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(chapter 4 

Core-functionalized Dendrimeric Mono- and 

Diphosphine Rhodium Complexes; Application in 

Hydroformylation and Hydrogénation 

Three novel series of core-functionalized dendrimeric ligands based on 1,1'-

bis(diphenylphosphino)ferrocene (dppf), 9,9-dimethyl-4,6-bis(diphenylphosphino)xanthene 

(xantphos), and triphenylphosphine were synthesized. Their rhodium complexes are active 

catalysts in the hydroformylation of oct-1-ene. Only a small decrease of the turnover 

frequencies and no change in the regioselectivity was observed as compared to the non-

dendrimeric ligand analogues, which showed that the regioselectivity is mainly determined by 

the ligand backbone. In the hydroformylation of a more bulky substrate, 4,4,4-triphenylbut-l-

ene, a decrease in activity was observed when the larger dendrimers were used. This was 

ascribed to the lower accessibility of the catalyst at the core due to the dendrimeric 

encapsulation. At the same time the increase of the rate of isomerization of the branched 

rhodium(alkyl) species and the unchanged rate of formation of the linear aldehyde resulted in a 

higher linear to branched ratio of the aldehyde product. The rhodium complexes of the dppf-

type dendrimeric ligands were active catalysts in the batchwise and continuous hydrogénation 

of dimethyl itaconate; both the stability of the catalyst and the retention in the continuous-flow 

membrane reactor were high compared to the non-dendrimeric catalyst. 

This chapter was published in a slightly modified form: G. E. Oosterom, S. Steffens, J. N. H. Reek, P. 

C. J. Kamer, P. W. N. M. van Leeuwen, Top. Catal, 2001, in press. 



4.1 Introduction 

Much work has been devoted to the immobilization of homogeneous transition metal 

catalysts to facilitate catalyst-product separation and to enable recycling of these often 

expensive catalysts. An established approach is the attachment of catalysts to polymeric 

organicjl] inorganicP] or hybrid^] support materials.^] Because of their size, excellent 

solubility, monodispersity, and pseudospherical structure, dendrimers are promising supports 

for catalytically active functionalities.[5, 6] Two approaches for dendrimer functionalization 

can be distinguished, namely functionalities can be introduced either at the dendrimer core or 

at the periphery. 

The hydrogénation^] and hydroformylationf™, 8] reactions are important chemical 

transformations that have been studied extensively and are among the most widely applied 

homogeneously catalyzed industrial processes. For both reactions rhodium-based complexes 

lead to fast and efficient catalysts under mild conditions. Depending on the choice of ligands, 

these complexes exhibit high regioselectivities in the hydroformylation of alkenes, and 

diphosphine ligands having large natural bite angles^] P-Rh-P were shown to be superior. [ 10] 

Only a few reports on the use of dendrimers containing transition metal catalysts at 

their periphery as hydrogenationf 11 ] and hydroformylation^] catalysts have appeared. 

Generally, activities and enantio- and regioselectivities were found to be similar to those of the 

corresponding non-dendrimeric complexes. For one of these systems data were reported about 

the stability and potential recyclability;[12d] water-solubIe polyamidoamine dendrimers with 

peripheral phosphines were applied in aqueous biphasic rhodium hydroformylation of styrene 

and oct-1-ene. The yellow color of the organic phase indicated that rhodium leaching had 

occurred, which was confirmed by atomic absorption measurements. 

Core-functionalized dendrimeric catalysts are highly interesting because the 

dendnmeric encapsulation of the catalytic site can affect the selectivity and activity of the 

catalytic reaction^] and can increase the stability of the metal complex situated at the 

core.[14] So far only one example of the use of core-functionalized dendrimers in 

hydrogénation has been reported^], and to the best of our knowledge no examples exist on 

the application of these systems in the hydroformylation.[16] Ruthenium BINAP complexes at 

the core of polyether dendrimers showed enhanced activity and enantioselectivity in the 

asymmetric hydrogénation of 2-b-(2-methylpropyl)phenyl]acrylic acid when higher 

generations were used.H?] The largest Ru BINAP system (containing two wedges of 

generation 2) was recycled via precipitation and filtration and was reused without measurable 

loss of activity in three consecutive runs. 

Here, we present three series of core-functionalized carbosilane dendrimers derived 

from the parent ligands dppf (l,l'-bis(diphenylphosphino)ferrocene), xantphos (9,9-dimethyl-
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2, R = ally); 5, R = Me Br 

3, R = allyl; 6, R = Me Br 

7, R = CH2CH2CH2SiMe3 

Scheme 1. Synthesis of carbosilane dendrimeric wedges 1-7 having allyl and methyl end 

groups. Reagents and conditions: a) HSiCl3, Et20, CH2C12, («-Bu4N)2PtCI6, RT, 18-48 h; b) 

allylMgBr, Et20, RT, 4 h; c) HSiMe2Cl, (w-Bu4N)2PtCl6, RT, 4 h; d) MeMgCl, Et20, 0 °C to 

RT, 4 h. 

4,6-bis(diphenylphosphino)xanthene), and triphenylphoshine. Rhodium complexes of these 

mono- and bidentate ligands were tested as catalysts in the hydroformylation of oct-1-ene to 

study the effect of the dendrimeric encapsulation of the catalytic center on the rates and 

selectivities. Previously, immobilization of xantphos-type ligands by several techniquesH8] 

did not affect the excellent regioselectivity for the linear aldehyde, presumably because of the 

high rigidity of the ligand backbone. A drawback of these systems is the diminished 

hydroformylation activity compared to the corresponding homogenous catalyst. The effect of 

the dendrimeric monophosphines, the dppf-based diphosphines with a flexible backbone, and 

the rigid xantphos ligands on the activity and regioselectivity of the hydroformylation reaction 

will be also discussed. For the dppf-based ligand series the effect of the dendrimeric 

encapsulation was examined in the hydroformylation of the bulky substrate 4,4,4-triphenylbut-

1-ene. Furthermore, the rhodium complexes of the dendrimeric ferrocenyl ligands were applied 

in the batchwise and continuous hydrogénation of dimethyl itaconate. 

4.2 Results and discussion 

4.2.1 Synthesis of the ligands 

The synthesis of dendrimeric derivatives of the dppf ligand with peripheral allyl groups 
was reported previously.[13c, 13d] A s m e u n s a t u r a t e d any l e n d g r o u p s a r e s u s c e p t j b i e t 0 

hydrogénation and hydroformylation, which possibly leads to undesired side effectsj19! we 
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Me3Si 

Me3S 
Si 

Me3Si 

-S iMe 3 Me3S 

SiMe3 

M e ^ q > e 3 S i S iMef l M e3 MesSVejSi 

11 

Scheme 2. Core-functionalized dendrimeric ligands 9, 10 and 11 via coupling of the 

corresponding wedges 4-6 to tó(diethyl-phosphonite)ferrocene (8). Reagents and conditions: 

a) /-BuLi, -78 °C, Et20; b) 8, -78 °C to rt. 

synthesized a series of dendrimeric wedges 4-7 having methyl end groups. This was achieved 

by hydrosilylation of the allyl-terminated wedges with chlorodimethylsilane followed by 

reaction with methylmagnesium chloride (Scheme 1)I20] 

Similar to the procedure for the allyl-terminated ligands,P3c> 1 3 d] lithiation of the 

wedges 4, 5, and 6 with /-BuLi at low temperature, followed by reaction with 1,1'-

tó(diethylphosphonite)ferrocene 8 gave the dppf derivatives 9, 10, and 11 respectively 

(Scheme 2). Using a similar procedure, compound 12[l°c] was converted into functional 

dendrimers 13,14, and 15 which have a xanthene backbone located at the core (Scheme 3). 

Dendrimeric analogues of triphenylphosphine were prepared using a similar strategy. 

Lithiated wedges Li-4, Li-5, and Li-6 were made to react with PC13 at -78 °C (Scheme 4), and 

after work-up ligands 16, 17, and 18 were obtained (generation 1, 2, and 3, respectively). 

