3J(H,H) = 8.0 Hz, 2H), 1.55 (s, 6H), 1.53 (m, 2H), 

1.444 - 1.37 (m, 6H), 1.24 (t, 3J(H,H) = 7.2 Hz, 9H), 1.21 (m, 6H), 0.88 (t, 3J(H,H) = 7.0 Hz, 3H), 0.66 (t, 

\J(H,H)) = 8.0 Hz, 2H). I3C {'H}  NMR (CDCh): 6 = 158.32 (s), 154.38 (s), 154.29 (s), 150.68 (m, 

unresolved),, 137.37 (s), 137.04 (s), 135.89 (t, 14.6 Hz), 135.67 (t, 14.6 Hz), 132.87 (t, 10.9 Hz), 131.82 

(s),, 131.64 (s), 131.59 (s), 130.06 (s), 129.86 (s), 127.09 (s), 118.41 (t, 8.7 Hz), 118.34 (t, 8.7 Hz), 

117.544 (s), 117.51 (s), 58.67 (s), 43.19 (s), 40.82 (s), 35.41 (s), 35.32 (s), 34.66 (s), 32.59 (s), 31.83 (s), 

31.199 (s), 30.93 (s), 30.27 (s), 28.85 (s), 26.50 (s), 23.82 (s), 22.76 (s), 20.82 (s), 18.53 (s), 14.31 (s), 

7.833 (s). Anal. Calcd. for CMHsoN207P2Si: C, 71.22; H, 7.47; N, 2.60. Found: C, 71.29; H. 7.41; N, 

2.48. . 

Synthesiss of silica bound 1 (Silica-1) 

Too a mechanically stirred slurry of 3.2 g of pre-dricd silica (at T - 180 °, under reduced pressure) in 40 

mLL of toluene was added 320 mg of 1 (0.30 mmol). The reaction mixture was stirred at 70 °C overnight. 

Subsequently,, the silica was washed with toluene, dried under reduced pressure and stored under an 

inertt atmosphere. 

Thee catalyst pre-cursor (Silica-l)Rh(acac) was prepared by stirring a suspension of 2.6 mg of 

Rh(CO)2(acac)) and 1 g Silica-1 in 5 mL of THF and 1 mL of Et3N for 30 minutes. Next, the solvent was 

removedd and the pink-red silica was washed with toluene ( 3 x 10 mL) and dried //; vacuo. Rhodium 

content:: 1.10" mol.g"1. 

Synthesiss of Sol-gel bound 1 (Sol-gel-1) 

Too a mixture of 129 mg of 1 (0.12 mmol) and 3.2 mg of Rh(CO)2(acac) (0.1 eq., 0.012 mmol) in 6 mL 

off  THF was added 2 mL of H20 and 2 mL oftetramethylorthosilicate. After 1.5h 0.2 mL of MeOH was 

addedd and the mixture was allowed to stand for 36 h. The resulting gel was carefully dried and crushed 

intoo free flowing silica to yield the pink-red Sol-gel 1. This was subsequently washed with MeOH, THF 

andd Et20. Yield: 0.98 g of a pink-red silica. That was either used directly or stored under an inert 

atmospheree at -20 °C. Rhodium content: 1.3.10° mol.g"1. 

Batch-wisee hydroformylation . In a typical experiment a home-made 200 mL autoclave was charged 

withh a 1 g of Silica-1 or Sol-gel-1. Next 8.5 mL of toluene was added. The reactor was purged and 

pressurisedd to 16 bar of syngas (CO/H2, 1:1) and heated to 80 QC. After 1 hour the substrate was 

introducedd by overpressure of 20 bar of C0/H2. The reactions were stopped by cooling on ice and 

ventingg the gases. The reaction mixture was removed from the silica by syringe and analysed by GC. 
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Next,, the silica was washed with toluene (2x5 mL), and prepared for the next hydroformylation cycle. 

