
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Dendrimers as homogeneous transition metal catalysts.

de Groot, D.

Publication date
2001
Document Version
Final published version

Link to publication

Citation for published version (APA):
de Groot, D. (2001). Dendrimers as homogeneous transition metal catalysts. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/dendrimers-as-homogeneous-transition-metal-catalysts(72518212-f779-489c-8388-df543a4f97dd).html


VV2 2 c\ \ tpóó ^,Pd 

Dendrimer ss as homogeneou s ; 
transitio nn metal catalyst s  p—pd ' 

Debbyy de Groot 



Dendrimerss as homogeneous 
transitionn metal catalysts 

ACADEMISC HH PROEFSCHRIFT 

terr verkrijging van de graad van doctor 

aann de Universiteit van Amsterdam 

opp gezag van de Rector Magnificus 

prof.. dr. J. J. M. Franse 

tenn overstaan van een door het college voor promoties ingestelde commissie 

inn het openbaar te verdedigen in de Aula der Universiteit 

opp vrijdag 5 oktober 2001, te 10.00 uur 

door r 

Debbyy de Groot 

geborenn te Apeldoorn 



Promotiecommissie: : 

Promotor:: prof. dr. P. W. N. M. van Leeuwen 

Co-promotores:: dr. P. C. J. Kamer 

dr.. J. N. H. Reek 

Overigee leden: prof. dr. D. J. Cole-Hamilton 

prof.. dr. E. W. Meijer 

prof.. dr. D. Vogt 

prof.. dr. L. de Cola 

dr.. J. H. van Maarseveen 

Faculteitt der Natuurwetenschappen, Wiskunde en Informatica 



TableTable of contents 

Generall  introduction 3 

Chapterr  1. Carbosilane dendrimers in a continuous-flow membrane reactor 31 

Chapterr  2. Palladium complexes of phosphine-functionalised carbosilane 57 

dendrimerss as catalysts in a continuous-flow membrane reactor 

Chapterr  3. Rhodium catalysed hydroformylation using diphenylphosphine- 85 

functionalisedd carbosilane dendrimers 

Chapterr  4. The photochemically activated preparation of diphenylphosphine- 105 

functionalisedd carbosilane dendrimers: a [2+2] addition or a radical mechanism? 

Chapterr  5. Supramolecular anchoring of catalysts to a soluble dendrimer support 123 

Summaryy 139 

Samenvattingg 143 

Dankwoord d 149 9 





GeneralGeneral introduction 

Introductio n n 

Dendrimers Dendrimers 

Duringg the last two decades dendrimers have attracted a lot of attention. The synthesis of 

thesee highly ordered, tree-like structures has been a challenge to many chemists, leading to 

neww molecules with unique properties J 2 Due to their highly branched spherical structure 

thesee dendrimeric molecules generally exhibit a low viscosity and a high solubility. A 

smalll  amount of consecutive reaction steps can lead to molecules with a very high 

molecularr mass and a low polydispersity. Initially, the main goal of this field of chemistry 

wass to build well-defined large molecules, focussing on synthesis, characterisation and 

propertiess of high generations of fully functionalised dendrimers.3-6 Since the pioneering 

workk of Vogfie,7 Newkome,8>9 Tomalia1^'11 and Fréchet,12,13 m any dendrimers have 

beenn synthesised, containing a variety of functional groups in the chains, 14-20 m e 

core21-277 an(j  at the periphery.28-33 -phe poly(propylene imine) dendrimers and the 

poly(aminoamide)) dendrimers are commercially available nowadays. 

Thee two major synthetic strategies to obtain dendrimers are the divergent method and the 

convergentt method. 34 Dendrimers prepared via the divergent route are built from the 

insidee out, starting from an initiator core.8'10 In the convergent method dendrons are 

synthesisedd from the outside in, which after coupling to a core gives the dendrimer.J3>35 

Alsoo one-pot syntheses have been used to obtain hyperbranched polymers.36-39 These 

imperfectt dendritic structures are easier to prepare, but less well-defined. 

Recently,, the emphasis of dendrimeric research has shifted from synthesis and 

characterisationn to applications,40-43 s u ch as photochemical molecular devices,44-47 

catalystt support,48,49 biological mimics,5^-5^ MRI contrast agents,54-56 molecular 

recognition,26'57'5^^ self assembly5^60 and drug,61-64 gene65 or oligonucleotide66 

delivery. . 
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GeneralGeneral introduction 

Catalysis Catalysis 

Manyy industrial processes include catalytic conversions, for which in terms of volume 

heterogeneouss catalysts are favoured. In several ways homogeneous catalysis has 

advantagess compared to heterogeneous catalysis;̂ the activity and selectivity are often 

higher,, the reaction conditions can be mild, reproducibility is high and in situ spectroscopic 

methodss can be applied for a better understanding of the catalytic system. An important 

advantagee of heterogeneous catalysis is the easy recycling of the catalytic system by e.g. 

filtration,, whereas for homogeneous catalysts more expensive and sometimes less effective 

separationn techniques are required, such as distillation, precipitation followed by filtration, 

extractionn and ton-exchange processes. ̂A homogeneous catalyst can be heterogenised by 

immobilisationn on an insoluble polymeric support and hence be easily recycled by means 

off  filtration. However, it has been shown that for most of these systems the immobilisation 

resultss in a lower activity and selectivity of the catalyst.69 In this respect the use of soluble 

polymerss as a catalyst support70-74 |s advantageous since the catalyst system is 

homogeneous,, which reduces the mass transport limitations and thereby increases the 

catalyticc activity. Compared to the monomeric homogeneous catalyst, the catalytic activity 

off  these polymer supported systems is still generally lower. This is proposed to be a result 

off  the entanglement of the polymer chains blocking some of the randomly introduced 

catalyticc sites.4^ Therefore, the catalyst is not as accessible to the substrate as is the case 

forr the monomeric catalyst. When using dendrimers as a soluble polymer support the 

catalystt system obtained is well-defined and uniform. Periphery functionalised dendrimers 

wil ll  have their catalytic sites at the surface, thus being readily accessible to the substrate 

molecules.. Furthermore, a high local concentration of catalytic sites on the surface of the 

dendrimerr can lead to cooperativity between the sites, which might result in different 

activityy or selectivity compared to the monomeric catalyst. A potential disadvantage of a 

highh local concentration of catalytic sites is clustering of the transition metal particles to 

formm inactive species. Generally, when the catalytic site of a dendrimer is located at the 

core,, it will be less accessible to the substrate and consequently, the activity of the system 

mightt decrease when going to larger dendrimeric catalysts. Core functionalised dendrimers 

havee a specific microenvironment created around the catalytic site, which can lead to a 

changee in selectivity compared to the monomeric catalyst.25 Site isolation of the catalyst 

inducedd by the steric bulk of the dendrimer can lead to enhanced stability of the catalyst.75 
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GeneralGeneral introduction 

Carbosilanee dendrimers 

Onee type of dendrimers that has been investigated intensively is the class of carbosilane 

dendrimers.37,78-844 Carbosilane dendrimers have the advantage that they are very stable, 

kineticallyy as well as thermodynamically.77 When dendrimers are used as a catalyst 

support,, it is important that the dendrimeric support does not effect the catalytic reaction in 

ann undesirable way and that it is stable under catalytic conditions. Carbosilane dendrimers 

doo not contain atoms that can coordinate to a transition metal, which makes this type of 

dendrimerss favourable as a catalyst support. The commercially available poly(propylene 

imine)) and poly(aminoamide) dendrimers contain nitrogen atoms that can serve as ligands 

forr transition metal catalysts and therefore might influence the catalytic performance. The 

loww polarity of the Si-C bond leads to the formation of very apolar systems. The use of 

carbosilanee dendrimers as a catalyst support can change the selectivity induced by the 

catalyst,, due to the apolar microenvironment.25 

Synthesis Synthesis 

Thee synthesis of carbosilane dendrimers was described by Van der Made and Van 

Leeuwen,79>8f55 Roovers and Zhou^86 and Muzafarov and co-workers.37 All three 

researchh groups used the divergent method to synthesise this type of dendrimers. 

Vann der Made and co-workers prepared dendrimers with a branch multiplicity of three, by 

aa repetitive stepwise synthetic route of hydrosilylation of the allylic endgroups of the 

dendrimerr with trichlorosilane followed by alkenylation with allylmagnesium bromide 

(schemee la). In this way they synthesised dendrimers up to the fifth generation with a 

molecularr weight of 73912 Da (972 endgroups); the sixth generation could not be prepared 

duee to surface congestion.^5 They also prepared dendrimers with a branch multiplicity of 

threee and a branch length of two carbon atoms (by reaction with vinylmagnesium chloride) 

upp to the third generation (MW = 5868 Da, 108 endgroups) and dendrimers with a branch 

lengthh of ten carbon atoms up to the seventh generation (MW = 1954345 Da, 8748 

endgroups).799 Roovers et al. started with tetravinylsilane as the core molecule. 

Hydrosilylationn with dichloromethylsilane and alkenylation with vinylmagnesium bromide 

ledd to dendrimers with a branch multiplicity of two and a branch length of two carbon 

atomss (scheme lb). They prepared dendrimers up to the fourth generation with a molecular 

weightt of 6016 Da (64 endgroups).86 Muzafarov et al. started with a trifunctional core and 

5 5 



GeneralGeneral introduction 

usedd dichloromethylsilane and allylmagnesium bromide to obtain dendrimers with a 

branchh multiplicity of two and a branch length of three carbon atoms (scheme lc).37 

Schemee 1. Synthesis of carbosilane dendrimers: as described by Van der Made°5 (a), 

Roovers866 (b) and Muzafarov37 (c). 

Ann advantage of this general synthetic route towards carbosilane dendrimers is the ability 

too vary the properties of these dendrimers. The branch length can easily be varied by using 

differentt Grignard reagents, while the branch multiplicity changes upon using different 

hydrosilylatingg reagents (figure 1). Dendrimers with a branch multiplicity of three and a 

branchh length of two carbon atoms are very compact; the largest dendrimer that can be 
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GeneralGeneral introduction 

preparedd in this way is the third generation (108 endgroups). A similar dendrimer with a 

branchh length of ten carbon atoms, can be prepared up to the seventh generation (8748 

endgroups).. The third generation C2-dendrimer is a solid, while the same generation C3-

dendrimerr is a wax-like solid and the Cio-dendrimer a liquid.79 Combinations of flexible 

coress with a compact surface or vise versa are also envisaged. 

Schemee 2. Convergent synthesis towards carbosilane dendrimers.87 
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GeneralGeneral introduction 

Kakimotoo and co-workers used a convergent synthetic route to synthesise carbosilane 

dendrimerss containing Si-O-Si bonds (scheme 2).87 Ally l cyanide is hydrosilylated with 

chlorodimethylsilanee after which the chlorosilane group is converted into a (N,N-

diethylamino)silanee group by reaction with diethylamine. Subsequently, reaction with 

allylbis{4-(hydroxydimethylsilyl)phenyl}methylsilanee leads to the zeroth generation 

dendron.. Repetition of the reaction steps using chlorodimethylsilane and diethylamine to 

convertt the allyl groups into (7V,JV-diethylamino)silane groups followed by a coupling 

reactionn yielded the first generation dendron. Dendrons up to the third generation 

(containingg 16 cyano endgroups) have been prepared. 

Thesee dendrimers containing Si-O-Si bonds are expected to be less stable than the 

carbosilanee dendrimers without siloxane bonds, and are therefore less favourable for 

applicationss such as catalyst support. 

Functionalisation Functionalisation 

Carbosilanee dendrimers have the advantage that the reactivity of the SiCl and allylic 

endgroupss allows easy functionalisation. Several examples are summarised in scheme 3. 