Attempts to synthesize generation-four monophosphine 19 failed. Molecular modelling 

suggests that steric hindrance prevents the coupling of three wedges 7 to such a small core. For 

similar reasons the dppf- and xantphos-cored ligands based on dendron 7 could not be 

obtained. All new ligands of the three types were fully characterized by 'H, l3C, and 3IP NMR 

spectroscopy, FAB and MALDI-TOF mass spectrometry, and elemental analysis. The novel 
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core-functionalized dendrimers reported here provide an interesting set of mono- and 

diphosphine ligands that are anticipated to yield rhodium catalysts with different catalytic 

performances. 

Me3Si ^ \ S ^ SiMe3 

Me3Si 

SiMe3 SiMe3 
M e3S iMe,Si SiMe3SiMe3 

Scheme 3. Synthesis of the dendrimeric xantphos ligands 13-15 based on carbosilane wedges 

4-6 and xanthene backbone 12. Reagents and conditions: a) /-BuLi, TMEDA, -70 °C, THF; b) 

ZnCl2, -70 °C, THF; c) PC13, -180 °C to rt, THF; d) Et20, -78 °C to rt. 

4.2.2 Rhodium-catalyzed hydroformylation ofoct-l-ene 

Hydroformylation ofoct-l-ene (Scheme 5) was carried out in toluene at a pressure of 

20 bars of syn-gas (CO/H2 = 1). The catalyst was prepared in situ from Rh(acac)(CO)2 and 

ligand at 80 °C. In all cases a phosphorus to rhodium ratio of 10 is used to ensure complete 

complexation of rhodium to give the (diphosphine)Rh(CO)2H complex. 

In order to interpret the results discussed below, the generally accepted, dissociative 

mechanism of hydroformylation is summarized in Scheme 6.[8d, 21] Starting from 

(diphosphine)Rh(CO)2H dissociation of CO (step a) gives the actual catalytic species, which 

can undergo alkene coordination in which the alkene can adopt two possible orientation (step 

bl). The next step is migratory insertion of the alkene to give the rhodium 1 -alky] complex A 
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Me3sMe3Si 

Me3Si 

4, R = Me 
5, R = CH2CH2CH2SiMe3 

6, R = CH2CH2CH2Si(CH2CH2CH2SiMe3)3 
7, R = CH2CH2CH2Si(CH2CH2CH2Si(CH2CH2CH2SiMe3)3)3 

a, b 

SiMe3 

SiMe3 

16, R = Me 
17, R = CH2CH2CH2SiMe3 

18, R = CH2CH2CH2Si(CH2CH2CH2SiMe3)3 

19, based on 7, could not be obtained 

Me3Si 

Me3S 

SiMe3 SiMe3 

SiMe3 
SiMe3SiMe3

 J 

Scheme 4. Synthesis of the dendrimeric monophosphine ligands 16-19 based on 

wedges 4-7. Reagents and conditions: a) «-BuLi, -78 °C, Et20; b) PC13, -78 °C to rt. 

CO/H 2 

[Rh], 80 °C 
H 

R = C5H11,C(C6H5)3 

+ by-products 

linear 
H ^ O 

branched 

Scheme 5. The hydroformylation of oct-1-ene and 4,4,4-triphenylbut-l-ene 20 

(step cl) or, when the alkene inserts with the opposite regioselectivity, the rhodium 2-alkyl 

complex B (step c2). This is followed by coordination of an additional CO (d), and migratory 

insertion to form the rhodium acyl complex (e). After hydrogenolysis (steps f and g) the 

aldehyde product is obtained and the four-coordinated (diphosphine)Rh(CO)H complex is 

regenerated. A side reaction can also occur from B; ß-hydride elimination (step i) can give 

isomerization to the internal alkene. It is suggested that all the steps except for the 

hydrogenolysis are reversible. 

The hydroformylation results using the three series of dendrimeric ligands and the 

corresponding parent ligands are summarized in Table 1. All dendrimeric mono- and 

diphosphine ligands gave active hydroformylation catalysts. No hydrogénation side-products 

and only small amounts of the isomerization of the substrate to the internal alkenes were 

observed. 
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L - R h - L ^ ^ »- OC-rRh— 

I \f I 
CO L v g 

linear 
aldehyde 

M 
L-Rh-L ^ *- 'Rh-
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CO CO 

internal 
alkene 

Scheine 6. Simplified dissociative mechanism of hydroformylation 

Application of the dendrimeric monophosphine ligands 16 and 17 resulted in similar 

activities compared to triphenylphosphine, whereas for the largest dendrimer 18 the activity 

decreased with a factor of two. Kinetic studies have shown that the addition of the alkene to 

the hydrido rhodium complex and the subsequent insertion reaction is rate-determining for 

most phosphine-based catalysts. t^c' 8d, 22] -pjje observed rate decrease is ascribed to the 

dendrimeric encapsulation of the catalytic center, which hinders the approach of the substrate. 

The drop in activity indicates that in the complexes containing the dendrimeric 

monophosphines still two phosphorus ligands are coordinated to the metal despite the size of 

the wedges. Dissociation of one of the monophosphines would have resulted in a 

monophosphine-rhodium complex, which generally leads to higher activityand more 

isomerization.[8d, 23] All the monophosphine ligands 16-18 induce the expected 

regioselectivities for the linear aldehyde similar to PPI13. 

The ligands based on the rigid xanthene backbone all show a high preference for the 

formation of the linear aldehyde (95%). A high linear to branched (1/b) ratio of around 55 is 

found for all generations dendrimeric ligands (entries 5-8, Table 1), which is similar to that 

induced by the parent xantphos ligand.t^a] jhe high 1/b ratio was explained by the large P-

Rh-P bite angle of around 112° which in turn determines the steric properties around the 

catalytic center.[°c', "> 10> 24] jfe regioselectivity in the hydroformylation of oct-1-ene is not 

affected by the size of the dendrimeric encapsulation. Also the activity of the catalyst is hardly 

affected by the dendrimer. The results obtained using the other xanthene based dendrimers 13 

and 15 show that for this type of ligand and substrate the size of the dendrimeric wedges does 

not affect the rate of hydroformylation. 
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Table 1. The hydroformylation of oct-1 • •ene using the dendrimeric 1 igands based on dppf, 

xantphos, and triphenylphosphine'a' 

Entry Ligand T O F l b ] 1/b Linear Isomerization 
(x 102) ratio'0' aldehyde (%)"" (%)'el 

1 PPh3
[f] 29 2.9 73 2.3 

2 16ra 28 2.2 69 2.6 
3 17m 27 2.6 71 2.6 
4 18w 16 2.6 71 1.9 

5 xantphos'8' 1.7 53 95 3.8 
6 13lg' 1.8 56 95 3.9 
7 1 4[g] 1.3 56 95 3.7 
8 1 5[g] 1.7 53 94 3.9 
9 dppf™ 8.2 3.8 76 3.8 
10 dtpf™ 7.7 3.7 75 4.1 
11 9M 7.8 2.6 66 6.5 
12 10™ 5.4 3.7 76 3.9 
13 l l [ h ] 4.5 3.2 72 5.9 

Conditions: 1.0 umol Rh(acac)(CO)2, 10.0 umol monophosphine or 5.0 umol diphosphine ligand, 

0.637 mmol oct-1-ene, 0.257 mmol decane, 1.1 mL toluene, 20 bar (CO/H, = 1), 80 °C, incubation 

time 90 min, [b> Average turnover frequency, in (mol aldehyde) (mol Rh)"' h ' ; [cl Linear/branched 

product ratio; [d) Selectivity towards 1-nonanal; [e] Formation of internal alkenes; M reaction time 15 

min (-60% conversion);[gI reaction time 90 min (-25% conversion); [h] reaction time 180 min (~ 30% 

conversion); wdtpf= l,r-èw[di-p-tolylphosphino]ferrocene. 

