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PalladiumPalladium complexes ofphosphine-

functionalisedfunctionalised carbosilane dendrimers as 

catalystscatalysts in a continuous-flow membrane reactor 

Phosphine-functionalisedd carbosilane dendrimers 9, 10, 11, 12, 13, 19 and 20 have been 

synthesisedd and their palladium complexes were used as catalysts in the hydrovinylation 

reactionn and allylic substitution reactions. The largest of these dendrimers (11, 13 and 20) 

havee been used in a continuous-flow membrane reactor. The catalytic sites at the periphery 

off  the dendrimer support are readily accessible to the substrate and the highest generations 

aree sufficiently large to be retained in the reactor. The stability of the palladium complexes 

off  the phosphine-functionalised dendrimeric catalysts, which is crucial for the application 

inn a continuous process, is very sensitive to small changes in the dendrimeric structure. 

D.. de Groot, E. B. Eggeling, J. C. de Wilde, H. Kooijman, R. J. van Haaren, A. W. van der Made, 

A.. L. Spek, D. Vogt, J. N. H. Reek, P. C. J. Kamer, P. W. N. M. van Leeuwen, Chem. Commun., 

1999,, 1623; D. de Groot, E. B. Eggeling, J. C. de Wilde, D. Vogt, J. N. H. Reek, P. C. J. Kamer, P. 

W.. N. M. van Leeuwen, Eur. J. Org. Chem., submitted. 
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Introductio n n 

Sincee the first reports by Vögtle,1 Newkome,2 and Tomalia,3 the field of dendrimers has 

beenn explored intensively.4-7 The synthesis of these highly ordered tree-like structures has 

beenn a challenge to many chemists, leading to new molecules with unique properties. 

Manyy different dendrimers have been synthesised, having a variety of functional groups in 

thee chains,8"14 the core15-21 and at the periphery.22"28 One of the main applications of 

dendrimers29* 322 is their use in catalysis,'6'33"35 allowing easy recycling of the 

homogeneouss catalyst by means of nanofiltration.36"4^ 

Palladiumm has been used as a catalyst in many reactions that are of great importance to 

syntheticc chemists.41"43 Key issues in the development of easily applicable palladium 

catalystss include catalyst stability and recycling. Generally, palladium catalysts are not 

veryy stable and often the formation of palladium black is observed. Nevertheless, polymer 

immobilisedd systems that can be used in consecutive batchwise reactions have been 

reported.44"5^^ An even greater challenge would be the use of supported palladium 

catalystss in continuous processes, since inactive palladium species can be washed out of 

thee reactor whereas in batch reactions these may be reactivated. Indeed the palladium-

functionalisedd dendrimers applied in continuous processes reported so far showed 

deactivationn of the catalyst. Vogt, Van Koten and co-workers have observed catalyst 

deactivationn when using a first generation phosphine-ester-functionalised carbosilane 

dendrimerr in the palladium catalysed hydrovinylation of styrene in a continuous-flow 

membranee reactor.51 They reported precipitation of palladium black in the reactor and on 

thee surface of the membrane, and the deactivation was attributed to the formation of 

multiplyy coordinated phosphine complexes and multinuclear, phosphine bridging 

complexes,, possibly as a result of the high local concentration of phosphine at the 

peripheryy of the dendrimer. Reetz, Kragl and co-workers reported leaching of palladium 

whenn using a fourth generation polypropylene imine) dendrimer functionalised with 

diphenylphosphine-Pdd endgroups in a palladium catalysed allylic substitution reaction 

performedd in a continuous-flow membrane reactor.38 By adding allylpalladium chloride in 

thee feed they compensated for the loss of palladium, which led to the formation of the 

productt for a longer period of time. The formation of (Hgand)PdCl2 complexes was 

proposedd to be partly responsible for the observed deactivation. The goal of the work 

presentedd here is the exploration of palladium-functionalised dendrimers in different 

reactionss applied in a continuously operated membrane reactor. For this purpose we 
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functionalisedd carbosilane dendrimers52-57 vvith diphenylphosphine endgroups and used 

thee palladium complexes of these systems as catalysts in a variety of reactions. The 

dendrimerss are large enough to enable their use in a continuous-flow membrane reactor. 

Thee second generation dendrimer with a calculated molecular volume of 2414 A ,39 has a 

retentionn of 98.1% in THF and 99.7% when dichloromethane is used as a solvent 

(Koch/SelROO MPF-60 NF membrane, molecular weight cut-off = 400 Dalton). The 

dendrimerss used for catalysis in the membrane reactor are much larger, and therefore will 

havee even higher retentions. Catalyst stability is of crucial importance when performing 

reactionss in a continuous-flow membrane reactor and appeared to be very sensitive to small 

changess in the dendrimeric structure. 

Figuree 1. Crystal structure of the second generation dendrimer 3 (a) and a modelled 

structure588 of the Pd(allyl)-complex of 13 (b). Hydrogens and counterions have been 

omittedd for clarity. 

(a)) (b) 
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Resultss &  discussion 

Synthesis s 

Thee phosphine-functionalised carbosilane dendrimers were synthesised by hydrosilylation 

off  the double bonds of the various generations (Go, Gi, G2) using chlorodimethylsilane or 

dichloromethylsilanee followed by a reaction with the tetramethylethylenediamine 

(TMEDA)) complex of (diphenylphosphino)methyllithium (scheme 1). The hydrosilylation 

stepp was performed using the chlorosilane as a solvent and tetrabutylammonium 

hexachloroplatinatee as a catalyst.5^ Ph2PCH2Li.TMEDA was synthesised as described by 

Schoree et al.60 and obtained as a yellow solid after lithiation of PhiPCFb using n-

butyllithiumm and TMEDA. A solution of Ph2PCH2Li.TMEDA in THF was added to the 

chlorosilanee dendrimer. After stirring overnight the reaction mixture was filtered over 

silica,, and the excess of Ph2PCH3 was removed in vacuo. All the phosphine-functionalised 

dendrimerss were obtained as oils or wax-like solids. Characterisation by 'H- and JP-{  'H} -

NMRR spectroscopy and MALDI-TOF mass spectrometry showed that the P-functionalised 

dendrimerss were obtained in at least 95% purity. Impurities are probably due to hydrolysis 

off  the Si-Cl giving Si-OH and Si-O-Si. The MALDI-TOF mass spectra of the larger 

dendrimerss (11 and 13) showed very broad signals in the expected range (for 11 m/z = 

8000-120000 (calcd. 11202) and for 13 m/z = 3000-6000 (calcd. 5888)). Similar 

observationss were made by Van Koten and co-workers.40'61 A model compound 

(CH02Si(CH2PPh2)22 (14) was prepared by a reaction of bis(chloromethyl)dimethylsilane 

withh potassium diphenylphosphide. Previously, Alyea et al. reported the synthesis of this 

compoundd by a reaction of chlorodiphenylphosphine with the Grignard reagent of 

bis(chlorornethyl)dimethylsilane.62 2 

Too obtain dendrimers with two carbon atoms between the terminal silicon atom and the 

phosphoruss atom two generations (Go, Gi) of carbosilane dendrimers were hydrosilylated 

withh chloromethyldimethylsilane followed by a reaction with the tetramethyl-

ethylenediaminee complex of (diphenylphosphino)methyllithium (scheme 2). 
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Schemee 1. Synthesis of diphenylphosphine-functionalised carbosilane dendrimers with a 

methylene-spacerr between Si and P. 

nn . ^ 
"k "k 

1:xx = 0, n = 4 [ P X £ 
2 : x = 1 , nn = 12 l 

3:: x = 2, n = 36 

4:: x = 0, n = 4 
5 :x== 1,11 = 12 
6:: x = 2, n = 36 

,ci i 

CI I 

7:: x = 0, n = 4 
8 : x = 1 , nn = 12 

Ph2PCH2Li.TMEDA A 

Ph2PCH2Li.TMEDA A 

PPh--

9:: x = 0, n = 4 
10:xx = 1, n = 12 
11:xx = 2, n = 36 

PPh2 2 

PPh--

12:: x = 0, n = 4 
13:x== 1,n = 12 

Schemee 2. Synthesis of diphenylphosphine-functionalised carbosilane dendrimers with an 

ethylene-spacerr between the Si-atom and the P-atom. 