Seyferthh et al. prepared carbosilane dendrimers containing up to 108 SiH3 endgroups, by 

reactingg the SiCl groups with LiAlH 4.
81 Frey et al. used a hydroboration reaction to 

convertt the allyl endgroups of the dendrimers to SiCH2CH2CH2OH.82 Morris and co-

workerss performed direct hydrolysis of the SiCl groups in water and catalytic hydrolysis of 

SiHH endgroups using Pd/C to obtain SiOH functionalised dendrimers.88 Cuadrado, Moran 

andd co-workers used the SiCl endgroups to attach ferrocene units in order to obtain redox-

activee dendrimers.89'90 Seyferth and co-workers synthesised water-soluble carbosilane 

dendrimerss by attaching ionic groups to the periphery of the dendrimers via a reaction of 

SiMdCFbCll  endgroups.91 The synthesis of carbosilane dendrimers with fluorinated 

endgroupss was reported by Shreeve and co-workers.92 Hydrosilylation with 

triethoxysilanee followed by hydrolysis can lead to the formation of dendrimer-based 

xerogels.9^ ^ 
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GeneralGeneral introduction 

Schemee 3. Several ways of functionalising carbosilane dendrimers. 
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Dendrimericc catalysts 

Onee of the main applications of dendrimers is their use in catalysis.49 Due to their 

sphericall  structure the catalytic sites of periphery functionalised dendrimers are readily 

accessiblee to substrate molecules in the bulk solution, in contrast to the catalytic sites in 

linearr polymers, which can be buried between the polymer chains. The relatively high 

solubilityy of dendrimers facilitates their use as homogeneous catalysts, while the high 

molecularr masses of these systems enable easy recycling by means of nanofiltration, thus 

combiningg the advantages of both homogeneous and heterogeneous catalysis. By placing 

thee catalytic site in the interior of a dendrimer the steric bulk or specific microenvironment 

off  the system can potentially be used to steer the selectivity or to enhance the stability of 

thee catalyst. In this way enzyme mimics can be obtained. 

9 9 



GeneralGeneral introduction 

Thee first report of a dendrimeric catalyst can be found in a patent by Van Leeuwen and co-

workerss at Shell in 1991.94 They describe the use of a hexaphosphine catalyst containing a 

benzenee core for the use in the palladium catalysed polyketone formation. They found a 

positivee dendrimeric effect; the mononuclear palladium catalyst gave rise to precipitation 

off  the polymer on the reactor wall (50%) while the dendrimeric catalyst reduced this side 

effectt to only 3%. A possible explanation for the observed effect is that in the dendrimeric 

catalystt the palladium ions do not go into solution during the chain transfer reaction, but 

remainn attached to the surface of the growing polymer. Therefore, due to the high local 

concentrationn of growing polymer chains, the polymer will crystallise by reacting with 

anotherr growing polymer chain instead of on the reactor wall. 

Threee other early examples of dendrimeric catalysts were reported in 1994. Van Leeuwen 

andd Van Koten and co-workers described the synthesis of a Ni-functionalised carbosilane 

dendrimerr and its use as a catalyst in the Kharasch addition reaction of 

polyhalogenoalkaness to an olefinic C=C double bond (figure l).28 They observed a small 

decreasee in catalytic activity when going from the model compound to the dendrimeric 

catalysts.. The activity of the zeroth generation was 20% lower and that of the first 

generationn dendrimer 30%. 

DuBoiss and co-workers reported the electrochemical reduction of CO2 to CO catalysed by 

palladiumm complexes of organophosphine dendrimers (figure 2).95 They prepared a zeroth 

generationn dendrimer with a silicon core surrounded by four terdentate phosphine ligands. 

Thee Pd(CH3CN)-complex of this dendrimer showed similar activity and selectivity in 

catalysiss as the monomeric [Pd(triphosphine)(CH3CN)](BF4)2 complex. 

10 0 



GeneralGeneral introduction 

Figuree 1. Kharasch addition reaction using a first generation Ni-functionalised carbosilane 

dendrimericc catalyst.28 
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GeneralGeneral introduction 

Figuree 2. Electrochemical reduction of CO2 catalysed by Pd-organophosphine 

dendrimers.95 5 
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Figuree 3. The decarboxylation of 6-nitrobenzisoxazole-3-carboxylate catalysed by 

quaternaryy ammonium functionalised dendrimers.96 
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GeneralGeneral introduction 

Fordd and co-workers used a dendrimer with quaternary ammonium ions at the periphery as 

aa catalyst for the decarboxylation of 6-nitrobenzisoxazole-3-carboxylate (figure 3).96 in 

thiss example the catalyst is not a transition metal, but a polymeric quaternary ammonium 

ion.. In the presence of the second generation dendrimer (36 endgroups) the reaction is 10 

timess faster than with the first generation dendrimer (12 endgroups) and 20 times faster 

thann with the zeroth generation dendrimer (4 endgroups). The quaternary ammonium 

functionalisedd dendrimer can be considered as a unimolecular micelle, containing a high 

locall  concentration of charges at the outer surface of the dendrimer. The accelerating effect 

off  the second generation dendrimer is similar to that of other colloidal and polymeric 

quaternaryy ammonium ions. 

Sincee these initial reports on dendrimeric catalysis many papers have been published on 

thiss subject describing various types of dendrimers in different kinds of catalytic reactions. 

Dendrimericc catalysts have been used for example in transition metal catalysis,22,49 phase 

transferr catalysis9?>98 and biocatalysis.99,100 ^ few e x a mp i es a re summarised in table 1. 

Manyy dendrimeric effects have been observed, but no general trend can be found. For 

somee catalysts the regioselectivity of the dendrimeric system is different than that of the 

monomericc system.23-25 Seebach and co-workers reported a higher enantioselectivity for 

thee dendrimeric catalyst, 101 while Togni et al. found that the ee for the dendrimers was 

slightlyy lower than that for the monomeric catalyst (98.0% ee compared to 99.0% ee for 

thee momomeric catalyst) 102,103 ancj §oaj  an£j co-workers reported a significantly lower ee 

(30-40%)) for the dendrimeric catalyst than for the monomer (92%).104 In some cases a 

higherr activity was found for the dendrimeric catalyst,̂  105-107 vvhile in other examples a 

similarr activityl^S or a i o w er actjvjty25,28,33,108 w as observed. Kimura et al. reported a 

higherr stability of the catalytic site due to encapsulation in the dendrimeric structure.75 

13 3 
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Tablee 1. Examples of dendrimeric catalysts. 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

position n 

core e 

core e 

core e 

core e 

core e 

core e 

core e 

core e 

periphery y 

periphery y 

typee of dendrimer 

metalloporphyrin-functionalised d 
poly(arylester)) dendrimers 

bis(oxazoline)copper(II)--
functionalisedd poly(arylether) 
dendrimers s 

(S,S)-l,4-bis(dimethylamino)--
2,3-dimethoxy-butanee (DDB)-
functionalisedd poly(arylether) 
dendrimers s 

amine-functionalised d 
poly(arylether)) dendrimers 

bis(diphenylphosphino)ferrocene e 
functionalisedd carbosilane 
dendrimers s 

TADDOL-functionalised d 
poly(arylether)) dendrimers 

aminoalcohol-functionalised d 
poly(arylether)) dendrimers 

cobaltt phthalocyanine-
functionalisedd polyamide 
dendrimers s 

ferrocenyl-P-functionalised d 
poly(arylamide)) dendrimers 

Se-functionalisedd poly(arylether) 
dendrimers s 

typee of catalysis 

Mn-catalysed d 
epoxidationn of 
alkenes s 

Cu-catalysedd Diels-
Alderr reaction 

base-catalysed d 
additionn of methanol 
too methyl phenyl 
ketene e 

base-catalysed d 
nitroaldoll  reaction 

Pd-catalysedd allylic 
alkylation n 

Ti-catalysed d 
enantioselective e 
additionn of Et2Zn to 
benzaldehyde e 

asymmetric c 
reductionn of ketones 
withh borane 

Co-- catalysed 
oxidationn of 2-
mercaptoethanol l 

Pd-catalysed d 
hydroaminationn of 
norbornene e 

Rh-catalysed d 
asymmetric c 
hydrogenation n 

Se-catalysed d 
activationn of 
hydrogenn peroxide 

effectt of dendrimer 

greaterr regioselectivity 
thann monomelic catalyst 

slightt enhancement of 
selectivity y 

higherr ee for dendrimeric 
catalyst t 

lowerr activity for higher 
generationn dendrimeric 
catalyst t 

changedd selectivity for 
higherr generation 
dendrimericc catalyst 

similarr activity and 
selectivityy as for 
monomer r 

similarr activity and 
enantioselectiviryy as for 
monomer r 

enhancedd stability by 
encapsulationn in 
dendrimericc structure 

slightlyy lower ee than for 
monomericc catalyst 

slightlyy lower ee than for 
monomericc catalyst 

enhancedd activity by 
cooperativee effect of 
catalyticc sites on 
dendrimer r 

ref. . 

23, , 
109 9 

24 4 

101 1 

108 8 

25 5 

110 0 

27 7 

75 5 

102 2 

103 3 

107, , 
111 1 
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11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

17 7 

18 8 

position n 

periphery y 

periphery y 

periphery y 

periphery y 

periphery y 

periphery y 

periphery y 
andd focal 
point t 

branch--
point t 

typee of dendrimer 

diphenylphosphine--
functionalisedd poly(aminoamide) 
dendrimerss on silica 

diphenylphosphine--
functionalisedd poly(propylene 
imine)) dendrimers 

Ru-functionalisedd carbosilane 
dendrimers s 

Co(salen)-functionalised d 
poly(aminoamide)) dendrimers 

NCN-Ni-functionalised d 
carbosilanee dendrimers 

diphenylphosphine--
functionalisedd poly(aminoamide) 
dendrimers s 

Pd,, Ru diphosphine-
functionalised d 
poly(aminophosphine) ) 
dendrimers s 

Rh(COD)Cl-functionalised d 
organophosphinee dendrimers 

typee of catalysis 

Pd-catalysedd Heck 
reaction n 

Rh-catalysed d 
hydroformylation n 

Pd-catalysedd Heck 
reaction n 

Rh-catalysed d 
hydroformylation n 

Pd-catalysed d 
hydrogenation n 

Ru-catalysed d 
metathesis s 

Co-catalysed d 
hydrolyticc kinetic 
resolution n 

Ni-catalysed d 
Kharaschh addition 
reaction n 

Rh-catalysed d 
hydroformylationn of 
styrene;; two-phase 
catalysis s 

Pd-catalysedd Stille 
coupling,, Ru-
catalysed d 
Knoevenagel l 
condensationn and 
Michaell  addition 

Rh-catalysed d 
hydrogenationn of 
olefins s 

effectt of dendrimer 

somee loss in activity after 
recycling g 

quantitativee yields and 
highh selectivity (no direct 
comparisonn to 
monomer),, recycling by 
filtration n 

higherr stability of 
dendrimericc catalyst 

similarr as model 
compounds s 

higherr catalytic activity 
thann for monomer, 
recyclingg by 
centrifugation n 

similarr activity as for 
monomer,, recycling by 
columnn chromatography 

enhancedd activity by 
cooperativee effect of 
catalyticc sites on 
dendrimer r 

decreasee in activity going 
too higher generations 

moree branched product 
thann for water-soluble 
monomericc TPPTS 

similarr activity and 
selectivityy as the 
monomericc catalyst, 
recyclablee by 
precipitation n 

activityy similar to 
monomer,, recycling by 
extractionn and 
recrystallisation n 

ref. . 

112 2 

113, , 
114 4 

31 1 

31 1 

105 5 

115 5 

106 6 

33, , 
116 6 

117 7 

118 8 

19 9 

15 5 
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Dendrimericc catalysts in a continuous-flow membrane reactor 

Onee of the reasons that dendrimers have attracted a lot of attention during the past few 

decades,, is their potential application as recyclable catalysts.119-120 The size of these 

polymericc systems enables recycling by means of nanofiltration and the presence of the 

catalyticc sites at the outer surface offers easy accessibility. So far only a few reports have 

beenn published on the use of dendrimeric catalysts in a continuous-flow membrane reactor. 