Rhodium complexes of the dendrimeric ligands based on the more flexible dppf-core 

were applied in the hydroformylation of oct-1-ene. Dtpf (l,V-bis[di-p-

tolylphosphinojferrocene) was also employed to evaluate the effect of para-substitution. These 

systems were active hydroformylation catalysts that showed a decrease in reaction rate when 

the larger dendrimers were used. When the largest ferrocenyl dendrimer 15 was applied, a 

decrease in TOF occurred with a factor of two compared to dppf, an effect that is similar to 

that observed for the dendrimeric monophosphines. 

The dppf-type ligands induced a product distribution of around 66-76 % n-aldehyde 

product and circa 3.8-6.5 % isomerized alkene, which is common for ligands with a bite angle 

of around 100°.L8d> 25] The isomerization rate found for ligand 9 is high whereas the amount 

of linear aldehyde is low compared to the other ligands with a dppf backbone. For the 

ferrocenyl diphosphine dendrimers 9-11 the induced regioselectivity remains largely 

unaffected in comparison with the non-encapsulated ligands dppf and dtpf. Based on the 
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results of the dendrimeric ligand series with the monophosphine-, dppf- and xantphos-

backbones it can be concluded that in the hydroformylation of oct-1-ene the regioselectivity is 

solely determined by the size and rigidity of the ligand backbone coordinated to the rhodium at 

the core of the dendrimer. The dendrimeric bulk of the wedges only influences the rate of the 

hydroformylation reaction. 

H H 

c p ^ ' R h — CO « ^ . R h — C O 

CO V _ ^ P 

(e-e) (e-a) 

Scheme 7. The bisequatorial (e-e) and equatorial-apical (e-a) isomers of the hydrido-rhodium 

complex observed with IR spectroscopy. 

Previously, IR and 'H NMR spectroscopy showed that in solution the trigonal 

bipyramidal (diphosphine)Rh(CO)2H complex, which is the precatalyst for the 

hydroformylation reaction, consists of a dynamic equilibrium of the bisequatorial (e-e) and the 

equatorial-apical (e-a) isomers (see Scheme 7).l^c] This equilibrium is governed by the 

electronic and steric properties of the diphosphine ligands.HOc, 25a] j 0 investigate the effect 

of the size of the dendrimeric encapsulation on the equilibrium composition, HP-IR 

measurements of the dppf-type dendrimeric rhodium complexes under catalytic conditions (20 

bar syn gas; 80 °C, cyclohexane) were conducted. The parent ligands dppf and dtpf were 

included for comparison. A ligand to rhodium ratio of 1.3 was used. A shift of the resonances 

of the e-a complex from 1996 and 1955 cm"' for dppfL25al to 1992 and 1950 cm"1 for dtpf, 9, 

10, and 11 was observed, which was caused by the electron-donating para-methyl substituents 

of dtpf. When the higher generation dendrimers were used, no effect of the size of the 

dendrimeric branches on the position of the C=0 resonances was found. Integration of the 

broad signals was not accurate, so the effect of the dendrimeric encapsulation on the ratio of 

the e-e and e-a isomers could not be quantified. 

After injection of oct-1-ene HP-IR spectra were recorded to follow the 

hydroformylation reaction in time. During the reaction no changes occurred in the positions of 

the resonances of the e-e and e-a isomers, which indicates that the hydride complex is the 

resting state of the hydroformylation reaction, but a further broadening of the signals was 

observed. The resonances of oct-1-ene at 1820 and 1642 cm"1 disappeared and consequently a 

strong aldehyde signal appeared (1738 cm"1). Integration of these signals confirmed that the 

rate obeys a first-order dependency on the substrate concentration. The conversion of the 

substrate was above 95% within 90 minutes. 
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4.2.3 Rhodium-catalyzed hydroformylation of a bulky substrate 

We were interested in the dendrimeric effect on the hydroformylation of sterically 

demanding substrates. Therefore, 4,4,4-triphenylbut-l-ene (20), which was synthesized from 

triphenylmethylchlonde and allylmagnesium bromide,[26] w a s employed in rhodium 

hydroformylation experiments using the dppf-type ligands (Scheme 5 and Table 2). The 

reactions were performed at 100 °C because the highly substituted alkene gave a lower rate of 

hydroformylation. 

Table 2. Hydroformylation of 4,4,4-triphenylbut-l-ene 20 using dppf and the dppf-based 

dendrimeric ligands1' 

Ligand T O F l b | 1/b Linear Branched Isomerization 
(x 102) ratio1'1 aldehyde (%) |d| 

aldehyde (%) |e| 
(%)|fl 

dppf 1.67 9.0 86.7 9.7 3.6 
dtpf 3.05 12.2 88.8 7.3 4.0 

9 2.74 14.7 88.8 6.0 5.1 
10 1.71 17.5 90.1 5.2 4.8 
11 0.79 20.1 88.8 4.4 6.8 

[al Conditions: 1.0 umol Rh(acac)(CO)2, 5.0 umol ligand, 0.637 mmol 20, 0.257 mmol decane, 1.4 mL 

toluene, 20 bar (CO/H2 = 1), 100 °C, incubation time 90 min., reaction time 180 min (~ 20% 

conversion); M Average TOF, in (mol aldehyde) (mol Rh)"' h1; M Linear/branched product ratio; [dl 

Selectivity towards the linear 5,5,5-triphenylpentanal; w Selectivity towards the branched 2-methyl-

4,4,4-triphenylbutanal; ra Formation of 4,4,4-triphenyl-2-butene (GC-MS analysis). 

When dtpf was used as the ligand a higher activity was found than in the presence of 

dppf. This is a surprising effect since CO dissociation/alkene addition plays a role in the 

overall reaction rate. The hydroformylation activity drops significantly when higher generation 

dendrimeric ligands are used. The larger dendrimeric systems with the catalyst located at the 

core are less accessible for the bulky substrate, which is reflected in the reaction rate. This is in 

agreement with the first order dependency in substrate observed for these types of systems. To 

visualize the dendrimeric effect the relative reaction rate of the different substrates oct-1-ene 

and 20 is plotted as a function of the dendrimer generation (Figure 1). A sharp increase for the 

largest dendrimeric system indicates that this system has a much higher relative accessibility 

for the smaller substrate. This difference can potentially be used for substrate discrimination 

based on size. [27] 

In general, an increase in the bulkiness of the alkene substrate in hydroformylation 
results in higher Wo ratios.[23, 26c] P r o b a b l y t h e l a r g e r s t e n c r e p u l s i o n w i t h t h e c a t a l y s ( J o w e r s 

the rate of hydrogenolysis (steps fand g, Scheme 6), so that the ß-H elimination that leads to 
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isomerization becomes more important. P3] -phe hydroformylation of 20 indeed resulted in a 

higher selectivity for the linear aldehyde; a 1/b ratio of 9 is observed for 20 compared to 3.8 for 

oct-1-ene. 

Interestingly, the application of the larger core-functionalized dendrimeric catalysts in 

the hydroformylation of 20 results in an increase of the isomerization rate (Table 2) while at 

the same time a constant rate of formation of the linear aldehyde is observed. This results in an 

increase in the 1/b ratio of the aldehyde product formed when the size of the dendrimer 

6 

5 

o 4 

3 
u. 

dtpf 10 11 
ligand 

Figure 1. The ratio of turnover frequencies (TOF ratio) in the hydroformylation of oct-1-ene 

(a) and substrate 20 (b) using various ligands. 

21 

18 

1/b 

15 

12 

9 

6 

3 

0 

a 

dtpf 9 .. , 1 0 
ligand 

11 

Figure 2. Linear-to-branched ratios in the hydroformylation of oct-1-ene (a) and substrate 20 

(b) using various ligands. 

increases, which was not observed in the hydroformylation of oct-1-ene (Figure 2). The 

constant selectivity for linear aldehyde for all the dppf ligands indicates that the relative rates 

of formation of complexes A and B (Scheme 6) do not change. Apparently the dendrimeric 
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encapsulation promotes the rate of ß-hydride elimination from complex B, so that the amount 
of internal alkene increases. [28] 

Previously, in the hydroformylation of 20 using Rh'-(Ä,5)-BINAPHOS a decrease in 

the 1/b ratio compared to other alkenes bearing bulky substituents at the allylic position was 

found.[26b] This was explained by the steric repulsion between the substituent and the ligand, 

which for even larger substituents seems to inhibit the formation of a catalytic intermediate 

like B. 