15:: x = 0, m =4 
16:xx = 1,m = 12 

17:xx = 0, m =4 
18:xx = 1, m = 12 

19:: x = 0, m = 4 
20:xx = 1, m = 12 

Dendrimerss 12 and 13 have four and twelve endgroups, respectively, each containing a 

SiMe(CH2PPh2)22 bisphosphine ligand. These units can be considered as analogues of 

Me2Si(CH2PPri2)22 and dppp (= bis(diphenylphosphino)propane). The dendrimers 9, 10, 11, 

199 and 20 have endgroups with SiMe2(CH2)yPPli2 (y=l,2) phosphine ligands, and bis-

coordinatedd metal complexes can only be formed between the phosphines of different 

endgroups. . 

Palladiumm complexes 

Inn order to investigate complex formation of the dendrimeric ligand with palladium, the 

phosphine-functionalisedd dendrimers were reacted with (COD)PdMeCl (COD = 1,5-

cyclooctadiene)) to give the (dendrimer)PdMeCl-complex (P/Pd = 2). The dendrimers 9, 10 

andd 11 give a trans-comptex according to 3IP-{'H}-NM R spectroscopy, as a singlet was 

observedd at 19 ppm. This signal was broader for the higher generations (for H-(PdMeCl)i8 

thee signal was more than 165 Hz wide), which is probably a result of the many different 

conformationss of the phosphorus atoms in the larger dendrimers and the different P-Rh-P-
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ringsrings that are formed. Dendrimers 12 and 13 coordinate in a c/s-fashion, which is similar to 

thee complexes formed by dppp.63 The two doublets in the 31P-{1H}-NM R spectrum of 12-

(PdMeCl)44 (at 29.4 and 0.8 ppm; J = 40 Hz) clearly show the coupling of the inequivalent 

phosphoruss atoms. For 13-(PdMeCl)i2 the coupling between these atoms could not be 

observed,, because the signals had broadened significantly. However, two signals were 

observedd in the 31P-{'H}-NM R spectrum at 29.6 and 0.6 ppm, indicating that the cis-

complexx was formed. 

Allyl-palladiumm complexes were synthesised by a reaction of the dendrimers with [(r|3-

C3H7)PdCl]2.. According to the 'H- and 31P-{'H}-NM R spectra the phosphine dendrimers 

122 and 13 coordinate in a bidentate way resulting in well-defined Pd-complexes (both give 

aa broad signal at 11.1 ppm in the 31P-{'H}-NM R spectrum), whereas the monodentate 

phosphinee dendrimers 9 and 11 give rise to a mixture of products (indicated by the 

presencee of several signals in the 3IP-{'H}-NM R spectrum). 

Catalysis s 

Hydrovinylatio n n 

BatchBatch process 

Thee third generation diphenylphosphine-functionalised dendrimer 11 was used as a ligand 

inn the palladium catalysed hydrovinylation^,65 0f styrene (scheme 3). The reaction was 

firstt performed as a batch process. The catalyst was prepared by mixing 11 with [(ty3-

C4H7)Pd(COD)][BF4]]  (P/Pd = 1) in dichloromethane at 0°C. After stirring for one hour the 

catalystt solution was transferred to an autoclave, styrene was added and the autoclave was 

pressurisedd with 40 bar of ethene. The conversion after 19 hours was 44% and the 

selectivityy towards the desired product was 82%. Since palladium catalysed isomerisation 

off  the desired product takes place in addition to hydrovinylation (scheme 3), this reaction 

benefitss from a low conversion. Application in a continuous-flow membrane reactor can 

combinee high space time yields with high selectivity towards the desired product by 

keepingg the conversion low. 

ContinuousContinuous process 

Forr the continuous process a solution of ethene (5 M) and a solution of styrene (0.9 M), 

bothh in dichloromethane, were pumped through the reactor simultaneously. The catalyst 

wass prepared in the same way as for the batch process. In figure 2 the conversion is plotted 
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ass a function of the substrate flow. The yield reached its maximum after two reactor 

volumess of substrate solution have been pumped through the reactor and remained constant 

forr at least 70 hours (corresponding to 17.5 reactor volumes). As expected at low 

conversions,, no isomerisation products could be observed (<0.1%). After completion of the 

experimentt some palladium black was found on the membrane which might account for the 

extremelyy low activity of the catalyst. Apparently this did not result in a drop in the yield 

off  the reaction during the experiment. The formation of palladium black has been reported 

previouslyy for a similar experiment using the Pd(allyl)-complex of a first generation 

carbosilanee dendrimer functionalised with hemilabile phosphine-ester ligands (P/Pd = l).51 

Inn this study a drop in activity was observed during the experiment that was attributed to 

catalystt deactivation. The activity of their system using a hemilabile ligand was higher than 

thatt of our diphenylphosphine-functionalised dendrimeric ligand. In the batch reaction they 

obtainedd a conversion of 72% after 17 hours using 0.05 mmol Pd (versus 44% after 19 

hourss in our case with 0.10 mmol Pd), while their maximum yield in the continuous 

processs was 27% using 0.13 mmol Pd (versus 0.016% in our case with 0.125 mmol Pd). 

Withinn the detection limits our catalytic system shows a low, but constant activity. No 

deactivationn has been observed during the first 70 hours. 

Schemee 3. Pd-catalysed hydrovinylation. 

isomers s 
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Figuree 2. Application of dendrimeric ligand 11 for the continuous hydrovinylation reaction 

inn a membrane reactor. 
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Thee Pd(allyl) complexes of dendrimers 9, 11, 12 and 13 were used as catalysts in the 

allylicc alkylation reaction !̂ of substituted allyl acetate with sodium diethyl 2-

methylmalonatee (scheme 4). 

Schemee 4. Pd-catalysed allylic alkylation. 
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Tablee 1. Pd-catalysed allylic alkylation of crotyl acetate or cinnamyl acetate and sodium 

diethyll  2-methylmalonate, using Pd(allyI)-complexes of 9, 11, 12, 13. 

substrate e 

crotyll  acetatea 

cinnamyll  acetate 

ligand d 

9 9 

11 1 

12 2 

13 3 

9 9 

11 1 

12 2 

13 3 

conversion n 

(%) ) 

2 2 

2 2 

30 0 

22 2 

0.6 6 

0.6 6 

10 0 

10 0 

trans s 

(%) ) 

80 0 

78 8 

80 0 

80 0 

99 9 

100 0 

97 7 

96 6 

cis s 

(%) ) 

5 5 

6 6 

5 5 

5 5 

0 0 

0 0 

0 0 

0 0 

branched d 

(%) ) 

15 5 

16 6 

15 5 

15 5 

1 1 

0 0 

3 3 

4 4 
aRoomm temperature, solvent: THF, volume: 5 mL, [crotyl acetate] = 0.2 M, [sodium diethyl 

2-methylmalonate]]  = 0.1 M, [Pd] = 0.05 mM, conversion after 2 hours. 
bRoomm temperature, solvent: THF, volume: 20 mL, [cinnamyl acetate] = 46 mM, [sodium 

diethyll  2-methylmalonate] = 25 mM, [Pd] = 12.5 (iM, conversion after 1 hour. 