Deactivationn of the catalyst appears to be a general problem, as can be seen in the 

exampless below. 

Vogtt and Van Koten reported the hydrovinylation of styrene using palladium complexes of 

phosphine-ester-functionalisedd carbosilane dendrimers (figure 4).121 The Pd(allyl)-

complexx of the zeroth generation dendrimer was used in a continuous process. After 

reachingg its maximum yield (after 2.25 reactor volumes of substrate solution had been 

pumpedd through the reactor), the yield dropped gradually until it was reduced to nearly 

zeroo after 19 reactor volumes. The authors expected the relatively small dendrimeric 

catalystt to be washed out of the reactor. 121 When they used a higher generation dendrimer, 

however,, a similar decrease in catalytic activity was observed even though the catalyst was 

largee enough to be retained in the membrane reactor.122 Precipitation of palladium black 

inn the reactor and on the surface of the membrane was reported, and the deactivation was 

attributedd to the formation of multiply coordinated phosphine complexes and multinuclear, 

phosphinee bridging complexes. 
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Figuree 4. Hydrovinylation of styrene using palladium complexes of phosphine-ester-

functionalisedd carbosilane dendrimers.12''122 

^ ^ pd]] r x ^ pd] 

isomers s 

Thee use of phosphine-functionalised poly(propylene imine) dendrimers as ligands in the 

palladium-catalysedd allylic substitution reaction applied in a continuous process was 

describedd by Reetz, Kragl and co-workers (figure 5).12^ They reported leaching of 

palladiumm when using a fourth generation dendrimer functionalised with 

diphenylphosphine-Pdd endgroups. By adding palladium precursor in the feed they 

compensatedd for the loss of palladium, which led to a production of product for a longer 

periodd of time. The conversions were very low (0.5 to 12% at 10 mol% of catalyst). When 

usingg an in situ prepared catalyst from the fifth generation diphenylphosphine-

functionalisedd dendrimer and allylpalladium chloride, they obtained better results (using 

1000 mol% of catalyst). Initially complete conversion was obtained, but the catalytic 

activityy slowly decreased to below 80% conversion after 100 reactor volumes of solution 

hadd been pumped through the membrane reactor. It should be noted that at that moment the 

turnoverr number is less than 100. The decrease in catalytic activity was only partly 
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explainedd by palladium leaching. The formation of (Hgand)PdCl2 complexes was also 

observed,, which was proposed to be partly responsible for the deactivation. 

Vann Koten and co-workers used a first generation NCN(pincer)-Ni-functionalised 

carbosilanee dendrimer for the Kharasch addition reaction applied in a continuous-flow 

membranee reactor (figure 6). " 6 They added [Bî NJESr to the feed to prevent catalyst 

precipitation.. Nevertheless, deactivation of the catalyst was observed and after reaching the 

maximumm conversion of 4.3% (after 2 reactor volumes) the yield decreased to nearly zero 

afterr approximately 10 reactor volumes. 
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Figuree 6. Kharasch addition reaction using a first generation NCN(pincer)-Ni-

functionalisedd carbosilane dendrimeric catalyst. 11° 

Fromm these examples it is clear that the application of dendrimeric catalysts in continuous 

processess is not trivial. More stable dendrimeric catalysts should be prepared to prevent 

fastt deactivation. 

Selff  assembly and non-covalent interactions using dendrimers 

Thee unique structure of dendrimers makes them versatile building blocks for 

supramolecularr chemistry.59 Already at an early stage the highly branched spherical 

structuree of dendrimeric molecules gave rise to the idea that there are voids in the interior 

off  the dendrimer that can be used to entrap small guest molecules.124'125 Meijer and co-

workerss reported the encapsulation of the dye Bengal Rose in a poly(propylene imine) 

dendrimerr by closing the periphery of the dendrimer using bulky amino acid 

derivatives.12^"12^^ Several other studies have been devoted to the entrapment of guest 

moleculess in the interior of dendrimers. 129-133 Generally, these non-covalent interactions 
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cann be used for drug delivery applications or for the selective binding of substrate 

moleculess for the use in catalytic applications.134 

Dendrimerss can be considered as unimolecular micelles.'29,135-137 Unimolecular micelles 

doo not need a critical micelle concentration to form micelles, and covalent bonds need to 

bee broken for the micelles to fall apart. Meijer and co-workers prepared amphiphilic 

poly(propylenee imine) dendrimers containing long alkyl chains (C15) at the periphery, 

whichh assemble into monolayers at the air-water interface. In these monolayers the 

hydrophilicc interior of the dendrimer is in contact with the water layer, while the 

hydrophobicc alkyl chains point towards the air, which results in a cylindrical conformation 

off  the dendrimer. The formation of small spherical aggregates (diameters are between 20 

andd 200 nm) was observed when these dendrimers were dissolved in acidic water. 13$ 

Figuree 7. Functionalisation of dendrimers using ionic interactions.139 

Onlyy a few examples of the use of ionic interactions for endgroup functionalisation of 

dendrimerss are known. Crooks and co-workers reported the self assembly of fatty acids 

ontoo the surface of amine-terminated poly(amidoamine) dendrimers (figure 7).139 In this 

wayy dendrimers were extracted from aqueous solutions into nonpolar phases. Since the self 
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assemblyy process is reversible, the dendrimers can be easily shuttled between hydrophilic 

andd hydrophobic phases by adjusting the pH of the aqueous phase.139 

Figuree 8. Non-covalent functionalisation of poly(propylene imine) dendrimers. 

Meijerr and co-workers have recently reported the functionalisation of the periphery of 

poly(propylenee imine) dendrimers using a binding motive based on ionic interactions in 

combinationn with hydrogen bonds (figure 8) leading to well-defined assemblies.140 These 

supramolecularr systems have been well characterised using NMR techniques. Binding 

constantss of 104M_1 have been reported.141 They have also reported the use of P-

cyclodextrinn to form water-soluble assemblies of adamantyl-termmated poly(propylene 

imine)) dendrimers.14^ 

Otherr research groups have reported ionic interactions for the self assembly of dendrimers. 

Aidaa and co-workers used positively and negatively charged dendrimeric porphyrins to 

obtainn large assemblies of dendrimers.143 Tomalia and co-workers synthesised 

supramolecularr assemblies of dendrimers via ionic interactions of amine terminated 

poly(amidoamine)) dendrimers and carboxylic acid terminated dendrimers.144 

Somee research groups have reported the synthesis of dendrimers via self assembly. Tato 

andd co-workers described the synthesis of dendrimers by connecting two (3-cyclodextrin 

unitss by means of a small guest molecule.145 Gibson et al. used poly(arylether) dendrons 

withh crown ether units at the focal point to assemble dendrimers around a triammonium 

saltt core.6° Coordination chemistry has frequently been used to build up dendrimers. In 
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thiss way dendrimers containing transition metal complexes as branch points, 14,18,146-149 

inn the chain^,17,20,150,151 or at m e core152-154 have been prepared. 

AA non-covalent approach for the functionalisation of dendrimers has the general advantage 

thatt the dendrimer can be functionalised reversibly with different endgroups, such as 

photochemicallyphotochemically active sites or catalytic sites. Another important potential advantage of 

thiss approach is the assembly of different functionalities into the dendrimer at the same 

time,, for example a catalytic site as well as a substrate. In this way the substrate will be 

positionedd close to the catalyst and the reaction can proceed faster and perhaps more 

selective.. Other possibilities include the assembly of multiple catalytic sites for cascade 

reactionss or a catalyst combined with a co-catalyst. The concept of non-covalent 

supramolecularr anchoring of catalysts to a dendrimeric support opens a way towards facile 

de-- and re-functionalisation of the dendrimer. 

Outlin ee of this thesis 

Thee research described in this thesis involves the development of transition metal based 

dendrimericc catalysts and their use in a continuous-flow membrane reactor. When this 

projectt was started, only very few examples of dendrimeric catalysts were known. The 

goalss that were set out at the beginning of the project were the development of suitable 

syntheticc routes to provide dendrimers functionalised with phosphine ligands at the 

peripheryy and the use of these systems in catalysis. The effect of the dendrimeric support 

onn the activity and selectivity of the catalyst, and the recyclability of these systems using 

nanofiltration,, are important questions to be answered. 

ChapterChapter 1 describes the optimised synthesis of carbosilane dendrimers containing a branch 

multiplicityy of three and branch lengths of two and three carbon atoms. The optimised 

syntheticc procedure of hydrosilylation and alkenylation provides a very elegant route 

towardss completely functionalised dendrimers. The different generations of these 

dendrimerss are studied using molecular modelling. To enable the use of these dendrimers 

ass a catalyst support for continuous processes, a continuous-flow membrane reactor was 

developedd and is presented in this chapter. The lower generation dendrimers will not be 

largee enough to be retained in the reactor. In order to determine which generations of the 

dendrimerss are suitable for the use in a membrane reactor, the retentions of various 
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dendrimerss using different solvents is discussed and compared to those of linear 

polystyrenee molecules of comparable molecular weights. 

Inn chapter 2 the synthesis of a series of diphenylphosphine-functionalised carbosilane 

dendrimerss with a branch length of two carbon atoms is described. The palladium 

complexess of these dendrimers are used as catalysts in the hydrovinylation reaction and in 

allylicc substitution reactions. The largest dendrimeric catalysts are used in a continuous-

floww membrane reactor. A main issue studied for these dendrimeric catalysts is the stability 

off  the catalyst when applied in a continuous process. The activity and stability of a second 

generationn Si(CH3)(CH2PPh2)2-functionalised C2-dendrimer in a continuous process is 

comparedd to that of a Si(CH3)2(CH2CH2PPh2)-functionalised C3-dendrimer. 

ChapterChapter 3 describes the synthesis of various generations of diphenylphosphine-

functionalisedd carbosilane dendrimers with a branch length of three carbon atoms. Three 

differentt synthetic routes to obtain these dendrimers are compared. The P-functionalised 

dendrimerss have been used as ligands in the rhodium catalysed hydroformylation of 1-

octene.. The influence of the size and flexibilit y of the dendrimeric structure on the 

catalyticc activity and selectivity is discussed. 

Inn chapter 4 phosphine-functionalised carbosilane dendrimers are prepared by a 

photochemicallyy activated addition reaction of diphenylphosphine to the olefinic 

endgroupss of the dendrimer. This reaction is believed to proceed via a radical mechanism, 

inn which the primary step is the formation of a PR.2-radical.155 in m j s chapter the 

possibilityy of a photochemically activated [2+2] addition mechanism has been investigated 

experimentallyy and by using DFT calculations. 

Inn chapter 5 a non-covalent approach is used for the functionalisation of dendrimers. A 

fifthh generation poly(propylene imine) dendrimer functionalised with urea-adamantyl 

endgroupss is used as a host, and urea-acid-functionalised triphenylphosphine guest 

moleculess are assembled into its periphery. Palladium complexes of the resulting 

supramolecularr multidentate phosphine ligand have been used as catalysts in the allylic 

aminationn of crotyl acetate and piperidine. The dendrimeric catalyst is compared to its 

monomericc analogue and used in a continuous-flow membrane reactor. 

23 3 

http://PR.2-radical.155


GeneralGeneral introduction 

References s 

(1)) A. W. Bosman, H. M. Janssen, E. W. Meijer, Chem. Rev., 1999, 99, 1665. 

(2)) A. Sunder, J. Heinemann, H. Frey, Chem. Eur. J., 2000, 6, 2499. 

(3)) D. A. Tomalia, A. M. Naylor, W. A. Goddard III , Angew. Chem. Int. Ed. Engl., 1990, 29, 

138. . 