Thee top-layer was removed for analysis. New substrate was added, the reactor was pressurised and 

heatedd for the next hydroformylation cycle. 
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Samenvatting g 

Mett een jaarlijkse productie van ruim acht miljoen ton aan verschillende aldehydes en alcoholen 

behoortt hydroformylering, de omzetting van onverzadigde koolwaterstoffen in aanwezigheid van 

waterstofgass en koolmonoxide naar aldehydes, tot één van de omvangrijkste homogeen gekatalyseerde 

chemischee transformaties ter wereld (Schema 1). Vanwege een betere biologische afbreekbaarheid is het 

lineairee product het meest gewenst voor detergentia. Aldehyden zijn belangrijke intermediairen, die 

onderr andere worden toegepast in de farmaceutische industrie, in de polymeerindustrie voor de 

productiee van weekmakers en voor de productie van oplosmiddelen. Huidige processen zijn er 

voornamelijkk op gericht om eindstandige alkenen om te zetten naar lineaire aldehydes, maar vanuit een 

milieubewustt en economisch perspectief is een efficiënter gebruik van grondstoffen, zoals verkregen uit 

dee aardolie industrie, noodzakelijk om lineaire aldehydes te produceren vanuit interne alkenen. De 

gebruiktee overgangsmetalen en modificerende liganden spelen een belangrijke rol in het zo efficiënt 

omzettenn van deze interne alkenen. 

katalysatorr O x 

Schemaa 1 Hydroformylering van alkenen. 

Momenteell  zijn de meeste processen voor het omzetten van interne hogere alkenen gebaseerd op 

cobaltt katalysatoren. De activiteit is laag, maar door de hoge isomerisatie snelheid wordt het lineaire 

productt toch in overmaat gevormd. Cobalt katalysatoren vereisen een hoge synthese gasdruk en hoge 

temperaturen,, waardoor er vele bijproducten gevormd worden. Katalysatoren gebaseerd op rhodium zijn 

doorr hun hoge reactiviteit vaak ongeschikt voor het efficiënt omzetten van interne alkenen naar lineaire 

aldehyden,, en er zijn slechts enkele succesvolle katalysatoren bekend. 

Hett doel van dit promotieonderzoek is de ontwikkeling van nieuwe liganden voor de rhodium 

gekatalyseerdee selectieve hydroformylering van interne alkenen naar lineaire aldehyden, welke een hoge 

selectiviteit,, activiteit en stabiliteit vertonen. Recent onderzoek heeft uitgewezen dat cyclische difosfine 

ligandenn met een xantheen brug zeer efficiënt zijn in zowel de hydroformylering van eindstandige als 

internee alkenen. Deze zeer rigide liganden zijn echter niet geschikt voor grootschalige toepassingen 

vanwegee de lage oplosbaarheid en kostbare productie. Hoofdstuk 2 beschrijft nieuwe synthese 

methodenn om deze rigide liganden zodanig te modificeren dat de oplosbaarheid veelvuldig toeneemt in 

dee meeste oplosmiddelen die gebruikt worden tijdens hydroformylerings-processen (Figuur 1). Alsmede 
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RR en R = H of vertakte en onvertakte alifatische 
restgroepen,, zoals Me, Bu, hexyl, neohexyl, etc... 

Figuurr  1 

wordtt een nieuwe goedkopere en eenvoudigere synthese procedure voor gemodificeerde cyclische 

fosfïness aangedragen. 

Dee effecten van alifatische substituenten op de oplosbaarheid van de liganden en hun prestaties tijdens 

dee hydroformylering van interne en eindstandige alkenen wordt besproken. Daarbij kan geconcludeerd 

wordenn dat voor grootschalig gebruik van de liganden modificatie van de brug met neohexyl-groepen 

voldoendee is voor een goede oplosbaarheid, terwijl de katalytische activiteit en selectiviteit nauwelijks 

wordenn beïnvloedt. Modificatie aan de cyclische fosfine-eenheid resulteert wel in een betere 

oplosbaarheid,, maar de prestaties gedurende katalyse worden vaak negatief beïnvloedt. Een kinetiek 

studiee laat zien hoe de verschillende reactie parameters de hydroformylering van eindstandige en interne 

alkenenn beïnvloeden. 