Thee catalysts having dendrimeric ligands with a large bridge between the P-atoms (9 and 

11)) have a very low activity compared to the catalysts containing 12 and 13 as ligands 

(tablee 1). The selectivity towards the linear-trans product is the same for all catalysts and is 

alsoo similar to that induced by palladium complexes of dppp (= 

bis(diphenylphosphino)propane)) or dppb (= bis(diphenylphosphino)butane).66 The second 

generationn dendrimer 13 gives a slightly slower catalyst for the reaction with crotyl acetate 

thann its smaller analogue 12. For cinnamyl acetate these dendrimers give catalysts with 

similarr activity. 

Sodiumm acetate is formed during the reactions mentioned above, which precipitates in THF 

and,, therefore, might complicate the nanofiltration process when applied in a continuous-

floww membrane reactor. When allyl trifluoroacetate is used as a substrate, soluble sodium 

trifluoroacetatee will be formed, which prevents these potential complications. We studied 

thiss substrate in a batch process and all the dendrimeric catalysts showed a very high 

activity.. Using a substrate-Pd ratio of 2000 the yield after 5 minutes was approximately 

50%% and only small differences in reaction rates were observed for the different 

generations;; the conversions after 5 minutes were 49%, 55%, 45% and 47% using ligands 
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9,, 11, 12 and 13, respectively. The activity did not decrease with increasing generation, 

whichh indicates that all active sites act as independent catalysts. From molecular modelling 

(figuree lb) it is clear that indeed all the Pd(allyl)-groups reside at the outer surface of the 

dendrimerr and should be easily accessible to the nucleophile. 

Additionn of a second portion of substrate after a conversion of over 90% showed that the 

catalystt remained active. Turnover numbers of over 15,000 were reached in the batch 

processs using 13-(Pd(allyl)Cl)i2, indicating that this is a stable dendrimeric catalyst, which 

mightt perform very well in a continuous process using a membrane reactor. 

ContinuousContinuous process 

Forr the continuous process a solution of allyl trifluoroacetate and sodium diethyl 2-

methylmalonatee in THF (including w-decane as an internal standard) was pumped through 

thee reactor and 13-(Pd(allyl)Cl)i2 was used as a catalyst. 

Figuree 3. Application of dendrimeric ligand 13 in the continuous allylic alkylation of allyl 

trifluoroacetatee and sodium diethyl 2-methylmalonate in a membrane reactor. 

 . 
55 10 15 

substratee flow (reactor volumes) 

Inn figure 3 the yield is plotted as a function of the amount of substrate solution (expressed 

inn reactor volumes) pumped through the reactor. The reaction started immediately after 

additionn of the catalyst and reached its maximum yield after one reactor volume. The yield 

slowlyy dropped to zero after approximately fifteen times the reactor volume of substrate 

solutionn had been pumped through the reactor. Regarding the size of the system and the 

stabilityy of the catalyst in batch reactions, this decrease was unexpectedly rapid. The 
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retentionn of the dendrimeric catalyst was determined to be 99.7% in dichloromethane (vide 

infra).. Based on this retention, the catalyst activity should have decreased less than 5%. 

Thee retention of the dendrimeric catalyst has not been determined in THF, but the retention 

off  the second generation dendrimer (3), which is much smaller than the catalyst, was 

98.1%% when using THF as a solvent. The observed decrease in catalyst activity is therefore 

ascribedd to decomposition of the palladium compound and not to loss of the dendrimeric 

catalyst.. This is in agreement with the observation that samples taken from the product 

floww were not catalytically active, indicating that no active palladium catalyst had passed 

throughh the membrane. When the experiment was stopped after 39 reactor volumes of 

substratee solution had been flushed through the reactor, the contents of the reactor and the 

solutionn that went through the membrane were analysed for palladium. ICP-AES showed 

thatt all the palladium had passed through the membrane. 

Thee deactivation observed in the continuous process is in sharp contrast with the stability 

off  the catalyst when applied in a batch reaction. This suggests that the deactivation is 

inducedd by interactions with the membrane or by leaching of small inactive palladium 

species.. The former explanation can be excluded, since batch experiments performed in the 

presencee of pieces of membrane material gave similar results as those without membrane. 

Thuss during the catalytic cycle palladium passes through a state in which it is less strongly 

boundd to the phosphine ligand and leaches out of the reactor as a complex that shows little 

orr no activity. 

All\All\  lie animation 

BatchBatch process 

Wee were interested in the effect of the reaction conditions on the performance of the 

dendrimericc catalyst. An allylic substitution reaction was performed using an amine as the 

nucleophilee and dichloromethane as the solvent. When the Pd(allyl)-dendrimer complexes 

off  9, 11, 12 and 13 were used as catalysts in the allylic amination reaction42 of crotyl 

acetatee and piperidine (scheme 5, table 2), dendrimers 12 and 13 gave more active catalysts 

thann 9 and 11, as was also observed for the allylic alkylation reaction of crotyl acetate with 

sodiumm diethyl 2-methylmalonate. Also the selectivity induced by the dendrimers with 

SiMe(CH2PPli2)22 endgroups (12 and 13) is slightly different from that generated by the 

dendrimerss with SiMe^CI-hPPhi endgroups (9 and 11). 
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Schemee 5. Pd-catalysed allylic amination. 

linearlinear trans linear cis branched 

Tablee 2. Pd-catalysed allylic amination of crotyl acetate and piperidine, using Pd(allyl)-

complexess of 9, 11,12, 13.a 

ligand d 

9 9 

11 1 

12 2 

13 3 

 b 

conversion n 
(%) ) 

26 6 

26 6 

59c c 

79 9 

trans s 

(%) ) 

24 4 

31 1 

42 2 

44 4 

cis s 

(%) ) 

6 6 

5 5 

5 5 

5 5 

branched d 

(%) ) 

70 0 

64 4 

53 3 

51 1 

"'Roomm temperature, solvent: CH2CI2, volume: 5 mL, [crotyl acetate] = 0.12 M, [piperidine] 

== 0.25 M, [Pd] = 2 mM; bConversion after 1 hour; cThe conversion is slightly lower due to 

partlyy decomposed catalyst. 

ContinuousContinuous process 

Whenn 13 was used in a continuous process, again deactivation of the catalyst was observed 

duringg the experiment (figure 4). The reaction started immediately after addition of the 

catalystt and the maximum yield was reached after approximately three reactor volumes of 

substratee solution had been pumped through the reactor. The activity of the catalytic 

systemm decreased even faster than that of the continuous allylic alkylation in THF. 
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Figuree 4. Application of dendrimeric ligand 13 in the continuous allylic amination of 

crotyll  acetate and piperidine in a membrane reactor. 
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Thee retention of the second generation dendrimer (3) is high, also when the substrate 

solutionn was used as the solvent (98.2% versus 99.7% for pure CH2CI2). Therefore, 

washingg out of the catalyst cannot account for the fast decrease in catalytic activity during 

thee continuous process. Reetz, Kragl and co-workers reported deactivation of the palladium 

catalystt in a continuous allylic amination reaction and observed the formation of an 

inactivee (ligand)PdCl2 complex, probably resulting from a reaction with 

dichloromethane.388 To study this reaction a model compound {(CH3)2Si(CH2PPh2)2}Cn,3-

C3H7)PdCll  was prepared by reaction of (CH3)2Si(CH2PPh2)2 (14) and 0.5 equivalents of 

[(r]3-C3H7)PdCl]2.. Decomposition of this complex was monitored by 'H- and 31P-{'H} -

NMRR spectroscopy and the formation of {(CH3)2Si(CH2PPh2)2}PdCi2 was observed. 