(4)) J. Issberner, R. Moors, F. Vögtle, Angew. Chem. Int. Ed. Engl., 1994, 33, 2413. 

(5)) G. R. Newkome, R. Moors, F. Vögtle, Dendritic Molecules, Verlag-Chemie, Weinheim, 

Germanyy 1996. 

(6)) J.-P. Majoral, A.-M. Caminade, Chem. Rev., 1999, 99, 845. 

(7)) E. Buhleier, W. Wehner, F. Vögtle, Synthesis, 1978, 155. 

(8)) G. R. Newkome, Z.-Q. Yao, G. R. Baker, V. K. Gupta, J. Org. Chem., 1985, 50, 2003. 

(9)) G. R. Newkome, Z.-Q. Yao, G. R. Baker, V. K. Gupta, P. S. Russo, M. J. Saunders, J. Am. 

Chem.Chem. Soc, 1986, 108, 849. 

(10)) D. A. Tomalia, H. Baker, J. Dewald, M. Hall, C. Kallos, S. Martin, J. Roeck, J. Ryder, P. 

Smith,, Polym. J., 1985, 17, 117. 

(11)) D. A. Tomalia, H. Baker, J. Dewald, M. Hall, C. Kallos, S. Martin, J. Roeck, J. Ryder, P. 

Smith,, Macromoiecules, 1986, 19, 2466. 

(12)) C. J. Hawker, J. M. J. Fréchet, J. Chem. Soc, Chem. Commun., 1990, 1010. 

(13)) C. J. Hawker, J. M. J. Fréchet, J. Am. Chem. Soc, 1990,112, 7638. 

(14)) S. Serroni, G. Denti, S. Campagna, A. Juris, M. Ciano, V. Baizani, Angew. Chem. Int. Ed. 

Engl,Engl, 1992, 31, 1493. 

(15)) G. R. Newkome, F. Cardullo, E. C. Constable, C. N. Moorefield, A. M. W. Cargill-

Thompson,, J. Chem. Soc, Chem. Commun., 1993, 925. 

(16)) T. Nagasaki, O. Kimura, M. Ukon, S. Arimori, I. Hamachi, S. Shinkai, J. Chem. Soc, 

Perkin.Perkin. Trans. 1,1994, 75. 

(17)) W. T. S. Huck, F. C. J. M. van Veggel, D. N. Reinhoudt, Angew. Chem. Int. Ed. Engl, 

1996,, 35, 1213. 

(18)) G.-X. Liu, R. J. Puddephatt, Organometallics, 1996, 15, 5257. 

(19)) M. Petrucci-Samija, V. Guillemette, M. Dasgupta, A. K. Kakkar, J. Am. Chem. Soc, 1999, 

121,121, 1968. 

(20)) C.-O. Turrin, J. Chiffre, D. de Montauzon, J.-C. Daran, A.-M. Caminade, E. Manoury, G. 

Balavoine,, J.-P. Majoral, Macromoiecules, 2000, 33, 7328. 

(21)) P. J. Dandliker, F. Diederich, M. Gross, C. B. Knobler, A. Louati, E. M. Sandford, Angew. 

Chem.Chem. Int. Ed. Engl, 1994, 33, 1739. 

(22)) H. Brunner, J. Organomet. Chem., 1995, 500, 39. 

(23)) P. Bhyrappa, J. K. Young, J. S. Moore, K. S. Suslick, J. Am. Chem. Soc, 1996, 118, 5708. 

(24)) H.-F. Chow, C. C. Mak, J. Org. Chem., 1997, 62, 5116. 

24 4 



GeneralGeneral introduction 

(25)) G. E. Oosterom, R. J. van Haaren, J. N. H. Reek, P. C. J. Kamer, P. W. N. M. van 

Leeuwen,, Chem. Commun., 1999, 1119. 

(26)) R. van Heerbeek, J. N. H. Reek, P. C. J. Kamer, P. W. N. M. van Leeuwen, Tetrahedron 

Letters,Letters, 1999, 40, 7127. 

(27)) C. Bolm, N. Derrien, A. Seger, Chem. Commun., 1999, 2087. 

(28)) J. W. J. Knapen, A. W. van der Made, J. C. de Wilde, P. W. N. M. van Leeuwen, P. 

Wijkens,, D. M. Grove, G. van Koten, Nature, 1994, 372, 659. 

(29)) D. Seebach, R. E. Marti, T. Hintermann, Helv. Chim. Acta, 1996, 79, 1710. 

(30)) M. Bardaji, M. Kustos, A.-M. Caminade, J.-P. Majoral, B. Chaudret, Organometallics, 

1997,, 16, 403. 

(31)) M. T. Reetz, G. Lohmer, R. Schwickardi, Angew. Chem. Int. Ed., 1997, 36, 1526. 

(32)) R. Schneider, C. Köllner, I. Weber, A. Togni, Chem. Commun., 1999, 2415. 

(33)) A. W. Kleij , R. A. Gossage, J. T. B. H. Jastrzebski, J. Boersma, G. van Koten, Angew. 

Chem.Chem. Int. Ed, 2000, 39, 176. 

(34)) D. A. Tomalia, Macromol. Symp., 1996,101, 243. 

(35)) T. M. Miller, E. W. Kwock, T. X. Neenan, Macromolecules, 1992, 25, 3143. 

(36)) L. J. Mathias, T. W. Carothers, J. Am. Chem. Soc, 1991,113, 4043. 

(37)) A. M. Muzafarov, O. B. Gorbatsevich, E. A. Rebrov, G. M. Ignat'eva, T, B. Chenskaya, V. 

D.. Myakushev, A. F. Bulkin, V. S. Papkov, Polym. Sci., 1993, 35, 1575. 

(38)) C. Lach, P. Muller, H. Frey, R. Mtilhaupt, Macromol. Rapid Commun., 1997, 18, 253. 

(39)) C. Schlenk, A. W. Kleij, H. Frey, G. van Koten, Angew. Chem. Int. Ed., 2000, 39, 3445. 

(40)) O. A. Matthews, A. N. Shipway, J. F. Stoddart, Prog. Polym. Sci., 1998, 23, 1. 

(41)) D. K. Smith, F. Diederich, Chem. Eur. J., 1998, 4, 1353. 

(42)) M. Fischer, F. Vögtle, Angew. Chem. Int. Ed., 1999, 38, 884. 

(43)) K. Inoue, Prog. Polym. Sci., 2000, 25, 453. 

(44)) C. M. Casado, I. Cuadrado, M. Moran, B. Alonso, B. Garcia, B. Gonzalez, J. Losada, 

CoordCoord Chem. Rev., 1999,185-186, 53. 

(45)) A. Adronov, J. M. J. Fréchet, Chem. Commun., 2000, 1701. 

(46)) C. B. Gorman, J. C. Smith, Ace. Chem. Res., 2001, 34, 60. 

(47)) J. M. Lupton, I. D. W. Samuel, R. Beavington, P. L. Burn, H. Bassler, Synthetic Metals, 

2001,7/6,357. . 

(48)) R. Haag, Chem. Eur. J., 2001, 7, 327. 

(49)) G. E. Oosterom, J. N. H. Reek, P. C. J. Kamer, P. W. N. M. van Leeuwen, Angew. Chem. 

Int.Int. Ed, 2001, 40, 1828. 

(50)) D. Astruc, C R. Acad. Sci. Ser. II, 1996, 322, 757. 

(51)) P. Weyermann, J.-P. Gisselbrecht, C. Boudon, F. Diederich, M. Gross, Angew. Chem. Int. 

Ed,Ed, 1999, 38, 3215. 

25 5 



GeneralGeneral introduction 

(52 2 

(53 3 

(54 4 

(55 5 

(56 6 

(57 7 

(58 8 

(59 9 

(60 0 

(61 1 

(62 2 

(63 3 

(64 4 

(65 5 

(66 6 

(67 7 

(68 8 

(69 9 

(70 0 

(71 1 

(72 2 

(73 3 

(74 4 

(75 5 

(76 6 

(77 7 

M.. Enomoto, T. Aida, J. Synth. Org. Chem., Jpn., 1999, 57, 924. 

S.. Hecht, J. M. J. Fréchet, Angew. Chem. Int. Ed., 2001, 40, 74. 

H.. Kobayashi, N. Sato, T. Saga, J. Konishi, K. Togashi, M. W. Brechbiel, Radiology, 2000, 

217,217, 132. 

C.. S. Winalski, S. Shortkroff, R. V. Mulkern, G. M Rosen, Radiology, 2000, 217, 452. 

H.. Kobayashi, N. Sato, S. Kawamoto, T. Saga, A. Hiraga, T. Laz Haque, T. Ishimori, J. 

Konishi,, K. Togashi, M. W. Brechbiel, Bioconjugate Chem., 2001, 12, 100. 

G.. R. Newkome, L. A. Godinez, C. N. Moorefield, Chem. Commun., 1998, 1821. 

C.. Valério, E. Alonso, J. Ruiz, J.-C. Blais, D. Astruc, Angew. Chem. Int. Ed., 1999, 38, 

1747. . 

F.. Zeng, S. C. Zimmerman, Chem. Rev., 1997, 97, 1681. 

H.. W. Gibson, L. Hamilton, N. Yamaguchi, Polym. Adv. Teehnoi, 2000, / /, 791. 

S.. W. Poxon, P. M. Mitchell, E. Liang, J. A. Hughes, Drug Delivery, 1996, 3, 255. 

Z.. Sideratou, D. Tsiourvas, C. M. Paleos, Langmuir, 2000, 16, 1766. 

I.. Baussanne, J. M. Benito, C. Ortiz-Mellet J. M. Garcia-Fernandez, H. Law, J. Defaye, 

Chem.Chem. Commun., 2000, 1489. 

C.. Koijma, K. Kono, K. Maruyama, T. Takagishi, Bioconjugate Chem., 2000, 77,910. 

H.. Cheng, R. Zhou, L. Liu, B. Du, R. Zhuo, Genetica, 2000, 108, 53. 

H.. Yoo, R. L. Juliano, Nucleic Acids Research, 2000, 28, 4225. 

A.. Mortreux, F. Petit, Industrial Applications of Homogeneous Catalysis, D. Riedel 

Publishingg Company, Dordrecht 1988. 

F.. R. Hartley, Supported Metal Complexes, D. Riedel Publishing Company, Dordrecht 

1985. . 

U.. Kragl, C. Dreisbach, C Wandrey, in B. Cornils, W. A. Herrmann (Eds.): Applied 

HomogeneousHomogeneous Catalysis with Organometallic Compounds, Vol. 2, VCH, Weinheim 1996, 

p.. 832. 

E.. Bayer, V. Schurig, Angew. Chem., 1975, 87, 484. 

E.. Steckhan, S. Herrmann, R. Ruppert, J. Thömmes, C. Wandrey, Angew. Chem. Int. Ed. 

Engl,Engl, 1990, 29, 388. 

U.. Kragl, C. Dreisbach, Angew. Chem. Int. Ed. Engl., 1996, 35, 642. 

G.. Giffels, J. Beliczey, M. Felder, U. Kragl, Tetrahedron: Asymmetry, 1998, 9, 691. 

S.. Rissom, J. Beliczey, G. Giffels, U. Kragl, C. Wandrey, Tetrahedron: Asymmetry, 1999, 

70,923. . 

M.. Kimura, Y. Sugihara, T. Muto, K. Hanabusa, H. Shirai, N. Kobayashi, Chem. Eur. J., 

1999,, 5, 3495. 

D.. Gudal, Angew. Chem. Int. Ed. Engl, 1997, 36, 1951. 

H.. Frey, C. Lach, K. Lorenz, Adv. Mater., 1998, 10, 279. 

26 6 



GeneralGeneral introduction 

(78)) General reviews including carbosilane dendrimers A ^4, 76, 77 

(79)) A. W. van der Made, P. W. N. M. van Leeuwen, J. C. de Wilde, R. A. C. Brandes, Adv. 