Dee ligand bijt-hoek is een veelvuldig besproken en succesvolle ligand parameter voor het beschrijven 

vann ligand effecten op katalytische reacties. Recentelijk werd een reeks liganden (de Xantphos liganden) 

geïntroduceerdd met een bijt-hoek variërend tussen de 102 en 121 °. De ligand bijt-hoek heeft een groot 

effectt op de aktivitcit en selectiviteit in de hydroformylering van 1-okteen. Omdat deze reeks Xantphos 

ligandenn ongeschikt bleek voor hydroformylering van interne alkenen, werd een nieuwe reeks cyclische 

phosphinee liganden met een bijt-hoek variërend tussen 106 en 131 ° (de Xantphenoxaphos liganden, 

Figuurr 2) ontwikkeld. Het effect van de bijt-hoek op de coördinatie wijze in het (difosfine)RhH(CO)2 

complexx gedurende de hydroformylering van 1-okteen en rram-2-okteen wordt besproken in hoofdstuk 

3. . 

Hogee druk infra rood en hoge druk NMR laten zien dat in het trigonaal bipyramidale 

(difosfine)RhH(CO)jj  complex de meeste liganden equatoriaal-equatoriaal coördineren, maar complexen 

gevormdd door liganden met een kleinere bijt-hoek wijken meer af van een perfect trigonaal-

bipyramidalee structuur. In tegenstelling tot de bevindingen met de Xantphos liganden vinden we een 

afnamee in activiteit met toenemende bijt-hoek, maar de regioselectiviteit en isomerisatie snelheid nemen 

toe.. Deuterioformylering van 1-hexeen wijst uit dat de intrinsieke selectiviteit naar het lineaire alkyl 

rhodiumm intermediair en vertakt alkyl rhodium intermediair gelijk is voor deze liganden en dat de 

verschillenn in regioselectiviteit worden bepaald door verschillen in snelheid van koolmonoxide insertie 

enn P-waterstofeliminatie. 
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XX = C2H2, Si, S, CMe2, C=CMe2, NH. fused ring. PPh 

Figuurr  2 

Hoofdstukk 4 beschrijft het gebruik van de ontwikkelde liganden besproken in hoofdstuk 3 voor de 

synthesee van secondaire en tertiaire amines vanuit interne alkenen door middel van een één-pot 

isomerisatie-hydroformylering-aminering-hydrogeneringg domino reactie (Schema 2, 

hydroaminomethylering).. De liganden blijken zeer succesvol in hydroaminomethylering na een 

zorgvuldigee optimalisatie procedure, resulterend in ongeëvenaarde chemo-, en regioselectiviteiten tot 

96%% voor het lineaire amine bij volledige conversie. Dit hydroaminomethylerings protocol blijkt 

eveneenss geschikt voor de omzetting van diverse (gefunctionaliseerde) onverzadigde koolwaterstoffen 

inn aanwezigheid van diverse amines. Verder volgt het effect van de ligand bijt-hoek dezelfde trend zoals 

geobserveerdd tijdens hydroformylering. Hoge druk infra rood spectroscopie werd toegepast om de 

reactiee en al zijn afzonderlijke reactie stappen in situ te volgen. Hieruit werd geconcludeerd dat 

hydroaminomethyleringg plaats kan vinden door de eerder beschreven reactie sequentie, maar sloot een 

anderr reactie mechanisme niet uit. 

CO/H22 catalyst 

Schemaa 2 Hydroaminomethylering. 

Voorr een schoon en kostenbesparend hydroformylerings proces is hergebruik van de katalysator van 

fundamenteell  belang. Het verankeren van een ligand aan een vaste of vloeibare drager vereenvoudigd 

dee scheiding tussen katalysator en producten aanzienlijk, zonder de selectiviteit van de katalysator aan 

tee tasten, maar de activiteit is vaak veel lager door deze heterogenisatie van een homogene katalysator. 

Inn de loop der jaren zijn enkele technieken zeer succesvol gebleken, waaronder het gebruik van 

ionogenee oplosmiddelen als vloeibare drager en polysilicaten als vaste drager. Een nieuw eenvoudig te 

modificerenn ligand, gebaseerd op de liganden zoals beschreven in hoofdstuk 2, werd ontwikkeld zodat 

viaa eenvoudige reactie stappen het gebruik van cyclische fosfines in katalysator recycle experimenten 

werdd gerealiseerd. De hoofdstukken 5 en 6 beschrijven respectievelijk de toepassing van ionogene 

oplosmiddelenn en silica-dragers. 
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A.-R11 = R2 = — ^ / N ^ ' 5 ' 

PF6' ' 

O O 

B:: R1 = Silicaat'A~£N N'T/ I - R2 = C6H13 
3HH H 5 

Figuurr  3 

Voorr gebruik in ionogene media, zoals «-butyl-methylimidazolium hexafluorofosfaat, werd een ligand, 

zoalss in Figuur 1, zodanig gemodificeerd dat deze veel weg heeft van zijn reactie medium (Figuur 3; A). 