However,, {(CH3)2Si(CH2PPh2)2}PdCl2 was only slightly less active than 

{(CH3)2Si(CH2PPh2)2}(ri 3-C3H7)PdCll  in the allylic amination of crotyl acetate and 

piperidine.. Complete conversion was reached after two hours. Therefore, the formation of 

{(CH3)2Si(CH2PPli2)2}PdCl22 by reaction with the solvent cannot account for the fast 

deactivationn of the catalyst. 

Too further study possible deactivation pathways, we explored the stability of the catalyst 

systemm 13-(Pd(allyl)Cl)i2 by performing a retention measurement in dichloromethane. The 

reactorr was flushed with 10 reactor volumes and the amounts of palladium and phosphorus 

onn both sides of the membrane were determined by ICP-AES. The retention of 

13-(Pd(allyl)Cl)i22 was 99.7%, which indicates that under these conditions the catalyst is 

stablee in the Pd(II) state. During the catalytic cycle the catalyst also becomes Pd(0) and, 

therefore,, we attempted a retention measurement of the catalyst in the Pd(0)-state. By 
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addingg one equivalent of diethylamine67 we expected that after nucleophilic attack the 

Pd(II)) had changed to Pd(0). Palladium and phosphorus analysis revealed a retention of 

99.5%.. Upon changing the solvent to a mixture of diethylamine and dichloromethane, the 

retentionn was still as high as 98.5%. 

Thee catalyst is stable under almost catalytic conditions; only the substrate allyl acetate was 

absent.. Therefore, the presence of the allyl acetate stimulated the decomposition. One way 

itt might interfere, is by formation of Pd(allyl) acetate complexes. Another possibility is that 

thee alkene product or the alkene starting material stabilises the zerovalent intermediate 

(P-P)Pd(alkene)) and causes the formation of Pd(alkene)2 complexes. 

Wee have also prepared dendrimers with an ethylene-spacer between the terminal silicon 

atomm and the phosphorus atom (19 and 20). The largest dendrimer (20) was used as a 

ligandd in the continuous allylic amination reaction. Figure 5 shows that the maximum yield 

iss reached after approximately five reactor volumes of substrate solution have been 

pumpedd through the reactor. During the next ten reactor volumes the formation of product 

wass fairly constant. After this period the conversion was still more than 70% of the 

maximumm reached. This decrease would correspond to a retention of >98%. 

Inn order to increase the activity and stability of the catalyst even further the P/Pd ratio was 

increasedd from 2 to 4.68 j ^ g batchwise allylic amination reaction of crotyl acetate and 

piperidinee with dendrimeric ligand 20 and [(crotyl)PdCl]2 as palladium precursor using a 

P/Pdd ratio of 4, appeared to be very fast; over 65% conversion was obtained after 5 minutes 

usingg the same conditions as for the other dendrimeric ligands. This is nearly five times as 

fastt as for 13-(Pd(allyl)Cl)|2 with a P/Pd ratio of 2, and 25x as fast as for 9-(Pd(allyl)Cl)4 

orr 1 l-(Pd(allyl)Cl)36 (P/Pd = 2). We also performed the continuous process using a P/Pd 

ratioo of 4 (figure 6). The maximum yield obtained during the reaction is higher for P/Pd = 

44 than for P/Pd = 2, and the stability seems to have increased slightly. The higher yield 

clearlyy shows that the catalyst is more active, since the palladium concentration is the 

same.. The small decrease in yield during the experiment (P/Pd - 4) can be explained if the 

retentionn of the dendrimeric complex is 98.5-99%, which is indeed in the range of the 

expectedd values. In contrast to 13-(Pd(allyl)Cl)]2, the 20-(Pd(allyl)Cl)3 catalyst did not 

showw fast decomposition during the continuous allylic amination reaction. Dendrimeric 

ligandss with an ethylene-spacer between the terminal Si-atom and P-atom give catalysts 

thatt are more stable in the continuous process than the dendrimeric ligands with a 
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methylene-spacerr between Si and P. This might be due to the higher stability of the 

SiCH2CH2P-unitt compared to S1CH2P (we have observed decomposition of this type of 

dendrimerss yielding PI12PCH3) or the SiCH2CH2PPh2-dendrimers might give more stable 

Pd-complexess than the Si(CH2PPri2)2-dendrimers. If the reason for decomposition lies in an 

equilibriumm between coordination of the phosphine ligand in the zerovalent Pd(alkene) 

complexx and stabilisation of this complex by another alkene, then possibly ligand 20 

favourss the coordinated complex, while the equilibrium might be shifted in the opposite 

directionn for ligand 13. 

Figur ee 5. Application of dendrimeric ligand 20 in the continuous allylic amination of 

crotyll  acetate and piperidine in a membrane reactor (P/Pd = 2). 
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Figur ee 6. Application of dendrimeric ligand 20 in the continuous allylic amination of 

crotyll  acetate and piperidine in a membrane reactor (P/Pd = 4). 
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Inn general, the stability of the catalyst is very important when considering the application 

inn a continuous process. We have shown that small changes in the periphery of the 

dendrimerr can have a huge impact on the stability of these catalytic systems, possibly by 

thee formation of more stable palladium complexes. 

Conclusions s 

Palladiumm complexes of phosphine-functionalised carbosilane dendrimers are active as 

catalystss in various reactions. These dendrimeric catalysts are sufficiently large to enable 

theirr use in a continuous-flow membrane reactor, as indicated by the retention of 99.7% of 

thee dendrimeric catalyst 13-(Pd(allyl)Cl)i2 in dichloromethane. A major problem in the use 

off  these systems in continuous processes is deactivation of the catalyst. When using 

dendrimericc ligands with SHCfhPPhib endgroups, the yield for allylic substitution 

reactionss dropped rapidly during continuous experiments and became less than 0.1% after 

approximatelyy fifteen times the reactor volume was flushed with substrate solution. When 

dendrimericc ligands with SiCHiCH^PPl̂  endgroups were used, a stable catalyst was 

obtained,, which was successfully used in a continuous-flow membrane reactor. During the 

experimentt the yield decreased from -90% to - 7 5% after fifteen reactor volumes were 

flushedd with substrate solution, which corresponds to a retention of 98.5-99%. Changing 

thee endgroups of the dendrimeric ligand has a large impact on the catalyst stability, being 

essentiall  for a continuous reaction. 

Experimentall  section 

Generall  data. All reactions were carried out under an atmosphere of purified nitrogen using 

standardd Schlenk techniques. Solvents were distilled under N2 from sodium/benzophenone 

(THF,, diethyl ether, hexane, pentane) or calcium hydride (dichloromethane) prior to use. 

TMEDAA (N,N,N\NMetramethylethylenediamine) was distilled from «-butyllithium. 