Mater.,Mater., 1993, 5, 466. 

(80)) L.-L. Zhou, J. Roovers, Macromo/ecules, 1993, 26, 963. 

(81)) D. Seyferth, D. Y. Son, A. L. Rheingold, R. L. Ostrander, Organometallics, 1994, 13, 

2682. . 

(82)) H. Frey, K. Lorenz, R. Mülhaupt, U. Rapp, F. J. Mayer-Posner, Macromol. Symp., 1996, 

102,102, 19. 

(83)) C. Kim, E. Park, E. Kang, Bull. Korean Chem. Soc, 1996,17, 419. 

(84)) C. Kim, E. Park, E. Kang, Bull. Korean Chem. Soc, 1996, 17, 592. 

(85)) A. W. van der Made, P. W. N. M, van Leeuwen, J. Chem. Soc., Chem. Commun., 1992, 

1400. . 

(86)) J. Roovers, P. M. Toporowski, L.-L. Zhou, Polym. Prepr., Am. Chem. Soc., Div. Polym. 

Chem.,Chem., 1992, 33, 182. 

(87)) A. Morikawa, M. Kakimoto, Y. Imai, Macromolecules, 1992, 25, 3247. 

(88)) P. I. Coupar, P.-A. Jaffrès, R. E. Morris, J. Chem. Soc, Dalton Trans., 1999, 2183. 

(89)) B. Alonso, I. Cuadrado, M. Moran, J. Losada, J. Chem. Soc, Chem. Commun., 1994, 2575. 

(90)) B. Alonso, M. Moran, C. M. Casado, F. Lobete, J. Losada, I. Cuadrado, Chem. Mater., 

1995,, 7, 1440. 

(91)) S. W. Krska, D. Seyferth, J. Am. Chem. Soc, 1998, 120, 3604. 

(92)) B. A. Omotowa, K. D. Keefer, R. L. Kirchmeier, J. M. Shreeve, J. Am. Chem. Soc, 1999, 

121,121, 11130. 

(93)) J. W. Kriesel, T. D. Tilley, Chem. Mater., 2000, 12, 1171. 

(94)) J.J. Keijsper, P. W. N. M. van Leeuwen, A. W. van der Made, EP 0456317 (1991) and US 

52430799 (1993) to Shell Int. Research. 

(95)) A. Miedaner, C. J. Curtis, R. M. Barkley, D. L. DuBois, Inorg. Chem., 1994, 33, 5482. 

(96)) J.-J. Lee, W. T. Ford, J. A. Moore, Y. Li, Macromolecules, 1994, 27, 4632. 

(97)) E. L. V. Goetheer, M. W. P. L. Baars, L. J. P. van den Broeke, E. W. Meijer, J. T. F. 

Keurentjes,, Ind. Eng. Chem. Res., 2000, 39, 4634. 

(98)) A. W. Kleij, R. van de Coevering, R. J. M. Klein Gebbink, A.-M. Noordman, A. L. Spek, 

G.. van Koten, Chem. Eur. J., 2001, 7, 181. 

(99)) M. Dolman, P. J. Hailing, B. D. Moore, Biotechnol. Bioeng., 1997, 55, 278. 

(100)) T. Habicher, F. Diederich, V. Gramlich, Helv. Chim. Acta, 1999, 82, 1066. 

(101)) T. Butz, P. Murer, D. Seebach, Polym. Mater. Sci. Eng., 1997, 77, 132. 

(102)) A. Togni, R. Dorta, C. Köllner, G. Pioda, Pure & Appl. Chem., 1998, 70, 1477. 

(103)) C. Köllner, B. Pugin, A. Togni, J. Am. Chem. Soc, 1998,120, 10274. 

27 7 



GeneralGeneral introduction 

(104)) T. Suzuki, Y. Hirokawa, K. Ohtake, T. Shibata, K. Soai, Tetrahedron: Asymmetry, 1997, 8, 

4033. . 

105 5 

106 6 

107 7 

108 8 

109 9 

110 0 

111 1 

112 2 

113 3 

114 4 

115 5 

116 6 

117 7 

118 8 

119 9 

120 0 

121 1 

122 2 

123 3 

124 4 

125 5 

126 6 

127 7 

T.. Mizugaki, M. Ooe, K. Ebitani, K. Kaneda, J. Mol. Catal. A: Chem., 1999, 145, 329. 

R.. Breinbauer, E. N. Jacobsen, Angew. Chem. Int. Ed., 2000, 39, 3604, 

C.. Francavilla, M. D. Drake, F. V. Bright, M. R. Detty, J. Am. Chem. Soc, 2001, 123, 57. 

I.. Morao, F. P. Cossio, Tetrahedron Lett., 1997, 38, 6461. 

P.. Bhyrappa, J. K. Young, J. S. Moore, K. S. Suslick, J. Mol. Catal. A: Chem., 1996, 113, 

109. . 

P.. B. Rheiner, D. Seebach, Chem. Eur. J., 1999, 5, 3221. 

C.. Francavilla, F. V. Bright, M. R. Detty, Org. Lett., 1999, /, 1043. 

H.. Alper, P. Arya, S. C. Bourque, G. R. Jefferson, L. E. Manzer, Can. J. Chem., 2000, 78, 

920. . 

S.. C. Bourque, F. Maltais, W.-J. Xiao, O. Tardif, H. Alper, P. Arya, L. E. Manzer, J. Am. 

Chem.Chem. Soc, 1999, 121, 3035. 

S.. C. Bourque, H. Alper, L. E. Manzer, P. Arya, J. Am. Chem. Soc., 2000, 722, 956. 

S.. B. Garber, J. S. Kingsbury, B. L. Gray, A. H. Hoveyda, J. Am. Chem. Soc, 2000, 122, 

8168. . 

A.. W. Kleij, R. A. Gossage, R. J. M. Klein Gebbink, N. Brinkmann, E. J. Reijerse, U. 

Kragl,, M. Lutz, A. L. Spek, G. van Koten, J. Am. Chem. Soc, 2000, 122, 12112. 

A.. Gong, Q. Fan, Y. Chen, H. Liu, C. Chen, F. Xi, J. Mol. Catal. A: Chem., 2000, 159, 

225. 225. 

V.. Maraval, R. Laurent, A.-M. Caminade, J.-P. Majoral, Organometallics, 2000, 19, 4025. 

D.. A. Tomalia, P. R. Dvornic, Nature, 1994, 372, 617. 

S.. F. Service, Science, 1995, 267, 458. 

N.. J. Hovestad, E. B. Eggeling, H. J. Heidbüchel, J. T. B. H. Jastrzebski, U. Kragl, W. 

Keim,, D. Vogt, G. van Koten, Angew. Chem. Int. Ed., 1999, 38, 1655. 

E.. B. Eggeling, N, J. Hovestad, J. T. B. H. Jastrzebski, D. Vogt, G. van Koten, J. Org. 

Chem.,Chem., 2000, 65, 8857. 

)) N. Brinkmann, D. Giebel, G. Lohmer, M. T. Reetz, U. Kragl, J. Catal., 1999, 183, 163. 

M.. Maciejewski, J. Macromol. Set.-Chem., 1982, A17, 689. 

A.. M. Naylor, W. A. Goddard III , G. E. Kiefer, D. A. Tomalia, J. Am. Chem. Soc, 1989, 

111,2339. 111,2339. 

J.. F. G. A. Jansen, E. M. M. de Brabander-van den Berg, E. W. Meijer, Science, 1994, 266, 

1226. . 

J.. F. G. A. Jansen, E. W. Meijer, E. M. M. de Brabander-van den Berg, J. Am. Chem. Soc, 

1995,, /17, 4417. 

28 8 



GeneralGeneral introduction 

(128)) J. F. G. A. Jansen, E. W. Meijer, E. M. M. De Brabander-van den Berg, Macromoï. Symp., 

1996,102,, 27. 

129 9 

130 0 

131 1 

132 2 

133 3 

134 4 

135 5 

136 6 

137 7 

138 8 

139 9 

140 0 

141 1 

142 2 

143 3 

144 4 

145 5 

146 6 

147 7 

148 8 

149 9 

150 0 

151 1 

C.. J. Hawker, K. L. Wooley, J. M. J. Fréchet, J. Chem. Soc. Perkin Trans. 1,1993, 1287. 

S.. Mattei, P. Wallimann, B. Kenda, W. Amrein, F. Diederich, Helv. Chim. Acta, 1997, 80, 

2391. . 

G.. Pistolis, A. Malliaris, D. Tsiourvas, C. M. Paleos, Chem. Eur. J., 1999, 5, 1440. 

D.. K. Smith, Chem. Commun., 1999, 1685. 

M.. W. P. L. Baars, R. Kleppinger, M. H. J. Koch, S.-L. Yeu, E. W. Meijer, Angew. Chem. 

Int.Int. Ed, 2000,39, 1285. 

R.. van Heerbeek, J. N. H. Reek, P. C. J. Kamer, P. W. N. M. van Leeuwen, Tetrahedron 

Lett.,Lett., 1999, 40, 7127. 

G.. R. Newkome, C. N. Moorefield, Macromoï. Symp., 1994, 77, 63. 

S.. Stevelmans, J. C. M. van Hest, J. F. G. A. Jansen, D. A. F. J. van Boxtel, E. M. M. de 

Brabander-vann den Berg, E. W. Meijer, J. Am. Chem. Soc, 1996, 118, 7398. 

K.. Ariga, T. Urakawa, A. Michiue, Y. Sasaki, J. Kikuchi, Langmuir, 2000,16, 9147. 

A.. P. H. J. Schenning, C. Elissen-Roman, J.-W. Weener, M. W. P. L. Baars, S. J. van der 

Gaast,, E. W. Meijer, J. Am. Chem. Soc, 1998,120, 8199. 

V.. Chechik, M. Zhao, R. M. Crooks, J. Am. Chem. Soc, 1999, 72/, 4910. 

M.. W. P. L. Baars, A. J. Karlsson, V. Sorokin, B. F. M. de Waal, E. W. Meijer, Angew. 

Chem.Chem. Int. Ed, 2000, 39, 4262. 

U.. Boas, A. J. Karlsson, B. F. M. de Waal, E. W. Meijer,/. Org. Chem., 2001, 66, 2136. 

J.. J. Michels, M. W. P. L. Baars, E. W. Meijer, J. Huskens, D. N. Reinhoudt, J. Chem. Soc, 

PerkinPerkin Trans. 2, 2000, 1914. 

N.. Tomioka, D. Takasu, T. Takahashi, T. Aida, Angew. Chem. Int. Ed., 1998, 37, 1531. 

S.. Uppuluri, D. R. Swanson, L. T. Piehler, J. Li, G. L. Hagnauer, D. A. Tomalia, Adv. 

Mater.,Mater., 2000,12, 796. 

E.. Alvarez-Parrilla, P. R. Cabrer, W. Al-Soufi, F. Meijide, E. R. Nüfiez, J. V. Tato, Angew. 

Chem.Chem. Int. Ed., 2000, 39, 2856. 

V.. Balzani, S. Campagna, G. Denti, A. Juris, S. Serroni, M. Venturi, Coord. Chem. Rev., 

1994,752,1. . 

S.. Achar, R. J. Puddephatt, Angew. Chem. Int. Ed. Engl, 1994, 33, 847. 

S.. Achar, R. J. Puddephatt, J. Chem. Soc, Chem. Commun., 1994, 1895. 

S.. Campagna, G. Denti, S. Serroni, A. Juris, M. Venturi, V. Ricevuto, V. Balzani, Chem. 

Eur.J.,Eur.J., 1995, 7,211. 

W.. T. S. Huck, L. J. Prins, R. H. Fokkens, N. M. M. Nibbering, F. C. J. M. van Veggel, D. 