Hierdoorr ontstaat er een sterke ionogene interactie. Het substraat en product zijn zeer slecht oplosbaar in 

ditt medium, zodat na reactie de ionogene vloeistof en de producten eenvoudig van elkaar te scheiden 

zijnn door middel van fasescheiding. Door de slechte oplosbaarheid van het substraat zijn reactie 

snelhedenn vaak erg laag, ook wordt de regioselectiviteit vaak negatief beïnvloedt. Het ligand beschreven 

inn hoofdstuk 5 levert echter prestaties die de resultaten met vergelijkbare één-fase katalysoren evenaren, 

maarr met het grote voordeel van eenvoudig katalysator hergebruik. Gedurende vele experimenten, 

waarbijj  de katalysator werd hergebruikt bleven activiteit en selectiviteit gelijk, ook kon er geen rhodium 

off  ligand verlies worden gedetecteerd. Helaas bleek dit systeem niet stabiel gedurende de 

hydroformyleringg van interne alkenen. 

Analoogg aan eerdere succesvolle studies werden silica-gel en sol-gel gebruikt als vaste dragers voor 

eenn nieuw cyclisch fosfine ligand (Figuur 3; B). In zowel batch-gewijze hydroformylerings 

experimentenn in toluene als continue hydroformylerings experimenten in superkritisch kooldioxide 

werdenn nagenoeg dezelfde activiteiten gemeten. Eveneens bleken de nieuwe katalysatoren stabiel na 

veelvuldigg hergebruik. Echter alleen in superkritisch kooldioxide was de katalysator ook bestand tegen 

dee proces condities die noodzakelijk zijn voor de hydroformylering van interne alkenen, maar voor 

internee alkenen werd geen conversie gemeten. In toluene blijf t de regioselectiviteit nagenoeg hetzelfde 

alss het homogene systeem, terwijl in superkritisch kooldioxide de regioselectiviteit daalt. 
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Dankwoord d 

Naa ruim vier jaar onderzoek komt eindelijk de tijd om het meest gelezen stukje werk van bijna ieder 

proefschriftt te schrijven. Het werk beschreven in dit proefschrift kon niet tot stand komen zonder de 

hulpp en steun van velen. Piet, als promotor gaf je me de volledige vrijheid om het onderzoek te 

verrichtenn dat ik wilde. De vele discussies en zeker het 'opzetten' van de Quench-flow autoclaaf, die ik 

overigenss nog wel in werking wil zien (!), maakte het dagelijkse werk een stuk aantrekkelijker. Je 

toekomstigee part-time vertrek naar Spanje kwam niet geheel als verrassing en ik wens je hierbij al het 

success en geluk in het nieuwe science-centre toe. Beste Paul, zeker in de laatste maanden van mijn 

promotieonderzoekk waren jouw snelle correcties van enorm belang. Zonder dit was het me nooit gelukt 

omm voor mijn vertrek naar Dublin alles af te ronden. Vaak wist je precies welke stukjes van de puzzel 

nogg moesten worden uitgevoerd om alles compleet te maken, mijn grote dank hiervoor. Joost, met 

uitzonderingg van hoofdstuk VI, ligt jouw chemie over het algemeen ver van de mijne. We wisten elkaar 

niett altijd te overtuigen, maar desalniettemin heb ik genoten van jouw frisse blik op de katalyse. 

Wellichtt zal ik ooit in de supramoleculaire chemie belanden en dan zal ik zeker niet aarzelen om contact 

opp te nemen. 

Dann and prof. Poliakoff, I thank you for the hospitality I received in Nottingham. Unfortunately the 

resultss were not as great as we hoped for, but the time outside of the lab made the trip worthwhile. 

Moballighh and prof. Beller it was great working with you in Rostock, and I think Chapter IV provides 

onlyy little evidence for that. For a member of 'HomKat' it was a good experience to see the organic 

point-of-vieww of catalysis, although I did have to get used to the 11 pm 'curfew'. 