4.2.4 Batchwise and continuous rhodium-catalyzed hydrogénation 

One of the important features of dendrimeric catalysis is the potential application in 

continuous processes. A few examples of the application of periphery-functionalized 

dendrimeric catalysts have been reported. [29] Previously, we showed that the dppf-cored 

dendrimers can be used in continuous allylic substitution reactions, showing constant activities 

and selectivities.[13d, 14] A t p r e s e n t t h e n a n o f l l t r a t i o n m e m b r a n e u s e d i n o u r c o n t i n u o u s 

reaction set-up limits the reaction conditions such as the temperature (maximum of 40 °C) and 

the choice of solvents. The hydroformylation reactions with the systems reported here require 

higher temperatures to obtain reasonable conversions. In general hydrogénation reactions 

proceed under milder conditions than hydroformylation reactions. Therefore we turned to the 

rhodium-catalyzed hydrogénation reaction for studies in the membrane reactor, knowing that 

the use of these ligands can be extended to the hydroformylation when better membrane 

materials become available. 

Before examining the hydrogénation reaction in a continuous flow membrane reactor, 

the dendrimeric dppf-type ligands were tested in the batchwise rhodium-catalyzed 

hydrogénation of dimethyl itaconate (see Scheme 8). The rhodium complexes C were prepared 

in situ from the rhodium precursor [Rh(nbd)2](C104) (nbd = 2,5-norbornadiene) and applied in 

batchwise hydrogénation experiments under a initial hydrogen pressure of 5 bar at 35 °C. The 

results are summarized in Table 3. 

Rhodium complexes of all ligands give active hydrogénation catalysts, leading to 

conversions of 87 to >99 % after 4 hours. The total turnover number varies between 88 and 

100 mol (mol Rh)"1 for this ligand series.The para-substitution of dtpf and the dendrimeric 

ligands leads to a rate acceleration. This suggests that for this system the oxidative addition of 

dihydrogen to form complex E (Scheme 8), which is promoted by an increased electron-

density at the catalytic center, is rate-determining, t30] 
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Table 3. Hydrogénation of dimethyl itaconate using dppf and the dppf-based dendrimeric 

ligands[a] 

Ligand Conversion 

(after 240 min) 

dppf 87 

dtpf 99 

9 98 

10 97 

11 >99.5 
lal Conditions: 2.0 umol [Rh(nbd)2](C104), 2.2 umol ligand, 0.20 mmol dimethyl itaconate, 0.10 mmol 

decane, 2.8 mL CH2Cl2/MeOH (3:1 v/v), 5 bar H2, 35 °C, incubation time 30 min.; All experiments 

were performed in duplo. 

MeOOC" .'_*. • MeOOC 
[Rh] 

COOMe 

alkane 

[(P-P)Rh(alkyl)H]CI04 

[(P-P)Rh]CI04 

C 
alkene 

[(P-P)Rh(alkene)]CI04 

D 

[(P-P)Rh(alkene)H2]CI04 

Scheme 8. The rhodium-catalyzed hydrogénation of dimethyl itaconate and the mechanism of 

alkene hydrogénation (P-P = diphosphine ligand). 

Before starting the continuous reaction, the substrate solution was saturated with 

hydrogen gas by stirring under 5 bar of H2 for 16 hours. Subsequently a solution of the ligand 

and the rhodium precursor [Rh(nbd)2](C104) was injected into the membrane autoclave, after 

which the substrate solution was pumped through the reactor. The progress of the catalytic 

reaction was monitored by GC analysis of samples taken from the product stream. 

To demonstrate the utility of the dendrimeric catalysts in the continuous-flow 

membrane reactor we compared the performance of the rhodium complex of dendrimer 10 

with that of dppf. Figure 3 shows the conversion of dimethyl itaconate in time for the two 

experiments using dppf and dendrimeric ligand 10. The hydrogénation activity using dppf 
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Figure 3. The continuous hydrogénation of dimethyl itaconate using dppf (a) and the 
dendrimeric ligand 10 (b). 

increased to a maximum conversion of around 70% in around 10 reactor volumes, after which 

it rapidly decreased to a conversion of only 15% after 35 reactor volumes. In contrast, after 

reaching its maximum around 85% the conversion using dendrimeric ligand 10 remained high, 

showing a conversion of 77% after 35 reactor volumes. The lower maximum using dppf was' 

attributed to the lower rate of hydrogénation (compare Table 3) and leaching of active complex 

in the first 10 reactor volumes. 

In a separate experiment the retention of the ligands in the membrane reactor was 

measured using size-exclusion chromatography (SEC), and found to be 87.5 % for dppf and 

99.4 % for dendrimer 10. The efficiency of retention of the rhodium complexes within the 

reactor during the catalytic experiment was determined using ICP-AES analysis (induced 

coupled plasma atomic emission spectroscopy). The absolute amounts of rhodium and 

phosphorus recovered in the reactor contents and in the product fractions collected after the 

membrane were measured (Table 4). 

The ICP-AES analyses show that the loss of both ligand and rhodium metal from the 

reactor in the hydrogénation experiment using dendrimeric ligand 10 is much lower than the 

rhodium and phosphorus leaching for dppf. Presumably, the large difference in retention 

between free dppf (87.5 %) and the dppf-rhodium(ndb) complex (97 % over 36 reactor 

volumes as calculated from the amounts of rhodium recovered) is caused by the difference in 

size, although the difference in flexibility between the free ligand and the rhodium complex 

might add to the observed difference in retention. Based on the ICP-AES data the retention of 

the dendrimeric catalyst was calculated to be 99.8 %. This retention is similar to that of the 

104 Chapter 4 



Table 4. ICP-AES analysis'21 of the reactor contents and the collected fractions after the 

continuous-flow reactor (In parentheses the percentage based on the recovered amount) 

reactor collected fractions 

ligand P/ug Rh/ng P/^g Rh/ug 

dppf 68(59) 106(65) 46(41) 56(35) 

*« 115(95) 176(98) 6(5) 4(2) 
The relative ICP-AES analysis errors are around 3 % M 

free ligand, which is in line with the smaller relative difference in size between dendrimeric 10 
and the corresponding rhodium complex. 

In Figure 4 the conversion in time for dppf and 10 is compared with the calculated 

conversions based on the retentions determined by SEC and ICP-AES analysis. The large drop 

m activity for the dppf-rhodium complex is in agreement with the retention of 97% of the 

complex in the membrane reactor. Likewise, the small loss of dendrimeric catalyst from the 

reactor is in line with the observed small decrease in activity. 

In contrast to most palladium-based dendrimeric catalysts that have been applied in 

continuous allylic substitution reactions^ 3d, 29] w h i c h e x h i b i t r a p l d d e a c t i v a t i o n a n d 

leaching of the metal, these rhodium-based systems show only a small decrease of the catalytic 

performance and no decomposition of the catalyst. 

4.3 Conclusions 

The results presented in this paper demonstrate that rhodium complexes of the core-

functionalized ligands are highly active in rhodium-catalyzed hydroformylation and 

hydrogénation reactions compared to the analogous immobilized catalysts. In the 

hydroformylation of oct-1-ene the large dendrimeric branches of the catalyst lead to a small 

effect on the activity only, which is in sharp contrast to the low activity of heterogenized 

analogues,[18] a nd only a small effect on the regioselectivity of the product is observed. It is 

concluded that for this small substrate the catalytic performance is largely determined by the 

properties of backbone located at the core of the dendrimer. In the hydroformylation of the 

bulky substrate 4,4,4-triphenylbut-l-ene an increased formation of the isomerized product was 

observed at the expense of the branched aldehyde product when catalysts with a larger 

dendrimeric encapsulation were employed. The observed decrease in the activity for the bulky 

substrate using large dendrimeric ligands potentially could be used for substrate selectivity 

favoring a small substrate over a larger one. This might provide a method to direct substrates 

to specific catalytic sites which is of particular interest for the application of (dendrimeric) 
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Figure 4. The continuous hydrogénation of dimethyl itaconate using dppf (a) and dendrimer 

10 (b), the retention based on SEC of dppf (e) and 10 (d), and the retention of the dppf-Rh 

complex based on ICP-AES (e). 

catalysts in enzyme-like or cascade reactions. From the perspective of clean, environmentally 

friendly chemical transitions such an approach is very promising. 