N.. Reinhoudt,/ Am. Chem. soc, 1998,120, 6240. 

M.. Osawa, M. Hoshino, S. Horiuchi, Y. Wakatsuki, Organometallics, 1999, 18, 112. 

29 9 



GeneralGeneral introduction 

(152)) G. R. Newkome, R. Giither, C. N. Moorefield, F. Cardullo, L. Echegoyen, E. Pérez-

Cordero,, H. Luftmann, Angew. Chem. Int. Ed. Engl, 1995, 34, 2023. 

(153)) H.-F. Chow, I. Y.-K. Chan, D. T. W. Chan, R. W. M. Kwok, Chem. Eur. J., 1996, 2, 1085. 

(154)) E. C. Constable, P. Harverson, M. Oberholzer, Chem. Commun., 1996, 1821. 

(155)) A. R. Stiles, F. F. Rust, W. E. Vaughan.7. Am. Chem. Soc, 1952, 74, 3282. 

30 0 



J.J. Carbosilane dendrimers in a continuous-

flowflow membrane reactor 

Thee synthetic procedure to obtain carbosilane dendrimers containing a branch multiplicity 

off  three and branch lengths of two and three carbon atoms is reported. A continuous-flow 

membranee reactor is presented, which was tested using a Koch/SelRO MPF-60 NF 

membrane.. The retention of several carbosilane dendrimers was measured in a variety of 

solvents.. The retentions vary considerably with the solvent (e.g. 18% (THF) and 79% 

(CH2C12)) for the zeroth generation dendrimer, 78% (THF) and 99.9% (CH2C12) for the 

thirdd generation dendrimer). Dichloromethane gives the highest retentions of the solvents 

testedd and the retention is affected significantly by additives like olefinic substrates. The 

retentionss of linear polystyrene molecules of similar molecular weights are comparable to 

thosee of the dendrimers. 

reactantt flow . 

QQ = dendrimeric catalyst 
—— = membrane 

productt flow 
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Introductio n n 

Duringg the past few decades dendrimers have attracted a lot of attention. 1~5 Already at an 

earlyy stage the potential use of dendrimers as recyclable catalysts was recognised.6-8 

Severall  dendrimeric catalysts have been reported,̂ and some of these systems have been 

usedd in a continuous-flow membrane reactor. 10-13 

Recyclingg of the catalyst can be achieved by performing the reaction batchwise or in a 

continuous-floww membrane reactor. An advantage of a continuously operated reactor is 

thatt concentrations of the reactants can be kept constant, which in some reactions can 

resultt in higher selectivities. So far mainly heterogeneous catalysts and homogeneous 

catalystss anchored to an insoluble support̂  have been used in continuous-flow reactors. 

Thesee systems can have several disadvantages, such as mass transport limitations resulting 

inn a low catalytic activity. 15 In this respect the use of soluble polymers as a catalyst 

supportt 16-20 is advantageous since the catalyst system is homogeneous, which reduces the 

masss transport limitations and thereby increases the catalytic activity. Compared to the 

monomericc homogeneous catalyst, the catalytic activity of these polymer supported 

systemss is generally lower. This is a result of the entanglement of the polymer chains 

blockingg some of the randomly introduced catalytic sites.2! Therefore, the catalyst is more 

stericallyy hindered and not as accessible to the substrate as is the case for the monomeric 

catalyst.. When using dendrimers as a soluble polymer support the catalyst system obtained 

iss well-defined and uniform. Periphery functionalised dendrimers will have their catalytic 

sitess at the surface, thus being readily accessible to the substrate molecules. Furthermore, a 

highh local concentration of catalytic sites on the surface of the dendrimer can lead to 

cooperativityy between the sites, which might result in a different activity or selectivity 

comparedd to the monomeric catalyst. A potential disadvantage of a high local 

concentrationn of catalytic sites is clustering of the transition metal particles to form 

inactivee species. 

Wee have chosen carbosilane dendrimers as a catalyst support because of their inertness in 

catalysis.. Carbosilane dendrimers have the advantage that they are very stable, kinetically 

ass well as thermodynamically. 1 It is important that the dendrimeric support does not effect 

thee catalytic reaction in an undesirable way and that it is stable under catalytic conditions. 

Carbosilanee dendrimers do not contain atoms that can coordinate to a transition metal, 

whichh makes this type of dendrimers favourable as a catalyst support. The commercially 
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availablee poly(propylene imine) and poly(aminoamide) dendrimers contain nitrogen atoms 

thatt can serve as ligands for transition metal catalysts and therefore might influence the 

catalyticc performance. The low polarity of the Si-C bond leads to the formation of very 

apolarr systems. The use of carbosilane dendrimers as a catalyst support can change the 

selectivityy of the catalyst, due to the apolar microenvironment.22 The apolar dendrimeric 

supportt can potentially induce substrate selectivity or in case of e.g. polymerisation 

reactionss generate oligomers with certain chain lengths by letting the chains grow into the 

interiorr of the dendrimer. Another advantage of carbosilane dendrimers is the ease of 

modificationn of the molecule by changing the branch lengths, the branch multiplicities and 

thee core.23-27 -r^g optimised synthesis of carbosilane dendrimers is straightforward, highly 

selectivee and leads to completely functionalised well-defined dendrimeric molecules. In 

19922 the syntheses of carbosilane dendrimers with a branch multiplicity of three and 

branchh lengths of two and three carbon atoms were reported in a short communication.2^ 

Sincee these dendrimers are used in this thesis, a more detailed description of their 

optimisedd synthesis and characterisation will be given in this chapter. In order to use these 

dendrimerss as a catalyst support in a continuous-flow membrane reactor, they should be 

sufficientlyy large to be retained in the reactor by nanofiltration. The retentions of the 

differentt generations of carbosilane dendrimers in a home-made membrane reactor are 

investigatedd to give an indication of the size of the systems required for the use as a 

recyclablee support. 

Resultss &  discussion 

Synthesiss of the carbosilane dendrimers 

Thee carbosilane dendrimers with a branch multiplicity of three and branch lengths of two 

orr three carbon atoms were prepared as shown in scheme 1. A repetitive stepwise synthetic 

routee of hydrosilylation of the vinylic or ally lie endgroups of the dendrimer with 

trichlorosilanee followed by alkenylation with vinylmagnesium chloride or allylmagnesium 

bromidee leads to the different generations of dendrimers. We will use the name C2-

dendrimerss for carbosilane dendrimers with a branch length of two carbon atoms, while 

dendrimerss with a branch length of three carbon atoms will be called C3-dendrimers. 
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Schemee 1. Synthesis of carbosilane dendrimers. 
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Tetrabutylammoniumm hexachloroplatinate was preferred as a catalyst for the 

hydrosilylationn step.28 The Karstedt-catalyst (platinum tetramethyldivinyldisiloxane 

complex),, Pt(PPh3)4 and a Pt55 cluster have also been tried, but with the Karstedt-catalyst 

manyy side products were observed (like the branched product RSiCH(CH3)SiCl3) and with 

Pt(PPli3)44 and the Pts.s cluster the reaction was very slow (the conversion was less than 10% 

afterr stirring overnight). Roovers and co-workers used platinum 

divinyltetramethyldisiloxanee complex (Petrarch PC 072) in THF for the hydrosilylation 

withh dichloromethylsilane.24 When we performed the reaction with trichlorosilane using 

PCC 072 in THF, we observed complete conversion but also formation of side products. 

Forr the dendrimers that are liquids or thin oils the dendrimer was mixed with the solid 

catalystt prior to the addition of trichlorosilane, which was also used as the solvent. When 

usingg the zeroth generation dendrimer (2) complete conversion was reached after 3.5 hours 

off  refluxing or stirring overnight at room temperature. For the first generation dendrimer 

(6)) a slightly longer reaction time was required (3.5 hours of refluxing followed by stirring 

overnightt at room temperature), while for the second generation dendrimer (10) the 

reactionreaction mixture was refluxed for 72 hours followed by stirring at room temperature for 

threee days. Higher generation dendrimers that are thick oils or (wax-like) solids, require 

thee use of co-solvents, since the catalyst hardly dissolves in trichlorosilane. In a more 

generall  procedure for the hydrosilylation of dendrimers diethyl ether and dichloromethane 

aree added as co-solvents. The reaction proceeded at room temperature and longer reaction 
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timess were necessary for higher generation dendrimers. Since some dioxygen must be 

presentt during the reaction in order to form the active catalyst,29'30 a CaCl2-drying tube 

wass used to exclude water. 

Figur ee 1. Set-up for the synthesis of allylmagnesium bromide. 

N, , 

allyll  bromide 

oill  bath 
flaskk containing re fluxing Et ,0 
pressuree equalising dropping funnel 
valvee for controlling addition speed 
glasss wool 
magnesium m 
refluxx condenser 
nitrogenn inlet 

Vinylmagnesiumm chloride or allylmagnesium bromide was used for the alkenylation step. 

Sincee every chlorosilane endgroup of the dendrimer must react to obtain a new generation, 

thee Grignard reagent should be of high quality. Commercially available allylmagnesium 

bromidee can contain impurities, which might cause homocoupling of the SiCl endgroups of 

thee dendrimer. Preparation of allylmagnesium bromide using a column of magnesium 

(figuree 1)31-33 allowed the preparation of the Grignard reagent in high concentration (as 

highh as 3 M) without the formation of by-products due to Wurtz coupling reactions. The 

magnesiumm was activated prior to use by stirring it with HgCl2 under a nitrogen 

atmosphere.. Subsequently, it was transferred into a dropping funnel (3) containing a small 

plugg of glass wool. A reflux condenser (7) was placed on top of the dropping funnel and 

connectedd to a nitrogen inlet (8). The allyl bromide was pumped into the top of the reflux 
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condenserr via an HPLC pump. It reacted with the magnesium on the column where it was 

washedd down with the refluxing diethyl ether. The resulting Grignard solution was used for 

thee alkenylation step in the dendrimer synthesis. A solution of the chloro-terminated 

dendrimerr in diethyl ether was added dropwise to the allylmagnesium bromide solution at 

0°C.. The reaction mixture was refluxed for 4 hours, after which the white suspension was 

neutralisedd using aqueous ammonium chloride at 0°C. 

Thee allyl and vinyl terminated dendrimers were purified by flash column chromatography 

afterr which they were pure according to 'H-NMR analysis. However, NMR spectroscopy 

iss not a suitable method to analyse the purity of these dendrimers, and when analysed by 

GPC,, the presence of dimers and trimers could be observed. These impurities are formed 

byy incomplete Grignard substitution and subsequent hydrolysis giving disiloxanes. This 

side-reactionn becomes prominent for the larger dendrimers. Figure 2 shows the 

chromatogramm of a third generation C3-dendrimer (12), with a retention time of 22.9 

minutes,, containing dimers (at 21.6 min.) and trimers (at 21.0 min.). From the 

chromatogramm it is clear that size exclusion chromatography (SEC) is a suitable method to 

purifyy these dendrimers. 

Figuree 2. GPC-trace of 12 containing dimers and trimers as side-products. 
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0.011 -

200 21 22 23 24 

Minutes s 

Characterisationn of the carbosilane dendrimers 

Thee dendrimers were obtained as colourless oils, which are more viscous at higher 

generations.. They were characterised using 'H-, C- and Si-NMR spectroscopy, 

MALDI-TOF-M SS and elemental analysis. The second generation C2-dendrimer (9) is a 

whitee solid and crystals suitable for X-ray analysis were grown from a diethyl 

ether/methanoll  solution. The structure (figure 3) shows that the molecule crystallised with 
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alll  the bonds in a zigzag conformation. The structure is not a perfect sphere, but is rather 

flattened.. The diameter of the dendrimer is approximately 22 A, while the height is -10 A. 