Chemicalss were purchased from Aldrich Chemical Co. and Acros Chimica and were used 

withoutt further purification. Silica 60 (SDS Chromagel, 70-200 (lm) was used for filtration of 

thee reaction mixtures. The various generations of dendrimers (1, 2, 3,15 and 16) were prepared 

ass described by Van der Made et al. 2̂ Tetrabutylammonium hexachloroplatinate,59 

methyldiphenylphosphine,699 the tetramethylethylenediamine complex of (diphenylphosphino)-

methyllithium,600 (COD)PdMeCl,70 [(n3-C4H7)Pd(COD)][BF4],
71 [(Crotyl)PdCl]2

72 and 

[(allyl)PdCl]2722 w e r e prepared according to literature procedures. 'H-, and 3IP-{'H}-NM R 
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spectraa were recorded on a Bruker AMX 300 and on a Varian Mercury 300. 13C-{'H}-NM R 

spectraa were measured on a Bruker AMX 300 and on a Varian Inova 500. The chemical shifts 

aree given in ppm relative to TMS for 'H- and l3C-NMR and relative to H3P04 for 31P-NMR. 

Matrixx Assisted Laser Desorption Ionisation (MALDI ) Time-of-Flight (TOF) mass 

spectrometryy was performed using a Perkin Elmer/PerSeptive Biosystems Voyager-DE-RP 

MALDI-TO FF mass spectrometer (PerSeptive Biosystems, Inc., Framingham, MA, USA) 

equippedd with delayed extraction. A 337nm UV Nitrogen laser producing 3ns pulses was used 

andd the mass spectra were obtained in the linear and reflectron mode. Samples were prepared 

inn an Atmosbag (Aldrich) filled with argon by mixing 10 ji l of dichloromethane solution of the 

samplee with 30 (il of a solution of 3 mg/L 2,5-dihydroxybenzoic acid (DHB) or Dithranol 

(DIT)) in dichloromethane. One |Lil of the solution was loaded on a gold-sample plate, the 

solventt was removed and the sample transferred to the vacuum of the mass spectrometer for 

analysis.. Fast atom bombardment (FAB) mass spectrometry was carried out using a JEOL 

SX/SXX 102A (Tokyo, Japan) four-sector tandem mass spectrometer (B]EiB2E2 geometry), 

coupledd to a JEOL MS/MP9021D/UPD data system. The samples were loaded in a 

nitrobenzylalcoholl  solution onto a stainless steel probe and bombarded with xenon atoms with 

ann energy of 8 KeV. During the high-resolution FAB-MS measurements a resolving power of 

5,000-10,0000 (10% valley definition) was used. Polyethyleneglycol (PEG) 300 and 600 was 

usedd to calibrate the mass spectrometer. Elemental analyses were measured on an Elementar 

Varioo EL apparatus. The amounts of palladium and phosphorus were determined with induced 

coupledd argon plasma - atomic emission spectrometry (ICP-AES). The ICP-AES 

measurementss were done following a literature procedure7^ using a sequential Jarrell Ash 

upgradedd (Model 25) Atomscan model 2400 ICP scanning monochromator and a Perkin-Elmer 

Optimaa 3000 XL instrument. The measured atomic lines of Pd and P were 340.458 nm and 

213.6188 nm, respectively. Gas chromatography was performed on an Interscience HR GC 

Megaa 2 apparatus (split/splitless injector, J&W Scientific, DB1 30 m column, film thickness 

3.00 mm, carrier gas: 70 kPa He, F.I.D. detector). The GPC measurements were performed on a 

Shimadzuu apparatus equipped with a Waters Styragel Column HR 1, HR 2 and HR 4 in series 

andd with a RID-10A refractive index detector and a SPD-10A VP UV-VI S detector. 

Thee membrane reactor set-up contains a Gilson Piston Pump Model 303 / 10SC and a Gilson 

Modell  802C Manometric Module. The reactor volume is 5 mL and the diameter of the 

membranee is 23 mm. A Koch/SelRO MPF-60 NF membrane (Koch Membrane Systems, 

Düsseldorf,, Germany) with a molecular weight cut-off (MWCO) of 400 Dalton was used for 

thee continuous experiments. 
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Typicall  procedure for the preparation of the chloro-terminated dendrimers: 

Si(CH2CH2Si(CH3)2CI) 4: : 

4::  The reaction was performed under N2, but the dendrimer was saturated with air before use. 

Too a solution of 0.526 g {3.86 mmol) tetravinylsilane (1) in chlorodimethylsilane a few drops 

off  a concentrated solution of [Bu4N]2[PtCl6] in technical ethanol were added. After stirring 

overnightt the solvent was evaporated. No further purification was performed and product 4 

wass converted immediately into 9. Product 4 was obtained as a white solid in 92% yield (1.82 

g,, 3.53 mmol). 'H-NMR (300 MHz, CDC13): 5 0.7-0.5 (m, 16H, SiCtf2C//2Si), 0.42 (s, 24H, 

SiC//3)..
 I3C-{'H}-NM R (75 MHz, CDC13): «5 12.7 (s, SiCH2CH2SiCl), 3.47 (s, 

SiCH2CH2SiCl),, 2.34 (s, SiCH3). 

Si(CH2CH2Si(CH2CH2Si(CH3)2CI) 3)4: : 

5:5: This compound was prepared from 2 (0.5 10 g, 0.883 mmol) using the same procedure as for 

4,, yielding a white solid (1.52 g, 0.887 mmol, 100%). 'H-NMR (300 MHz, CDC13): 50.7-0.5 

(m,, 64H, SiC//2C//2Si), 0.42 (s, 72H, SiC//3). '^-{ 'HJ-NMR (75 MHz, CDCU): 5 12.9 (s, 

SiCH2CH2SiCI),, 3.37 (s, SiCH2CH2SiCl). 2.40 (s, SiCH3). 

Si(CH2CH2Si(CH2CH2Si(CH2CH2Si(CH3)2Cl)3)3)4: : 

6:: This compound was prepared from 3 (0.322 g, 0.170 mmol) using the same procedure as for 

44 (a longer reaction time was necessary; conversion was followed by 'H-NMR), yielding a 

whitee solid (0.676 g, 0.127 mmol, 75%). 'H-NMR (300 MHz, CDCh): 5 0.7-0.4 (m, 208H, 

SiC//2C//2Si),, 0.42 (s, 216H, SiC7/3).
 I3C-{'H}-NM R (75 MHz, CDC13): 8 12.9 (s, 

SiCH2CH2SiCl),, 3.41 (s, SiCH2CH2SiCl),2.69 (s, SiCH3). 

Si(CH2CH2Si(CH3)Cl2)4: : 

7::  The reaction was performed under N2, but the dendrimer was saturated with air before use. 

Too a solution of 0.138 g (1.01 mmol) tetravinylsilane (1) in dichloromethylsilane a few drops 

off  a concentrated solution of [Bu4N]2[PtCl6] in technical ethanol were added. After stirring 

overnightt the solvent was evaporated. No further purification was performed and product 7 

wass converted immediately into 12. Product 7 was obtained as a white solid in 97% yield 

(0.5877 g, 0.985 mmol). 'H-NMR (300 MHz, CDC13): Ö 1.01-0.95 (m, 8H, SiC//2C//2Si), 0.78-

0.711 (m, 8H, SiC//2C//2Si), 0.81 (s, 12H, SiC//3).
 13C-{'H}-NM R (75 MHz, CDC13): 5 13.9 (s, 

SiCH2CH2SiCl),, 4.2 (s, SiCH2CH2SiCl), 1.5 (s, SiCH3). 
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Si(CH2CH2Si(CH2CH2Si(CH3)Cl2)3)4: : 

8:: This compound was prepared from 3 (0.162 g, 0.281 mmol) using the same procedure as for 

7,, yielding a white solid (0.562 g, 0.287 mmol, 100%). 'H-NMR (300 MHz, CDC13): 5 1.01-

0.95,, 0.77-0.70, 0.46 (m, 64H, SiCH2CH2Si), 0.80 (s, 36H, SiC//3).
 ,3C-{'H}-NM R (75 MHz, 

CDCI3):: 5 14.2 (s, SiCH2CH2SiCl), 4.2 (s, SiCH2CH2SiCl), 1.5 (s, SiCH3). 