The dppf-rhodium complexes at the dendrimer core were shown to be active catalysts 

in the batchwise hydrogénation of dimethyl itaconate. We showed the first example of the use 

of core-functionalized dendrimeric catalysts in a continuous-flow hydrogénation process under 

elevated pressure. The benefits usually associated with immobilization of catalysts - facile 

product separation, catalyst recycling, and adaption to continuous flow processes - have all 

been realized using rhodium complexes of core-functionalized dendrimeric ligand 10. The 

development of better nanofiltration membranes will open the possibility of performing 

reactions at higher temperature and in other solvents. This should significantly broaden the 

applicability of both core- and periphery-functionalized dendrimeric catalysts. 

4.4 Experimental Section 

The syntheses of te(diethyl-phosphonite)ferrocene 8,f31] dendrimeric wedges 1, 2, 3, and 7,[13d] a n d 

ligand 11 [13d] w e r e reported elsewhere. Ligand precursor 12 was prepared following a procedure 

described previously. [10c] T h e o t h e r c h e m i c a l s w e r e p u r c h a s e d f r o m A l d r i c h c h e m i c a l C o a n d A c r o s 

Chimica and used without further purification. All manipulations involving air- and water-sensitive 

compounds were performed using standard Schlenk techniques under an atmosphere of purified N2. 

Solvents were distilled from Na/benzophenone (THF, Et20), Na/benzophenone/triglyme (hexane) or 
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CaH2 (MeOH, CH2C12) under N2 prior to use. Silica 60 (SDS Chromagel, 70-200 um) was used for 

column chromatography. 

Batchwise hydroformylation and hydrogénation reactions were carried out in 6 mL homemade 

stainless steel autoclaves. Syn gas (CO/H2, 1:1, 99,9%) and H, were purchased from Air Liquide. Gas 

chromatographic analysis were run on an Interscience HR GC Mega 2 apparatus (split/splitless 

injector, J&W Scientific, DB1 30 m column, film thickness 3.0 mm, carrier gas: 70 kPa He, F.I.D. 

detector) equipped with a Hewlett Packard Data system (Chrom-Card). GC-MS analyses were done on 

a Hewlett-Packard 5980 11/5971 GC-MS set-up (ZB-5 (Zebron) column; length 15 m, inner diameter 

0.25 mm, film thickness 0.25 urn). Size exclusion chromatography (SEC) was run on a Shimadzu 

LC10-AT system with Waters Styragel HR1, HR2, and HR4 columns in series with a Shimadzu RID-

10A refractive index detector and a SPD-10A-VP UV-Vis detector at 250 nm using CH2C12 as the 

eluent. 

Infrared spectra were recorded on a Nicolet 510 FT-IR spectrophotometer. High pressure IR spectra 

were measured using a 20 mL homemade stainless steel autoclave equipped with mechanical stirrer, a 

substrate vessel, a heating mantle, and ZnS windows. 

H, C{ H}, and j lP NMR spectra were recorded using the following spectrometers: Bruker AMX 

300, Varian Mercury 300 (both: 'H 300 Mhz; '3C 75 Mhz; 31P 121 MHz), and Vanan Inova 500 (13C 

125 Mhz). The spectra were recorded in CDC13 at 25 °C unless stated otherwise, and the chemical 

shifts are given in ppm versus TMS ('H, ,3C) or 85% H,P04 (
3,P). Elemental analyses were carried out 

on an Elementar Vario EL apparatus. FAB mass spectra were measured on a JEOL JMS-SX/SX102A 

four sector mass spectrometer. MALDI-TOF mass spectra were acquired using a Voyager-DE 

Biospectrometry Workstation (PerSeptive Biosystems Inc., Framingham, MA, USA) mass 

spectrometer equipped with a nitrogen laser emitting at 337 nm (3 ns pulses). 

Rhodium and phosphorus analysis was done with inductively coupled argon plasma-atomic emission 

spectroscopy (ICP-AES) following a literature procedure^] u s ing a sequential Jarrell Ash upgraded 

(Model 25) Atomscan model 2400 ICP scanning monochromator. The atomic spectral lines of Rh at 

343.489 and 369.236 nm and of P at 213.618 nm were measured. 

Typical procedure for the preparation of methyl-terminated carbosilane dendrimeric wedges A 

solution of (»-Bu4N)2PtCl2 (5 mg, 8 mmol) in CH2C12 (1 mL) was added to 4-bromostyrene, 1, 2, or 3 

and after stirring the mixture for 30 minutes at room temperature an excess of HSiMe2Cl was added. 

CAUTION: The hydrosilylation reaction is exothermic and might cause uncontrolable heat evolution. 

The reaction was monitored by 'H-NMR spectroscopy, and after completion the excess of silane and 

solvent were removed under reduced pressure. The mixture was dissolved in 300 mL Et20 and 

dropped slowly into a solution of excess methylmagnesium chloride under vigorous stirring to give a 

white suspension. After stirring at room temperature for 4 hours the reaction mixture was quenched by 

slow addition of an aqueous NH4C1 solution (10%). The organic layer was separated, subsequently 

Core-functionalized Dendrimeric Mono- and Diphosphine Rhodium Complexes... 107 



washed with water, dried over MgS04 and concentrated. After filtration over silica (elution with 

hexane) and removal of all volatiles in vacuo a colorless oil was obtained. 

Compound 4 4-Bromostyrene (15.3 g, 83.6 mmol) was made to react with HSiMe2Cl (17 g, 180 

mmol), followed by reaction with MeMgCl (40 mL of a 3 M solution in THF, 120 mmol). Yield: 19.8 

g (93 %). 'H NMR: 5= 7.40 (d, V(H,H) = 8.1 Hz, HAf, 2H), 7.05 (d, V(H,H) = 8.3 Hz, HAr, 2H), 2.70 

(m, Ar-C//2-CH2, 2H), 1.16 (m, Ar-CH2-C//2, 2H), 0.01 (s, Si-CH3, 9H); l3C NMR: 8= 144.5 (CA,,,), 

131.5 (CAr), 129.8 (CAr(w)), 119.3 (CAr.q), 29.8 (CAr-CH2), 18.8 (CAr-CH2-CH2), -1.5 (Si(CH3)3); 

Elemental analysis calcd (%) for C,iH17BrSi: H 6.66; C 51.36; Found: H 6.68; C 51.33; MS (FAB): 

m/z= 258 (M+, 81Br), 256 (M+, 79Br), 243, 241, 215, 213, 73 (100, SiMe3); IR (CH2C12 solution): v/crn' 

'= 3054s, 2987s, 1422m, 1266vs (SiMe), 896m. 

Compound 5 Zeroth-Generation allyl-terminated wedge 1 (8.4 g, 25.1 mmol) was made to react with 

HSiMe2Cl (14 g, 174 mmol), followed by reaction with MeMgCl (40 mL of a 3 M solution in THF, 

120 mmol). Yield: 9.9 g (71 %). 'H NMR: S= 7.36 (d, 3J(H,H) = 8.1 Hz, HAr, 2H), 7.04 (d, 3J(H,H) = 

8.1 Hz, HAr, 2H), 2.53 (m, Ar-C//2-CH2, 2H), 1.32 (m, Si-CH2-C//,-CH2, 6H), 0.83 (m, Ar-CH2-C//2, 

2H), 0.56 (m, V(H,H) =8.4 Hz, Si-C//2-CH2-C//2, 12H), -0.03 (s, Si-CH3, 27H); l3C NMR: 5= 144.6 

(CA,,,), 131.5 (CM), 129.8 (CAr), 118.9 (Br-C^.,), 29.63 (CAr-CH2), 21.9 (Si-CH,-CH2-CH2), 18.8 and 

17.4 (Si-CH2-CH2-CH2), 14.8 (CAr-CH2-CH2), -1.3 (Si(CH3)3); Elemental analysis calcd (%) for 

C2f)H53BrSi4: H 9.57; C 55.97; Found: H 56.25; C 9.86; MS (MALDI-TOF): m/z= 663.9 (M++Ag; 

calculated 663.2); MS (FAB): m/z= 557 (M+, 81Br), 555 (M+, 79Br), 443, 441, 429, 427, 329, 327,, 

243, 241, 73 (100, SiMe3); IR(CH2C12 solution): v/cm"'= 3045w, 2952s, 2913s, 1484m, 1260s (SiMe), 

886m ,866m. 