Thee distance between the central silicon atom (Sii) and the silicon atom of the first branch 

pointt (Si2) is 4.6 A (table 1), while the distance between the core Si-atom (Si0 a nd t n e Si-

atomm of the second branch point (813,4) is either 6.4 or 8.8 A; the difference is caused by the 

flattenedd structure of the molecule. 

Figur ee 3. Crystal structure of the second generation Ca-dendrimer (9). 

55 A 

111 A 

^^  I 
.C C 8(4--

si^-cf^ ^ 

v;;  fjf 

Tablee 1. Selected interatomic distances and angles in the second generation C2-dendrimer 

(9). . 

Si,-Si2 2 

Sir Si3 3 

Sii-SU U 

Sii-Ci-C2 2 

Si|-C]-C2-Si2 2 

distancee (in A) angle (in °) 

4.6 6 

6.4 4 

111 1 

179 9 
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Thee structure of the different generations of carbosilane dendrimers was studied using 

molecularr modelling (figure 4, table 2). The modelled structure of 9 was very similar to the 

X-rayy crystal structure, indicating that the results obtained using molecular modelling 

resemblee the structure of the molecules in the solid state. The molecular volume of the 

calculatedd structure of 9 (2522 A3)34 deviated only slightly from that of the X-ray crystal 

structuree (2414 A3) and remained constant during a molecular dynamics run of 100 ps. The 

calculatedd structures of 9 and of the different generations of C3-dendrimers (2, 6, 10, 12) 

shownn in figure 4 give an impression of the differences in size of the various generations. 

Thee third generation dendrimer (12) has a spherical structure, which is expected to be 

favourablee when used as a catalyst in a continuous process, as it will be less likely to go 

throughh the pores of the membrane. Table 3 shows the calculated molecular volumes of a 

seriess of polystyrene molecules having molecular weights in the range of those of the 

dendrimers.. The interpolated calculated volumes of the dendrimers and linear polystyrene 

moleculess are similar. The question arises whether the more spherical dendrimers will have 

higherr retentions in a continuous-flow membrane reactor than the more flexible linear 

polymers. polymers. 

Figuree 4. Molecular modelling structures of G0, Gi, G2 and G3 C3-dendrimers (2, 6, 10, 

12)) and G2 C^-dendrimer (9). 
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Tablee 2. Calculated volumes of variouss generations of 

andd the second generation vinyl-terminated C2-dendrimer 

dendrimerr generation molecularr mass 

(g/mol) ) 

propyl-terminatedd C3 -dendrimers s 

calculatedd molecular volume 

(A3) ) 

C33 G3 8541 11669 

G22 2770 3793 

Gii  845 1186 

Goo 204 301 

C22 G2 1900 2522a 

aThee molecular volume determined by X-ray analysis is 2414 A3. 

Tablee 3. Calculated volumes of various polystyrene molecules. 

molecularr mass calculated molecular volume 

(g/mol)) (A* ) 

74877 930 7 

26000 335 0 

15500 194 9 

7311 92 3 

Gell  permeation chromatography (GPC) allows a good separation of the different 

generationss of carbosilane dendrimers. Figure 5a shows the In of the molecular mass 

versuss the retention time of the various C3-dendrimers. A different column is used for the 

measurementss in dichloromethane than for those in THF; this can explain the differences 

inn retention times for the different solvents. When the same correlation is made for a series 

off  polystyrene standards (figure 5b) it can be seen that the curves are very similar 

comparedd to those of the dendrimers, but they seem to be slightly closer together for the 

twoo solvents. When comparing all four curves the differences seem negligible, although 

thee curves of the dendrimers tend to show a slightly steeper slope. Therefore, the rheology 

off  the dendrimers up to the third generation is expected to be similar to that of polystyrene. 

Higherr generation dendrimers might deviate from the curve, as is already indicated by the 

slightlyy higher position of the points of the third generation dendrimer on the curves. Such 

aa deviation was reported by Hawker et al. They compared dendrimeric and linear polyether 

macromoleculess and observed that the hydrodynamic volume of these molecules up to the 
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fourthh generation was essentially the same, while the linear derivatives have a larger 

molecularr volume compared to the fifth and sixth generation dendrimers. 35 They attribute 

thiss result to the more compact globular structure of the dendrimer compared to the random 

coill  structure of its linear analogue. 

Figuree 5. Ln(MW) versus the GPC retention time of Go, Gi, G2 and G3 C3-carbosilane 

dendrimersdendrimers (a) and of several polystyrene standards (b). 
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Reactorr  set-up 

Soo far only a few reports describe the use of dendrimeric catalysts in a continuous-flow 

membranee reactor. Vogt, Van Koten and co-workers reported the hydrovinylation of 

styrenee using palladium complexes of phosphine-ester-functionalised carbosilane 

dendrimers.. This reaction was performed in dichloromethane, using a Koch/SelRO MPF-

600 nanofiltration membrane (molecular weight cut-off (MWCO) = 400 Dalton). 12,36 j n e 

usee of diphenylphosphine-functionalised poly(propylene imine) dendrimers as ligands in 

thee continuous palladium-catalysed allylic substitution reaction was described by Reetz, 

Kragll  and co-workers. The Koch/SelRO MPF-50 nanofiltration membrane (MWCO = 700 

Dalton)) was preferred to the Nadir UF-PA-5 ultrafiltration membrane, since this membrane 

gavee a higher retention of the dendrimeric catalyst JO Van Koten and co-workers used an 

NCN(pincer)Ni-functionalisedd carbosilane dendrimer for the Kharasch addition reaction in 

aa continuous process. They also used the Koch/SelRO MPF-50 NF membrane.13 In all 

thesee examples dichloromethane was used as a solvent in combination with a Koch/SelRO 

nanofiltrationn membrane. To our knowledge these are the most suitable commercially 

availablee membranes for the filtration of this size of molecules using organic solvents. 

Wee developed a continuous-flow membrane reactor that can be used for various catalytic 

reactionss either as an open or a closed system. Figure 6 shows a cross section view of the 
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reactor.. It consists of a stainless steel autoclave in which the reaction vessel (4) is 

restrainedd by a spring (2). The volume of the autoclave is reduced to 5 mL by inserting a 

metall  stopping piece (6). The catalyst solution can be injected into the autoclave via a two-

wayy valve (7). The membrane (10) is located at the bottom of the autoclave and kept in 

placee by a Viton® O-ring (3). A crossed stirring bar (7) is placed on a gauze (8) that 

protectss the membrane. 

Figur ee 6. Cross section view of the membrane reactor. 
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Figuree 7a. Schematic presentation of the open system membrane reactor. 
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Figuree 7b. Schematic presentation of the closed system membrane reactor. 

purge e 

 = dendrimeric catalyst — 

/.. gas inlet 
2.2. purge 
3.3. stock autoclave for substrate solution 
4.4. beaker for product solution 
5-8.5-8. three-way valves 
9.9. piston pump 

66 ' 5 
-- = membrane 

0.0. manometric module 
/.. magnetic stirring bar 
2.2. electric heater 
3.3. reactor 
4.4. thermocouple 
5.. valve for injecting catalyst solution n 

42 2 



CarbosilaneCarbosilane dendrimers in a continuous-flow membrane reactor 

Thee open system (figure 7a) consists of a vessel containing the substrate solution (2) 

(usuallyy under inert atmosphere) connected to the membrane reactor (77) via an HPLC-

pumpp (7). The substrate solution is pressed through the membrane and is collected in an 

openn vessel (14) or a fraction collector. The pressure drop over the membrane can vary 

fromm -2 to 24 bar. When the pressure exceeds 24 bar, the pump cannot function properly. 

Thiss set-up can be used for reactions that are performed under atmospheric pressure such 

ass allylic substitution reactions. 

Thee closed system̂ (figure 7b) consists of a stainless steel vessel containing the substrate 

solutionn (3), which can be brought under pressure (e.g. H2). The substrate solution, 

saturatedd with the gas mixture used, is pumped into the reactor (13) via an HPLC-pump 

(9),, pressed through the membrane and then drops into a glass beaker that floats on the 

substratee solution (4). Samples of the product solution can be taken directly after the 

membranee using a valve (8). This set-up can be used for reactions that require pressures 

betweenn 1 and 10 bar, such as hydrogenation reactions. 

Retentionn of carbosilane dendrimers 

Inn order to determine which generations of the carbosilane dendrimers are suitable as a 

catalystt support for the use in a continuous-flow membrane reactor, the retention of various 

dendrimerss using the Koch/SelRO MPF-60 NF membrane has been measured. The 

dendrimerr was transferred into the reactor which was flushed with solvent for a certain 

time.. Subsequently, the retentions were determined by GPC-analysis of the contents of the 

reactorr and of the solution that had passed through the membrane. Table 4 shows the 

resultss of the different generations of the C3-dendrimers using dichloromethane and THF 

ass the solvent. As expected, as the size of the dendrimer increases (see table 2 and figure 

4),, the retention becomes higher. Figure 9a shows how much of the various dendrimers 

wil ll  be retained in the membrane reactor, using the retentions of table 4. The second and 

thirdd generation dendrimers (10 and 12) show high retentions; after 20 reactor volumes of 

solventt have been pumped through the reactor still 98% of the third generation dendrimer 

iss in the reactor and 96% of the second generation dendrimer. When the same amount of 

solventt is pumped through, there is only 70% of the first generation dendrimer (6) left. The 

zerothh generation dendrimer (2) is nearly completely washed out after 20 reactor volumes. 

Thee molecular weight cut-off of the membrane (400 Dalton) is in between the molecular 

weightss of the zeroth and first generation dendrimers (MW = 204 and 845 Da, 
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respectively),, which is reflected by the significant difference between the retentions of 

thesee dendrimers. For comparison also a series of linear polystyrene polymers has been 

measuredd (table 5). The interpolated values of the retentions of these linear polymers are 

similarr to those of the dendrimers with corresponding molecular weight. For the spherical 

structuree of the dendrimers to make a real difference in the retention, we probably have to 

lookk at higher generations. 

Figuree 8. The first generation C2- and C3-carbosilane dendrimers. 

sr -- -Si 

^ s \\ ) // 
Si i 

// / 

firstt generation C2-dendrimer first generation C3-dendrimer 

Tablee 4. Retention of various generations of C3-dendrimers and the second generation C2-

dendrimerr in CH2CI2 and in THF. 

dendrimerr generation molecular mass retention in CH2Cl2a retention in THFb 

(g/mol)) (%) (%) 

C33 G3 12 8112.2 99.9 78 

77 7 

74 4 

18 8 

C22 G2 9 1899.9 99.8 98.9 
aThee reproducibility using CH2C12 was good: for 12: 99.6-99.9%, for 10: 99.5-99.8%, for 

9:: 99.7-99.8%; bThe reproducibility using THF was poor: for 12: 60-78%, for 10: 58-77%, 

forr 9: 98.1-98.9%; 6 and 2 have been measured only once. 
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Tablee 5. Retention of polystyrene in CH2CI2. 

molecularr mass 

(g/mol) ) 

935000 0 

13700 0 

2360 0 

760 0 

retentionn in CH2CI2 

(%) ) 

99.9 9 

99.9 9 

99.7 7 

98.1 1 

Figuree 9. The theoretical amount of C3-dendrimer that is retained in the membrane reactor 

ass a function of time, using CH2CI2 (a) or THF (b) as a solvent, 

(a)) (b) 

00 5 10 15 20 0 5 10 15 20 

substratee flow (in reactor wlumes) substrate flow(in reactor volumes) 

- * —— G3 - * - G 2 — G1 GO - ^ É - G 3 - * _ G 2 - t - G 1 GO 

Thee retentions of the various generations of dendrimers in THF appeared to be very low.38 

Thee third generation dendrimer (12) with a molecular weight of 8112 g/mol is hardly 

retainedd by the membrane at all; the retention is even lower than that of the zeroth 

generationn dendrimer using dichloromethane. All the dendrimers will be washed out after 

lesss than 20 reactor volumes (figure 9b). 