Misschienn niet geheel in traditie van de 'Homogene Katalyse proefschriften' wil ik niet iedereen 

persoonlijkk bedanken, niet uit gemak of ondankbaarheid, maar slechts omdat ik zeker weet dat ik 

mensenn ga vergeten. Desalniettemin wil ik iedereen bedanken voor de goede sfeer die er altijd heerste 

enn de hulp die ik kreeg. Toch wil ik een aantal personen bij naam noemen: 

Jochem,, je was mijn eerste, laatste en daarbij ook enige student. De syntheses die je uitvoerde waren 

niett altijd even gemakkelijk, maar je enthousiasme en doorzettingsvermogen zorgden uiteindelijk toch 

voorr een mooi afgerond geheel. Een groot gedeelte van je onderzoek is helaas niet terug te vinden in dit 

proefschrift,, maar je bijdragen aan hoofdstukken II en VI waren zeer welkom. 

Mary,, feictear domh go bhfuil mé ag leanuint an sli bheatha chéanna amach leatsa: bhi an beirt againn 

agg gabhail i ngleic Ie "amidocarbonylation", thainig tü i mhi bealtaine go dti A'dam agus chuir tü tüs Ie 

doo PhD, ag deireadh na miosa aibrean bhi do scrudü Ie haghaidh an PhD agat - chomh maith liomsa! An 

chéadd duine a chuir in iül dom go bhfuil nios mó rannphairteach mar bhall do "HomKat" na obair 

amhainn - is ea tusa. Ceapaim gur chuir do laithreacht sa ghrüpa athrü an mhór ar an atmaisféar agus go 
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bhfuill  an dream fós ag baint suit as an buntaiste seo. Ta suil agam go bhfeicfidh mé thü i mBaile Atha 

Cliath! ! 

Cedric,, je me rappelle parfaitement mon premier jour de these, merci de m'avoir fait faire le tour du 

labo!!  Tu ne pouvais pas savoir que j ' y avais déja passé 6 mois ;P Notre 'complaining sessions' et nos 

exercicess au USC a Faube valaient le déplacement. Merci pour ton aide. 

Zoraida,, deu haver estat molt dur per a una noia espanyola -catalana- incorporar-se a un dominant 

grupp holandès, i jo no he estat capac de fer res perquè et fos més facil. Malgrat aixö, has sobreviscut 

perfectament,, i has fet que m'adonés que llevar-me unes hores mcs aviat pel mati (entre 9 i 10) no ha 

d'afectarr negativament el treball. També et vuil dir que has complementat meravellosament bé una tasca 

quee va comencar la Mary: grades per les bones estones dcsprés de les reunions de treball i per introduir-

mee en la cultura espanyola i catalana. Estic molt content que finalment la cordialitat i la bona amistat 

hagii  dominat entre nosaltres. 

Silvana,, o seu amor por liquidos ionicos foi responsavel pelo inicio deste porjeto que toprnou se de 

grandee importancia para a tese, mas o trabalho é apenas uma pequena parte de tudo o que eu tenho que 

tee agradeeer. O seu espirito brasileiro o qual é bem diferente do Holandès (se é que os Holandeses tern 

urn?!!)) e mesmo que no inicio houve alguns atritos. eu fico feliz que nos tornamos os amigos que somos 

hoje.. Eu desejo a voce muita sorte em (Forensica) 

Fabrizio,, per essere stato il mio paranimfo, tutore italiano, tutore di Italiano e 1'unico in grado di 

insegnarmii  a fare una vera pizza. Sei stato di grande aiuto negli ultimi due anni, sia nella buona che 

nellaa cattiva sorte. Sono contento che siamo passati dal Korsakoff'al Que Pa.sa, vuol dire guardare la 

vitaa in modo completamente diverso. Negli ultimi anni ho imparato molto da te, come ad esempio che 

"lee 9 di sera" significano le 10 o le 11, mentre le 4 di pomeriggio SONO le 4 di pomeriggio. 

specialmcntee quando si tratta di andare a giocare a basket:) 

Tott slot, maar zeker niet onbelangrijkst, wil ik al mijn vrienden, naaste familie, maar bovenal mijn 

ouderss bedanken voor hun interesse en steun, waar ik altijd op kan rekenen. 
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