Typicall  procedure for the preparation of the diphenylphosphine-terminated dendrimers: 

Si(CH2CH2Si(CH3)2CH2PPh2)4: : 

9:: A solution of Ph2PCH2Li.TMEDA (2.43 g, 7.54 mmol) in THF (40 mL) was added to 4 

(0.75655 g, 1.47 mmol). After stirring overnight the reaction mixture was filtered over silica, 

andd the excess of Ph2PCH3 was removed in vacuo (100°C, 10 5 mbar, overnight). The slightly 

yelloww liquid was obtained in 97% yield (1.67 g, 1.43 mmol). 'H-NMR (300 MHz, CDC13): 5 

7.55 (m, 16H, ArH), 7.3 (m, 24H, ArH), 1.40 (s, 8H, SiC//2P), 0.26 (s, 16H, SiC//2C//2Si), -0.10 

(s,, 24H, SiC//3).
 31P-{'H}-NM R (121.5 MHz, CDC13): 5-20.8 (s). MALDI-TOF-MS: m/z 1170 

(M+)) (calcd. 1169.8), 986 (M+-CH2PPh2+OH). Anal, calcd. for C6gH88P4Si5Oo.5 (partly 

oxidised):: C 69.35; H 7.53. Found: C 69.33; H 7.59. 

Whenn dendrimers 9, 10, 11, 12 and 13 and model compound 14 are stored in glass schlenk-

flaskss either at room temperature or at -20°C, with or without exclusion of light, slow 

decompositionn takes place to yield PI12PCH3 and an insoluble polymeric substance. 

Si(CH2CH2Si(CH2CH2Si(CH3)2CH2PPh2)3)4: : 

10:: This compound was prepared from 5 (0.5355 g, 0.313 mmol) and Ph2PCH2Li.TMEDA 

(3.388 g, 10.49 mmol) using the same procedure as for 9, yielding a slightly yellow oil (0.944 g, 

0.2577 mmol, 82%). 'H-NMR (300 MHz, CDC13): 5 7.4 (m, 48H, ArH), 7.2 (m, 72H, ArH), 

1.288 (s (br.), 24H, SiC/f2P), 0.28 (s, 64H, SiC//2C//2Si), -0.20 (s (br.), 72H, SiGtf3).
 31P-{'H} -

NMRR (121.5 MHz, CDC13): 5-21.7 (s). MALDI-TOF-MS: m/z 3682 (M+) (calcd. 3677.7), 

34988 (M+-CH2PPh2+OH), 3322 (M+-2CH2PPh2+20H). Anal, calcd. for C2i2H28oP,2Si1702 

(partlyy oxidised): C 68.64; H 7.61. Found: C 68.51; H 7.66. 

Si(CH2CH2Si(CH2CH2Si(CH2CH2Si(CH3)2CH2PPh2)3)3)4: : 

11:: This compound was prepared from 6 (0.4625 g, 0.0872 mmol) and Ph2PCH2Li.TMEDA 

(2.699 g, 8.33 mmol) using the same procedure as for 9, yielding a slightly yellow oil (0.8858 g, 

0.07911 mmol, 91%). 'H-NMR (300 MHz, CDC13): 5 7.5-7.0 (m, 360H, ArH), 1.25 (s (br.), 

72H,, SiC//2P), 0.31 (s (br.), 208H, SiC//2C//2Si), -0.25 (s (br.), 216H, SiC//3).
 31P-{'H}-NM R 

(121.55 MHz, CDC13): 5-22.0 (s). MALDI-TOF-MS: m/z = 8000-12000 (very broad) (calcd. 
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11201.6).. Anal, calcd. for C ^ H ^ ^ S i s^ {partly oxidised): C 68.27; H 7.62. Found: C 

68.20;; H 7.70. 

Si(CH2CH2SiCH3(CH2PPh2)2)4: : 

12::  This compound was prepared from 7 (0.5716 g, 0.958 mmol) and Ph2PCH2Li.TMEDA 

(6.444 g, 20.0 mmol) using the same procedure as for 9, yielding a yellow liquid (1.098 g, 0.576 

mmol,, 60%). 'H-NMR (300 MHz, CDC13): ö 7.5-7.1 (m, 80H, ArH), 1.26 (s (br.), 16H, 

SiC//2P),, 0.19 (m, 16H, SiC//2C//2Si), -0.29 (s (br.), 12H, SiC//3).
 31P-{'H[-NM R (121.5 

MHz,, CDC13): S -22.5 (s). MALDI-TOF-MS: m/z 1907 (M~) (calcd. 1906.5), 1707 (M'-

CH2PPh2,, fragmentation). Anal, calcd. ford^HmPsSi^O,̂ (partly oxidised): C 72.78; H 6.53. 

Found:: C 72.59; H 6.75. 

Si(CH2CH2Si(CH2CH2SiCH3(CH2PPh2)2)3)4: : 

13:: This compound was prepared from 8 (0.5628 g, 0.288 mmol) and Ph2PCH2Li.TMEDA 

(5.111 g, 15.9 mmol) using the same procedure as for 9, yielding a yellow oil (1.368 g, 0.232 

mmol,, 81%). 'H-NMR (300 MHz, CDC13): 5 7.5-7.0 (m, 240H, ArH), 1.12 (s (br.), 48H. 

SiC//2P),, 0.35 (m, 64H, S\CH2CH2Si), -0.38 (s (br.), 36H, S\CH3).
 31P-{ ]H}-NM R (121.5 

MHz,, CDCb): ö -22.6 (s). MALDI-TOF-MS: m/z = 3000-6000 (very broad) (calcd. 5887.9). 

Anal,, calcd. for C^Hj^P^S inOn (partly oxidised): C 70.33; H 6.43. Found: C 70.08; H 6.82. 

(H3C)2Si(CH2PPh2)2: : 

14:: To a solution of 0.7867 g (H3C)2Si(CH2Cl)2 (5.01 mmol) in 2 mL THF 20 mL 0.5 M 

KPPh22 (10 mmol) in THF was added dropwise at -70°C. After stirring for 3 hours, during 

whichh the temperature was increased to room temperature, the reaction mixture was filtered 

overr silica. The excess of KPPh2 was removed in vacuo (room temperature, 10° mbar, 

overnight).. The white oil was obtained in 64% yield (1.458 g, 3.19 mmol). 'H-NMR (300 

MHz,, CDCI3) 5 7.36 (m, 8H, ArH), 7.27 (m, 12H, ArH), 1.27 (d, 4H, SiC//2P, VHP = 1.2 Hz), 

-0.200 (s, 6H, SiC//3).
 31P-{'H}-NM R (121.5 MHz, CDC13) S -22.8. FAB-MS: m/z 457.2 

([M+HD ,, 379.1 (VT-Ph), 73.0 (Me3Si), HRMS (FAB"): m/z calcd for C28H31SiP2 [M+H] +: 

457.1670.. Found: 457.1676. Anal, calcd. for C28H3l)P2SiO(u (partly oxidised): C 73.15; H 6.58. 