Compound 6 First-generation allyl-terminated wedge 2 (6.10 g, 7.70 mmol) was made to react with 

HSiMe2Cl (13 g, 117 mmol) followed by reaction with MeMgCl (40 mL of a 3 M solution in THF, 120 

mmol). Yield: 9.86 g (88 %). 'H NMR: 6= 7.36 (d, V(H,H) = 8.1 Hz, H^, 2H), 7.05 (d, V(H,H) = 8.4 

Hz, HAr, 2H), 2.54 (m, Ar-C//2-CH2, 2H), 1.31 (m, Si-CH2-Ctf2-CH2, 24H), 0.85 (m, Ar-CH2-C//2, 2H), 

0.55 (t, V(H,H) =8.4 Hz, Si-C//2-CH2-C//2, 48H), -0.03 (s, Si-CH3, 81H); '3C NMR: 5= 144.54 (CAr.,), 

131.30 (CAr), 129.51 (CAr), 119.06 (CAr,q), 29.84 (C^-OL), 21.71 (Si-CH2-CH2-CH2), 18.63, 17.99, 

1768, 1747 (all CH2, Si-CH2-CH2-CH2), 15.02 (CAr-CH2-CH2), -1.48 (Si(CH3)3); Elemental analysis 

calcd (%) for C71Hl61BrSi,3: H 11.11; C 58.41; Found: H 11.15; C 58.42; MS (MALDI-TOF): m/z= 

1568.3 (MT+Ag, calculated 1568.1); IR (CH2C12 solution): v/cnf'= 3052w, 2955m, 2909s, 2879m, 

1487w, 1258vs (SiMe), 1138m, 909m, 866s, 843s. 

Typical procedure for the preparation of core-functionalized dendrimeric dppf-derivatives: 

Synthesis of ligand 9 After cooling a solution of 4 (1.68 g, 6.56 mmol) in THF (25 mL) to -70 °C, t-

butyllifhium (8.75 mL, 1.50 M in pentane, 13.12 mmol) was added dropwise to give a yellowish 

solution. The lithiation was monitored by GC-MS or 'H-NMR using samples quenched with D20 and 

was usually completed in less than 30 minutes. A benzene solution of 8 (0.259 M, 6.33 mL, 1.64 

mmol) was added, followed by stirring at -70 °C for another 3 hours (progress monitored with 3IP 
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NMR spectroscopy), slowly warming to room temperature, and removal of all volatiles. The crude 

mixture is purified over a silica column. Elution with hexane removed any excess wedge, and 

subsequent elution with CH2C12 gave the desired product 9 as an orange oil in 386 mg (25 %) yield 

after concentration. 'H NMR: 5= 7.29 (t, 3J(H,H) = 7.4 Hz, 2J(P,H) = 7.5 Hz, HAr, 8H), 7.19 (d, 

V(H,H) = 7.4 Hz, HAr, 8H), 4.24 (s, HFc, 4H), 4.02 (s, HFc, 4H), 2.60 (m, Ar-C//2-CH2, 8H), 0.85 (m, 

Ar-CH2-C//2, 8H), 0.00 (s, Si-CH,, 36H); l3C NMR (CD2C12): 5= 145.78 (CAr„), 136.01 (d, lJ(P,C) = 

19.5 Hz, CAT,,), 133.65 (d, 2J(P,C) = 6.8 Hz, CAr), 127.80 (CAr), 77.40 (CF,q) , 74.32 (d, 2J(P,C) = 12 

Hz, CFc) , 72.50 (d, 3J(P,C) = 6 Hz, CFc), 30.05 (CAr-CH2), 18.66 (C^-CHrCH,), -1.50 (Si(CH3)3);
 31P 

NMR: 5= -17.9; Elemental analysis calcd (%) for C54H7(,FeP2Si4: H 8.02; C 67.89; Found: H 8.27; C 

68.20; MS (FAB): m/z= 955 (M\ 100), 882 (9 - SiMe3), 570(9 - PAr2). 

Compound 10 was prepared from the reaction of wedge 5 (2.03 g, 3.65 mmol) with /-BuLi (4.77 mL, 

1.50 M, 7.15 mmol), and subsequent reaction with a solution of 8 (2.82 mL, 0.259 M, 0.73 mmol). 

After purification an orange oil was yielded: 916 mg (50%). 'H NMR: 5= 7.25 (d, 3J(H,H) = 8.7 Hz, 

HAr, 8H), 7.04 (d, 3J(H,H) = 8.7 Hz, HAr, 8H), 4.22 (s, HFc, 4H), 4.01 (s, HFc, 4H), 2.56 (m, Ar-C//2-

CH2, 8H), 1.32 (m, Si-CH2-Ctf2-CH2, 24H), 0.86 (m, Ar-CH2-C//2, 8H), 0.58 (m, Si-C//2-CH2-Cf72, 

48H) -0.04 (s, Si-CH3, 108H); l3C NMR: 5= 145.98 (CAr.q), 135.68 (d, 'j(P,C) = 20 Hz, CA,.,), 133.49 

(d, 2J(P,C) = 6 Hz, CAr), 127.56 (CA,), 76.40 (CFc,q) , 73.60 (bs, CFc) , 72.26 (bs, CFc), 30.06 (CAr-CH2), 

21.68 (Si-CH2-CH2-CH2-Si(CH3)3), 18.58 (Si-CH,-CH2-CH2-Si(CH3)3), 17.25 (Si-CH2-CH2-CH2-

Si(CH3)3), 14.83 (CAr-CH2-CH2), -1.53 (Si(CH3)3);
 31P NMR: 5= -17.7; Elemental analysis calcd (%) 

for CIMH220FeP2Si16: H 10.27; C 63.45; Found: H 10.30; C 64.23; MS (FAB): m/z= 2189 (M+ 

(oxidized), 100), 2116 (M^ (oxidized) - SiMe3), 1188 (M~ - P(0)Ar2). 

Compound 11 was prepared from the reaction of wedge 6 (1.02 g, 0.686 mmol) and /-BuLi (0.46 mL, 

1.50 M, 0.686 mmol), and subsequent reaction with a solution of 8 (0.53 mL, 0.259 M, 0.137 mmol). 

After purification an orange oily product was obtained: 790 mg (92%). 'H NMR: ô= 7.20 (d, V(H,H) = 

7.8 Hz, HAr, 8H), 7.08 (d, V(H,H) = 7.2 Hz, HAr, 8H), 4.12 (s, HFc, 4H), 4.04 (s, HFc, 4H), 2.53 (m, Ar-

C//2-CH2, 8H), 1.30 (m, Si-CH2-C//2-CH2, 96H), 0.87 (m, Ar-CH2-C//2, 8H), 0.55 (m, Si-C//2-CH2-

CH2, 192H) -0.04 (s, Si-CH3, 324H); l3C NMR: S= 144.74 (CA,q), 130.21 (CAr), 129.03 (CAr), 126.87 

(CAT.,,), CFc>q could not be observed due to the solvent signals, 73.82 (CFc), 70.99 (CFc), 30.22 (CAr-CH2), 

23.16-18.92 (Si-CH2-CH2-CH2), 18.9 (CAr-CH2-CH2), 0.01 (Si(CH3)3);
 3IP NMR: 5= -18.4; Elemental 

analysis calcd (%) for C294H6s2FeP2Si52: H 11.40; C 61.24; Found: H 11.73; C 61.54; MS (MALDI-

TOF) could not be obtained. 