Found:: C 73.18; H 6.63. 

Si(CH2CH2CH2Si(CH3)2CH2Cl)4: : 

17:: The reaction was performed under N2. To 0.2105 g (1.09 mmol) of the dendrimer (15) 3.3 

U.LL 0.134 M [Bu4N]2[PtCl6] solution in CH2C12 was added, followed by 1.0 mL (8.2 mmol) 
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chloromethyldimethylsilane.. The reaction mixture was stirred overnight at 45°C. Excess of 

chloromethyldimethylsilanee was removed in vacuo. Product 17 was obtained as a slightly 

yelloww oil. 'H-NMR (CDC13): 5 2.78 (s, 8H, SiC//2Cl), 1.33 (m, 8H, SiCH2C//2CH2Si), 0.71 

(m,, 8H, SiCH2CH2C//2Si), 0.58 (m, 8H, SiC//2CH2CH2Si), 0.11 (s, 24H, SiC//3). Anal, calcd. 

forr C24H56Si5Cl4: C 45.98; H 9.00. Found: C 45.64; H 9.01. 

Si(CH2CH2CH2Si{CH2CH2CH2Si(CH3)2CH2CI)3)4: : 

18:: This compound was prepared from 16 (0.809 g, 1.01 mmol) and 

chloromethyldimethylsilanee (3.0 mL, 24 mmol) using the same procedure as for 17, yielding a 

slightlyy yellow oil. 'H-NMR (300 MHz, CDC13): 5 2.77 (s, 24H, SiC//2Cl), 1.37 (m, 32H, 

SiCH2C//2CH2Si),, 0.72 (m, 32H, SiCH2CH2C//2Si), 0.59 (m, 32H, SiC//2CH2CH2Si), 0.10 (s, 

72H,, SiC//3). Anal, calcd. for C84Hi92Si17Cl12: C 47.92; H 9.19. Found: C 47.82; H 9.14. 

Si(CH2CH2CH2Si(CH3)2CH2CH2PPh2)4: : 

19:: A solution of Ph2PCH2Li.TMEDA (2.070 g, 6.422 mmol) in 15 mL THF was added 

dropwisee to a solution of 17 (0.4166 g, 0.665 mmol) in 5 mL THF at -70°C. The reaction 

mixturee was warmed to room temperature overnight. After filtration over silica, the solvent 

wass evaporated. The excess of Ph2PCH3 was removed in vacuo (100°C, 10'5 mbar, overnight). 

Thee slightly yellow oil was obtained in 84% yield (0.7182 g, 0.560 mmol). 'H-NMR (300 

MHz,, CDCI3) 5 7.25-7.42 (m, 40H, ArH), 1.95 (m, 8H, SiCH2C//2P), 1.23 (m, 8H, 

SiCH2C//2CH2Si),, 0.51 (m, 24H, SiC//2CH2C//2Si + SiC//2CH2P), -0.07 (s, 24H, SiC//3).
 31P-

{'H}-NM RR (121.5 MHz, CDCI3) 5-9.03. I3C-{'H}-NM R (125.8 MHz, CDC13): 5 138.8 (d, 

ipso-PhP,ipso-PhP, 'JCP = 14.2 Hz), 132.7 (d, o-PhP, 2JCP = 18.2 Hz), 128.5 (s,/?-PhP), 128.3 (d, m-PhP, 
3JCpp = 6.3 Hz), 21.7 (d, SiCH2CH2P, VCP = 13.5 Hz), 19.8 (s, CH2 of SiCH2CH2CH2Si), 18.5 

(s,, CH2 of SiCH2CH2CH2Si), 17.4 (s, CH2 of SiCH2CH2CH2Si), 11.0 (d, SiCH2CH2P, 2JC? = 

9.33 Hz), -1.6 (s, SiCH3). FAB-MS: m/z 1283 ([M+H] +), 1206 (M+-Ph), 1098 (M+-PPh2), 1085 

(M+-CH2PPh2),, 1069 (M"-CH2PPh2-CH3). MALDI-TOF-MS: m/z 1280.7 (M+) (calcd. 1282.0), 

10966 (M+-PPh2, fragmentation). Anal, calcd. for CveHio^SisOoj (partly oxidised): C 70.76; H 

8.13.. Found: C 70.48; H 8.29. 

Si(CH2CH2CH2Si(CH2CH2CH2Si(CH3)2CH2CH2PPh2)3)4: : 

20:: This compound was prepared from 18 (0.2153 g, 0.102 mmol) and Ph2PCH2Li.TMEDA 

(0.43866 g, 1.36 mmol) using the same procedure as for 19, yielding a colourless oil (0.1512 g, 

0.03711 mmol, 36%, some product probably stayed on the silica during the filtration). 'H-NMR 

(3000 MHz, CDCI3) 5 7.25-7.41 (m, 120H, ArH), 1.95 (m, 24H, SiCH2C//2P), 1.20 (m, 32H, 
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SiCH2C//2CH2Si),, 0.51 (m, 88H, SiC//2CH2C//2Si + SiC//2CH2P), -0.09 (s, 24H, SiC//3).
 3 IP-

{'HJ-NMRR (121.5 MHz, CDC13) 5-9.16. 13C-{'H}-NM R (125.8 MHz, CDC13): S 138.9 (s, 

ipso-PhPlipso-PhPl 132.9 (d, o-PhP, 2JCP = 17.7 Hz), 128.7 (s,/>-PhP), 128.6 (d, m-PhP, VCP = 6.8 Hz), 

21.99 (d, SiCH2CH2P, 'jCp = 13.8 Hz), 20.1 (s, CH2 of SiCH2CH2CH2Si), 18.7 (s, CH2 of 

SiCH2CH2CH2Si),, 17.6 (s, CH2 of SiCH2CH2CH2Si), 11.3 (d, SiCH2CH2P, 2JCP = 10 Hz), -3.2 

(s,, SiCH,). MALDI-TOF-MS: m/z 4064.8 (M~) (calcd. 4070.5), 3880 (M^-PPh2, 

fragmentation). . 

Retentionn measurements: The retention measurements using dichloromethane, diethylamine 

inn dichloromethane (0.26 M) or the substrate solution for the allylic amination reactions were 

measuredd using the continuous-flow membrane reactor set-up as described previously. 4̂ The 

retentionn measurement in THF was performed using the reactor set-up as described by 

Eggeling.75 5 

Typicall  procedure for a retention measurement: 

Thee membrane was cut to the correct size for the reactor and stored in acetone during one night 

beforee storing it in methanol (for at least one night). After it was adjusted in the membrane 

reactor,, the membrane was flushed overnight with CH2C12. (When the substrate solution was 

usedd as a solvent, the reactor was first flushed overnight with CH2C12 before flushing with the 

desiredd solvent for the amount of time needed to flush the reactor with two reactor volumes.) 

Thee dendrimer was transferred into the reactor and the solvent was pumped through for a 

certainn amount of time (e.g. 250 minutes at a flow rate of 12 mL/h in order to flush the reactor 

100 times). Then both the contents of the reactor and the solution that had been pumped through 

weree analysed by GPC or NMR. For the retention measurements of (13)Pd(allyl)Cl ICP-AES 

analysess of palladium and phosphorus were performed. 

Hydrovinylatio nn experiments: The hydrovinylation experiments were performed at room 

temperature. . 