Typical procedure for the preparation of core-functionalized dendrimeric xantphos-derivatives: 

Synthesis of 13 Following the procedure described for ligand 9, wedge 4 (0.497 g, 1.94 mmol) was 

made to react with /-butyllithium (2.23 mL, 1.74 M in pentane, 3.88 mmol). After complete lithiation a 

solution of 12 (2.00 mL, 0.242 M in benzene, 0.485 mmol) was added, stirred at -70 °C for 3 hours (the 

reaction was monitored with 3IP NMR spectroscopy). After the work-up the desired product was 

obtained as a colorless oil in 280 mg (59 %). 'H NMR: 5= 7.37 (dd, 3J(H,H) = 1.0, 7.6 Hz, 2H), 7.12 -
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7.03 (bm, HAr, 16H), 6.93 (t, 3J(H,H) = 7.7 Hz, HAr, 2H), 6.93 (dd, V(H,H) = 1.0, 7.6 Hz, HAr, 2H), 

2.61 (m, Ar-C//2-CH2, 2H), 1.63 (s, CH3, 6H) 0.87. (m, Ar-CH2-C//2, 2H). 0.01 (s, SiCH3, 36H); 13C 

NMR: 5= 152.1 (t, J= 9.6 Hz), 146.6 (d, J= 12 Hz), 136.9, 135.7 (d, J = 11 Hz), 134.0, 132.0, 131.1, 

129.2, 129.0, 126.1, 125.7 (t, J= 10 Hz), 124.3, 36.1 (C(CH3)2), 33.0 (C(CH3)2), 31.6 (CAr-CH2), 20.2 

(CAr-CH1-CH2), 0.0 (Si(CH3)3);
 3IP NMR: 5= -19.3; Elemental analysis calcd (%) for C59H8oOP2Si4: H 

8.23; C 72.34; Found: H 8.37; C 71.65; MS (FAB): m/z= 979.7 (M"; calcd for CsÄOPjSi^ 979.56), 

907 (M+ - Si(CH3)3), 803 (W - PhCH2CH2Si(CH3)3), 594 (M+ - PR2), 73 (100). 

Compound 14 was prepared following the procedure described for 13 starting from 5 (1.558 g; 2.802 

mmol) and ?-BuLi (3.74 mL, 1.50 M, 5.60 mmol), and subsequent reaction with a solution of 12 (2.81 

mL, 0.242 M, 0.683 mmol): 932 mg (63 %). 'H NMR: 5= 7.38 (d, V(H,H) = 7.8 Hz, 2H), 7.17 - 7.06 

(bm, HAr, 16H), 6.95 (t, V(H,H) = 7.7 Hz, HAr, 2H), 6.60 (d, 3J(H,H) = 7.2 Hz, HAr, 2H), 2.60 (m, Ar-

C//2-CH2, 2H), 1.66 (s, CH3, 6H), 1.37 (m, Si-CH2-C//2-CH2, 24H), 0.88 (m, Ar-CH2-C//2, 2H), 0.63 

(m, Si-CH2-Cn2-CH2, 48H), 0.01 (s, Si-CH3, 108H); 13C NMR: 5= 152.4 (t, J = 9 Hz), 145.5, 134.4, 

134.3(d,J=10Hz), 134.1, 131.9, 129.7, 127.6, 126.9 (t, J= 9 Hz), 126.0, 123.0, 34.4 (C(CH3)2), 32.0 

(C(CH3)2), 30.1 (CAr-CH2), 21.7 (Si-CH2-CH2-CH2), 18.6 (Si-CH2-CH2-CH2), 15.3 (CAr-CH2-CH2), 

14.8 (Si-CH2-CH2-CH2), -1.5 (Si(CH3)3);
 31P NMR: 6= -19.2; Elemental analysis calcd (%) for 

C119H224OP2Si,6: H 10.35; C 65.49; Found: H 10.55; C 65.21; MS (FAB): m/z= 2182 (M*; calcd for 

C119H224OP2Si16: 2182.37), 2109 {W - Si(CH3)3), 1704 {W - PhCH2CH2Si(CH2CH2CH2Si(CH3)3)3), 

1195 (M+-PR2), 73(100). 

Compound 15 was prepared following the procedure described for 13 starting from 6 (726 mg, 0.498 

mmol) and t-BuLi (0.664 mL, 1.50 M, 0.996 mmol), and subsequent reaction with a solution of 12 

(0.514 mL, 0.242 M, 0.124 mmol): 224 mg (30%). 'H NMR: 5= 7.36 (dd, V(H,H) = 1.9, 8.3 Hz, 2H), 

7.19 - 7.11 (bm, HAr, 16H), 6.87 (t, 3J(H,H) = 7.5 Hz, HAr, 2H), 6.58 (dd, V(H,H) = 1.0, 8.5 Hz, HAr, 

2H), 2.57 (m, Ar-C//2-CH2, 2H), 1.56 (s, CH3, 6H), 1.33 (m, Si-CH2-C//2-CH2, 96H), 0.83 (m, Ar-CH2-

Cffj, 2H), 0.55 (m, Si-CH2-CH2-CH2, 192H), -0.05 (s, Si-CH3, 324H); 13C NMR: 5= 150.8, 147.1, 

136.8, 135.8, 134.9, 132.9, 131.2, 129.8, 129.2, 126.9, 125.3, 120.5, 32.9 (C(CH3)2), 31.6 (C(CH3)2), 

27.4 (CAr-CH2), 23.6 (Si-CH2-CH2-CH2), 20.5 (Si-CH2-CH2-CH2), 18.6 (CAr-CH2-CH2), 18.3 (Si-CH2-

CH2-CH2), -0.1 (SiCH3);
 3IP NMR: 6= -19.9; Elemental analysis calcd (%) for C299H6560P2Si52: H 

11.42; C 62.02; Found: H 11.32; C 62.41; MS (MALDI-TOF) could not be obtained. 

Typical procedure for the preparation of core-functionalized dendrimeric monophosphines: 

Synthesis of 16 Following the procedure described for ligand 9, wedge 4 (2.93 g, 11.44 mmol) was 

made to react with /-BuLi (6.55 mL, 1.72 M in pentane, 11.26 mmol). After complete lithiation a 

solution of PC13 (0.507 g, 3.69 mmol) in THF (16 mL) was added, followed by stirring at -78 °C for 

another 60 minutes and slow warming to room temperature. After another 3 hours of stirring, the 

mixture was concentrated in vacuo, followed by column chromatography over silica. The desired 

product 16 was yielded as a white solid: 172 g (83 % compared to PC13). 'H NMR: 5= 7.18 (m, H^, 

12H), 2.61 (m, Ar-C//2, 6H), 0.86 (m, Ar-CH2-CHh 6H), 0.00 (s, Si-CH3, 27H); 13C{'H} NMR: 5= 
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146.2 (CA,,,,), 133.9 (d, V(P,C) = 31.3 Hz, CAr), 128.2 (d, 3J(P,C) = 11.7 Hz, CAr), 119.1 (d, V(P,C) = 

46 Hz, P-CAr,q), 30.1 (C^-CHrCH,), 18.7 (CAr-CH2-CH2), -1.5 (Si(CH3)3);
 31P NMR: 8= -7.11; 

Elemental analysis calcd (%) for C33H5,PSi3: H 9.13; C 70.40; Found: H 8.40; C 68.52; MS (FAB): 

m/z= 563.3 (M", calculated 563.0), 489 (M" - SiMe3), 385 (M+ - PhCH2CH2SiMe3). 