Batchh process: The catalyst was prepared by mixing a solution of 11 (0.0312 g, 0.00279 

mmol)) in 10 mL CH2C12 with a solution of [(ri3-C4H7)Pd(COD)][BF4] (0.0358 g, 0.1005 

mmol)) (P/Pd = 1) in 10 mL CH2C12 at 0°C. After stirring for one hour 10 mL of the catalyst 

solutionn was transferred to an autoclave at 0°C. Styrene (3.58 g, 34.4 mmol) was added and the 

autoclavee was pressurised with 40 bar (initial pressure) of ethene. After 19 hours the autoclave 

wass slowly depressurised and ethylbenzene (0.5067 g, 4.77 mmol) was added as internal 

standard.. The reaction mixture was separated from the catalyst and higher oligomers by 

filtrationfiltration over basic alumina. The products were analysed by GC. 
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Continuouss process: The continuous experiment was performed using the reactor set-up as 

describedd by Eggeling7̂  The membrane (stored in ethanol) was rinsed with acetone before 

transferringg it into the membrane reactor. The membrane was first flushed overnight with 

CH2CI22 and then with substrate solution. The ethene solution (10 M in CH2C12) and the styrene 

solutionn (1.8 M in CH2C12) were pumped through the reactor, both with a flow rate of 2.5 

mL/h.. The catalyst solution was prepared by mixing a solution of 11 (0.0389 g, 0.00347 

mmol)) in 2 mL CH2C12 with a solution of [(r)3-C4H7)Pd(COD)][BF4] (0.0444 g, 0.125 mmol) 

(P/Pdd = 1) in 3 mL CH2C12 at 0°C. After stirring for one hour, 2 mL of the catalyst solution 

wass transferred to the membrane reactor. Samples of the solution coming out of the reactor 

weree taken continuously and analysed by GC. 

Allyli cc alkylation experiments: The allylic alkylation experiments were performed under N2 

atmospheree at room temperature. The catalyst was prepared by mixing the diphenylphosphine-

functionalisedd dendrimer with [(Ti3-C3H7)PdCl]2 using CH2C12 as a solvent (P/Pd = 2). After 

stirringg for two hours the solvent was evaporated and the resulting yellow solid was washed 

withh diethyl ether. The sodium diethyl 2-methylmalonate was prepared by reaction of diethyl 

2-methylmalonatee and sodium hydride. The sodium hydride (dispersion in oil) was washed 

withh pentane before use. The diethyl 2-methylmalonate (1.03 g, 5.9 mmol) was added dropwise 

too the solution of sodium hydride (0.141 g, 5.9 mmol) in THF at 0°C, to obtain a 0.5 M 

solutionn of the sodium diethyl 2-methylmalonate. 

Batchh process: Before the reaction several stock solutions were prepared: a sodium diethyl 2-

methylmalonatee solution (0.5 M in THF), an o-decane solution (0.04 M in THF), a crotyl 

acetatee solution (0.5 M in THF), a cinnamyl acetate solution (0.5 M in THF), an allyl 

trifluoroacetatee solution (0.5 M in THF) and a catalyst solution (0.125 mM Pd in THF). 

Thee allylic alkylations using crotyl acetate as a substrate were performed in a total volume of 5 

mL.. To 2.0 mL of crotyl acetate solution 1.0 mL of w-decane solution, 1.0 mL of sodium 

diethyll  2-methylmalonate solution and 2.0 mL of catalyst solution were added. Samples were 

quenchedd in a H20/Et20 mixture. The conversion and product distribution were determined by 

GCC analysis of the Et20 layer. 

Thee allylic alkylations using cinnamyl acetate as a substrate were performed in a total volume 

off  20 mL. The stock solutions were added to 14 mL of THF in the following order: 1.0 mL of 

«-decanee solution, 1.0 mL of sodium diethyl 2-methylmalonate solution, 2.0 mL of cinnamyl 

acetatee solution and 2.0 mL of catalyst solution. Samples were quenched in a H20/Et20 

mixture.. The conversion and product distribution were determined by GC analysis of the Et20 

layer. . 
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Thee allylic alkylations using allyl trifluoroacetate as a substrate were performed in a total 

volumee of 20 mL. The stock solutions were added to 14 mL of THF in the following order: 1.0 

mLL of «-decane solution, 1.0 mL of sodium diethyl 2-methylmalonate solution, 2.0 mL of allyl 

trifluoroacetatee solution and 2.0 mL of catalyst solution. Samples were quenched in a 

H2GVEt200 mixture. The conversion was determined by GC analysis of the Et20 layer. 

Continuouss process: The continuous experiment was performed using the reactor set-up as 

describedd by Eggeling.l" ]̂ The membrane (stored in ethanol) was rinsed with acetone before 

transferringg it into the membrane reactor. The membrane was first flushed overnight with THF 

andd then with substrate solution. The substrate solution was prepared by mixing allyl 

trifluoroacetatee (6.106 g, 39,6 mmol), sodium diethyl 2-mcthy)malonate (36.6 mL 0.547 M, 

20.00 mmol) and «-decanc (0.8 mL, 4.1 mmol, internal standard) in THF (total volume - 800 

mL)) and was pumped through the reactor with a flow rate of 43.6 mL/h. The catalyst (0.00025 

mmoll  Pd) was dissolved in 2 mL of CH2C12 and transferred into the membrane reactor. 

Sampless of the solution coming out of the reactor were taken continuously, quenched in 

H20vEt200 and analysed by GC. 

Allyli cc amination experiments: The allylic animation experiments were performed under N2 

atmospheree at room temperature. The same catalysts were used as for the allylic alkylation 

reactions.. The catalyst solution for ligand 20 was prepared by mixing 0.0142 g 20 (0.00349 

mmol)) (for P/Pd = 4) or 0.0072 g 20 (0.00177 mmol) (for P/Pd = 2) and 1.965 mg 

[(crotyl)PdCl]22 (0.00499 mmol, 0.00998 mmol Pd) in 2 mL CH:C12 and stirring for 1.5 hours. 

Batchh process: A substrate solution was prepared by mixing crotyl acetate (0.351 g, 3.07 

mmol),, piperidine (0.538 g, 6.32 mmol, filtered over neutral alumina) and «-decane (0.368 g, 

2.599 mmol, internal standard) in CH2C12 (total volume = 5.0 mL). The catalyst (0.0100 mmol 

Pd)) was dissolved in 4.0 mL of CH2C12 and 1.0 mL of substrate solution was added. Samples 

weree quenched in DBA/Et20 solution (DBA = dibenzylidcneacetone). Conversion and product 

distributionn were determined using GC analysis. 

Continuouss process: The continuous experiment was performed using the continuous-flow 

membranee reactor set-up as described previously.74 The membrane was cut to the correct size 

forr the reactor and stored in acetone during one night before storing it in methanol (for at least 

onee night). After it was transferred into the membrane reactor, the membrane was first flushed 

overnightt with CH2C12 and then with substrate solution (approximately two reactor volumes). 

Thee substrate solution was prepared by mixing 1.5 mL of crotyl acetate, 2.47 mL of piperidine 

(afterr filtration over neutral alumina) and 2.44 mL of n-decane (as internal standard) in CH2C12 

(totall  volume = 100 mL) and was pumped through the reactor with a flow rate of 9 mL/h. The 
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catalystt (0.0100 mmol Pd) was dissolved in 2 mL of CH2CI2 and transferred into the membrane 

reactor.. Samples of the solution coming out of the reactor were taken continuously, quenched 

inn DBA/Et20 and analysed by GC. 
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