Compound 17 was prepared following the procedure described for 16 starting from 5 (1.59 g, 2.85 

mmol). A colorless oil was obtained: 1.10 g (79 % compared to PC13). 'H NMR: 5= 7.26 (m, HAr, 

12H), 2.63 (m, Ar-C/7,, 6H), 1.41 (m, Si-CH2-C/7,-CH2, 18H), 0.93 (m, Ar-CH2-Ci7>, 6H), 0.64 (m, Si-

CH2-CH2-CH2, 36H), 0.04 (s, Si-CH3, 81H); '3C{'H} NMR: 5= 146.1 (CAr.q), 134.0 (d, V(P,C) = 31.3 

Hz, CAT), 128.2 (d, 3J(P,C) = 11.7 Hz, C*), H9-3 (d, 2J(P,C) = 47 Hz, P-CA,q), 30.1 (CAr-CH2-CH2), 

21.7 (Si-CH2-C//2-CH2), 18.6 (Si-CH2-CH2-CH2), 17.2 (Si-CH,-CH2-CH2), 14.8 (CAr-CH2-CH2), -1.5 

(Si(CH3)3);
 31P NMR: 5= -6.99; Elemental analysis calcd (%) for C78H159PSil2: H 10.94; C 63.94; 

Found: H 11.13; C 64.80; MS (FAB; measured as the oxide) 1481.1 (M~, calculated for C78H,590PSi12: 

1481.1), 1466 (M~ - CH3), 1366 (M' - CH2CH2CH2SiMe3), 1106 (M' - Si{CH2CH2CH2SiMe3}3). 

Compound 18 was prepared following the procedure described for 16 starting from 6 (1.44 g, 0.988 

mmol). A colorless oil was obtained: 0.973 g (73 % compared to PC13). 

'HNMR: 0= 7.17 (m, HAr, 12H), 2.58 (m, Ar-C//2, 6H), 1.34 (m, Si-CH2-C//,-CH2, 54H), 0.92 (m, Ar-

CVL2-CH2, 6H), 0.55 (m, Si-CH_,-CH2-CH2, 108H), -0.04 (s, Si-CH3, 243H); l3C{'H} NMR: The signals 

of the quartenary carbon atoms of the aromatic rings were too small to be observed, 5= 133 (d, J(P,C) 

= 31 Hz, CA,), 128 (d, V(P,C) = 12 Hz, CAr), 31.2 (CAr-CH2-CH2), 23.2 (Si-CH2-CH2-CH2), 20.1 (Si-

CH2-CH2-CH2), 19.5 (Si-CH2-CH2-CH2), 19.2 (Si-CH,-CH2-CH2), 18.9 (Si-CH2-CH2-CH2), 16.8 (CAr-

CH2-CH2), 0.0 (Si(CH3)3);
 3IP NMR: 5= -6.50; Elemental analysis calcd (%) for C2i3H483PSi39: H 

11.67; C 61.33; Found: H 11.74; C 61.00; MS (MALDI-TOF) could not be obtained. 

Batchwise rhodium-catalyzed hydroformylation of 1-octene A 6 mL autoclave, equipped with a 

substrate vessel and a magnetic stirrer bar, was charged with a solution of Rh(acac)(CO)2 (1 umol) and 

ligand (5 umol) in toluene (0.8 mL). The system was flushed four times with 15 bar CO/H, (1/1), 

followed by incubation of the solution at 80 °C (oil bath) for 90 minutes. A solution of oct-1-ene (0.1 

mL, 0.637 mmol), decane (0.05 mL), and toluene (0.15 mL) was flushed with CO/H2, and 

subsequently pressed into the autoclave using the substrate vessel. The final pressure was set at 20 bar. 

After the reaction time (dppf derivatives: 180 min.; xantphos derivatives: 90 min.; monophosphines: 

15 min.) the autoclave was depressurized and placed in an ice bath. A sample was taken from the 

contents of the autoclave, quenched with tributyl phosphite in ethanol (to suppress isomerization), and 

analyzed by gas chromatography. 

Batchwise rhodium-catalyzed hydroformylation of 4,4,4-triphenylbut-l-ene A similar procedure 

as for oct-1-ene was followed, in which a substrate solution of 4,4,4-triphenylbut-l-ene (0.181 g, 0.637 

mmol), decane (0.05 mL), and toluene (0.3 mL) was used. The reaction temperature was set at 100 °C. 

After the reaction time (180 min.) the autoclave was depressurized and placed in an ice bath. A sample 
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was taken from the contents of the autoclave, quenched with tributyl phosphite in ethanol (to suppress 

isomerization), and analyzed by GC-MS. 

Rhodium-catalyzed hydrogénation of dimethyl itaconate A 6 inL autoclave was charged with a 

solution of [Rh(nbd)2](C104) (0.918 mg, 2.0 umol) and ligand (2.2 umol) in CH2Cl2/MeOH (v/v = 5/2; 

2.4 mL). The system was flushed four times with 4 bar H2, followed by incubation of the solution at 35 

°C (oil bath) for 30 minutes. A solution of dimethyl itaconate (31.63 mg, 0.2 mmol), decane (14.23 

mg, 0.1 mmol), and CH2C12 (0.4 mL) was flushed with hydrogen gas, pressed from the substrate vessel 

into the autoclave, and the final pressure was set at 5 bar. After 240 minutes the autoclave was 

depressurized and placed in an ice bath. A sample was taken from the contents of the autoclave, 

diluted with ethanol, and analyzed by gas chromatography. 

Continuous hydrogénation reactions in the continuous-flow membrane reactor The continuous 

hydrogénation reactions were performed in a homemade continuous-flow membrane autoclave (reactor 

volume 5 mL) equipped with a magnetic stirrer and a thermocouple, using a substrate/product 

autoclave in which a beaker to collect the product stream floated on the stirred substrate solution, a 

Gilson Piston Pump Model 303 / 10SC and a Gilson Model 802C Manometric Module!33] The 

membrane (Koch/SelRO MPF-60 NF membrane; molecular weight cut-off 400 Da; Koch Membrane 

Systems, Düsseldorf, Germany) was received in water, rinsed thoroughly with aceton, and stored in 

methanol prior to use. 

A substrate solution of dimethyl itaconate (3.163 g, 20 mmol), decane (internal standard; 1.46 g, 10 

mmol), 125 mL methanol and 370 mL CH2C12 was prepared. After installing the membrane in the 

reactor, it was flushed with substrate solution overnight at a flow rate of 3.0 mL h"1 (pressure over the 

membrane 2 bar) under a H, pressure of 5 bar. A solution of [Rh(nbd)2](C104) (0.918 mg, 2.0 umol) in 

0.4 mL MeOH was mixed with a solution of the ligand (2.2 umol) in 1.0 mL CH2C12. The resulting 

mixture was stirred for 1 hour at room temperature before it was injected in the reactor. After 

repressurizing the system and raising the temperature to 40 °C, the flow rate was set at 15.0 mL h'1 

(pressure over the membrane 12 bar). Samples were taken from the mixture leaving the membrane 

autoclave, diluted with ethanol, and analyzed by gas chromatography. 

Retention measurements in the continuous-flow membrane reactor The membrane was installed 

in the reactor as described above and flushed with the substrate solution overnight. A solution of dppf 

or dendrimer 9 (20 mg) was injected in the reactor, followed by flushing for 10 reactor volumes at 40 

°C. Both the reactor contents and the collected fractions after the reactor were concentrated, dissolved 

in 2.00 mL of CH2C12, and analyzed by SEC. 

High Pressure Infrared Measurements The HP-IR autoclave (under argon) was filled with a 

solution of Rh(acac)(CO)2 (2 mg, 7.75 mmol) and ligand (10.1 mmol) in freshly distilled cyclohexane 

112 Chapter 4 



(12 mL). The system was flushed four times with 15 bar CO/H2 (1/1), followed by incubation of the 

solution at 80 °C for 90 minutes, and recording of the spectra of the catalyst precursor. Then, using a 

substrate vessel, oct-1-ene (lmL; filtered over alumina before use) was pressed into the autoclave, and 

the final syn gas pressure was set at 25 bar. Subsequently during the hydroformylation reaction spectra 

were recorded at regular time intervals. The reaction is usually completed within 90 minutes, as is 

obvious from the disappearance of the signals of oct-1-ene. 
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