Thee retention of the second generation C2-dendrimer (9) (MW = 1899.9 g/mol) was found 

too be 98-99% when using THF as a solvent, compared to 99.8% in dichloromethane (last 

entryy in table 4), see figure 8 for comparison of C2- and C3-dendrimers. Here we also see 

thatt the retention in THF is lower than that in dichloromethane, but the retention in THF is 

stilll  reasonable. Due to the poor reproducibility using THF as a solvent, we cannot draw 

conclusionss about the differences between the C2- and C3-dendrimers. 
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Too get an impression about the retentions of the dendrimers in other solvents or substrate 

solutionss commonly used for catalytic reactions, we performed a quick scan using a variety 

off  solutions. 

Onee solvent that is commonly used in catalytic reactions is toluene. We performed 

retentionn measurements of the second and third generation Cj-dendrimers using toluene as 

aa solvent. These retentions were found to be considerably lower than those measured in 

dichloromethanee (table 6, entries 1 and 2). 

Rhodiumm complexes of phosphine-functionalised carbosilane dendrimers are active in the 

rhodiumm catalysed hydroformylation of 1-octene (see chapter 3). For this reaction toluene 

wass used as a solvent, ! -octene as the substrate and w-decane as an internal standard. The 

retentionn measurements in toluene show that this is not a suitable solvent for our 

membranee reactor set-up. If the reaction were to take place in the absence of solvent, using 

thee substrate 1-octene in combination with the internal standard w-decane, the retention is 

reducedd even further (entry 3). Dichloromethane gives the highest retentions, but the 

additionn of substrate (1 -octene) and internal standard («-decane) lowers the retention so 

muchh that the second or third generation dendrimers would not be suitable for a continuous 

processs (entry 4). Interestingly, the second and third generation dendrimers give very 

similarr retentions using this substrate solution, even though the molecular masses are very 

different.. The same was observed when using THF as a solvent. 

Tablee 6. Retention of the second and third generation C3-dendrimers in various solvents, 

solventt G2 (10) G3 (12) 

CH2C122 99.8 99.9 

toluenee 79 92 

1-octene/w-decanee (1:1) 78 91 

CH2C122 + 1 -octene (8%) + /7-decane (8%) 94 95 

Nott only the properties of the dendrimers change in the various solvents, but also those of 

thee membrane. If dichloromethane is used as a solvent, the flow rate during the retention 

measurementss can be as high as 15 mL/h. When using THF as a solvent the flow rate 

cannott exceed 6 mL/h without building up too much pressure over the membrane.39 For 

toluenee or a mixture of 1-octene and w-decane (1:1) the maximum flow rate is only 0.72 

mL/h. . 
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Conclusions s 

Thee optimised synthesis of carbosilane dendrimers with a branch multiplicity of three and 

branchh lengths of two and three carbon atoms is straightforward, highly selective and leads 

too completely functionalised well-defined dendrimeric molecules. The X-ray crystal 

structuree of the second generation C2-dendrimer shows a slightly flattened structure in 

whichh all bonds have a zigzag conformation. 

Thee retentions of a series of carbosilane dendrimers and linear polystyrene molecules were 

determinedd using a continuous-flow membrane reactor equipped with the Koch/SelRO 

MPF-600 nanofiltration membrane. The retentions of linear polystyrene molecules were 

comparablee to those of the dendrimers, which indicates that the dendrimers used in this 

studyy are very flexible. We found a large solvent effect for the carbosilane dendrimers 

usingg the Koch/SelRO MPF-60 NF membrane in the continuous set-up. Dichloromethane 

iss the best solvent tested so far. The presence of 1-octene, as a substrate for e.g. catalytic 

hydroformylation,, in the solvent lowers the retention of the dendrimers. Consequently, 

whenn using dendrimeric catalysts in a continuous-flow membrane reactor, the retention of 

thee catalyst should be measured using the substrate solution. It is clear that the application 

off  the Koch/SelRo MPF 60 NF membrane is limited. 

Experimentall  section 

Generall  data. THF and diethyl ether were distilled from sodium/benzophenone and 

dichloromethanee was distilled from calcium hydride prior to use. 1-Octene was filtered over 

aluminaa (Acros, aluminum oxide, activated, neutral, 50-200 micron) before use. Chemicals 

weree purchased from Aldrich Chemical Co. and Acros Chimica and were used without further 

purification.. Silica 60 (SDS Chromagel, 70-200 urn) was used for column chromatography. 

Tetrabutylammoniumm hexachloroplatinate was prepared according to a literature procedure.28 

'H-,, 31P-{'H} - and ,3C-{'H}-NM R spectra were recorded on a Bruker AMX 300. 29Si-{'H} -

NMRR spectra were measured on a Bruker AC 100 and on a Bruker DRX 300 spectrometer. 

Thee chemical shifts are given in ppm relative to TMS for 'H-, l3C- and 29Si-NMR and relative 

too H3PO4 for 31P-NMR. Matrix Assisted Laser Desorption Ionisation (MALDI ) Time-of-Flight 

(TOF)) mass spectrometry was performed using a Perkin Elmer/PerSeptive Biosystems 

Voyager-DE-RPP MALDI-TOF mass spectrometer (PerSeptive Biosystems, Inc., Framingham, 

MA,, USA) equipped with delayed extraction. A 337nm UV Nitrogen laser producing 3ns 

pulsess was used and the mass spectra were obtained in the linear and reflectron mode. Samples 

weree prepared in an Atmosbag (Aldrich) filled with argon by mixing 10 ul of dichloromethane 
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solutionn of the sample with 30 u.1 of a solution of 3 mg/l 2,5-dihydroxybenzoic acid (DHB) or 

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

thee solvent was removed and the sample transferred to the vacuum of the mass spectrometer 

forr analysis. Silver trifluoroacetate was used for the ionisation of the molecules.^M' GC-MS 

measurementss were performed on a HP 5971 Series mass selective detector coupled to a HP 

58900 Series II gas chromatograph. Elemental analyses were measured on an Elementar Vario 

ELL apparatus. The GPC measurements were performed on a Shimadzu apparatus equipped 

withh a Waters Styragel Column HR 1, HR 2 and HR 4 in series and with a RID-10A refractive 

indexx detector and a SPD-10A VP UV-V1S 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. The membrane used for the retention measurements is a Koch/SelRO 

MPF-600 NF membrane (Koch Membrane Systems, Diisseldorf, Germany) with a molecular 

weightt cut-off (MWCO) of 400 Dalton. 

Synthesis s 

Typicall  procedure for the preparation of the chloro-tenninated dendrimers: 

Methodd A: using trichlorosilane as the solvent. 

Thee allyl terminated dendrimer was transferred to a dry flask under an atmosphere of purified 

nitrogenn and [Bu4N]2[PtCl6] was added as a solid. After stirring for 30 minutes trichlorosilane 

wass added and the reaction mixture was refluxed and/or stirred at room temperature. Longer 

reactionn times were required for higher generation dendrimers. The reaction was monitored by 

'H-NMRR spectroscopy. When the conversion was complete the excess of trichlorosilane was 

removedd in vacuo and the dendrimer was used in subsequent reactions. 

Methodd B: using diethyl ether and dichloromethane as co-solvents. 

Thee allyl terminated dendrimer was transferred to a dry flask under an atmosphere of nitrogen 

andd the co-solvents diethyl ether and dichloromethane (3:4) were added. For 1 g of dendrimer 

1.55 mL diethyl ether and 2 mL dichloromethane were used. A solution of [Bu4N]2[PtCl6] in 

dichloromethanee was added {10"~ mol catalyst per mol of allyl endgroups), followed by the 

trichlorosilanee (1.5 equivalents based on the amount of allyl groups). Subsequently, the flask 

wass taken off the nitrogen flow and a CaCL-tube was used to prevent water from reaching the 

reactionn mixture. The reaction was followed by 'H-NMR spectroscopy and if the progress in 

thee reaction stopped fresh catalyst solution was added. When the conversion was complete the 

solventt was removed in vacuo and the dendrimer was used in subsequent reactions. 

48 8 



CarbosilaneCarbosilane dendrimers in a continuous-flow membrane reactor 

Si(CH2CH2SiCl3)4: : 

3:: This compound was prepared from tetravinylsilane and trichlorosilane yielding a white 

solid.. 'H-NMR (300 MHz, CDC13): <5 1.30 (m, 8H, SiCH2C//2SiCl), 0.90 (m, 8H, 

SiC//2CH2SiCl).. I3C-{'H}-NM R (75 MHz, CDCI3): 5 16.8 (s, SiCH2CH2SiCl), 1.8 (s, 

SiCH2CH2SiCl). . 

Si(CH2CH2Si(CH2CH2SiCl3)3)4: : 

7::  This compound was prepared from 5 and trichlorosilane yielding a white solid. 'H-NMR 

(3000 MHz, CDCI3): 5 1.24 (m, 24H, SiCH2C//2SiCl), 0.86 (m, 24H, SiC//2CH2SiCl), 0.48 (s 

(br.),, 16H, SiC//2C//2Si inner ring). 13C-{'H}-NM R (75 MHz, CDC13): 5 18.8 (s, 

SiCH2CH2SiCl),, 4.4 and 3.6 (s, SiCH2CH2Si inner ring), 3.2 (s, SiCH2CH2SiCl). 29Si-{ ]H} -

NMRR (59.6 MHz, CDC13): S 12.3 (s), 10.8 (s), 9.7 (s). 

Si(CH2CH2CH2SiCl3)4: : 

4:: This compound was prepared from tetraallylsilane and trichlorosilane yielding a colourless 

liquid.. 'H-NMR (300 MHz, CDC13): S 1.66 (m, 8H, SiCH2CH2C//2SiCl), 1.50 (m, 8H, 

SiCH2C//2CH2SiCl),, 0.76 (m, 8H, SiC//2CH2CH2SiCl). 13C-{'H}-NM R (75 MHz, CDC13): S 

28.11 (s, SiCH2CH2CH2SiCl), 17.1 (s, SiCH2CH2CH2SiCl), 14.9 (s, SiCH2CH2CH2SiCl). 29Si-

{'H}-NM RR (19.9 MHz, CDCI3): ö 12.0 (s), 1.6 (s). 

Si(CH2CH2CH2Si(CH2CH2CH2SiCl3)3)4: : 

8::  This compound was prepared from 6 and trichlorosilane yielding a colourless oil. H-NMR 

(3000 MHz, CDCI3): 8 1.65 (m, 24H, SiCH2CH2C//2SiCl), 1.49 (m, 24H, SiCH2C//2CH2SiCl), 

1.300 (m, 8H, SiCH2C#2CH2Si inner ring) 0.73 (m, 8H, SiC//2CH2CH2SiCl), 0.61 (m, 16H, 

SiC//2CH2C//2Sii  inner ring). 13C-{'H}-NM R (75 MHz, CDC13): 6 28.2 (s, 

SiCH2CH2CH2SiCl),, 17.2 (s, SiCH2CH2CH2SiCl), 15.2 (s, SiCH2CH2CH2SiCl), C-atoms of the 

innerr ring were not observed. 29Si-{'H}-NM R (19.9 MHz, CDC13): 5 12.1 (s), 1.2 (s). 

Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH2CH2SiCl3)3)3)4: : 

11:: This compound was prepared from 10 and trichlorosilane yielding a colourless thick oil. 

'H-NMRR (300 MHz, CDC13): S 1.62 (m, 72H, SiCH2C//2CH2SiCl), 1.49 (m, 72 H, 

SiCH2CH2C//2SiCl),, 1.4-1.1 (m, 32H, SiCH2C//2CH2Si inner ring), 0.8-0.5 (m, 136H, 

SiC#2CH2CH2SiCll  + SiC#2CH2C//2Si inner ring). 13C-{'H}-NM R (75 MHz, CDC13): 5 29.9 
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(s,, SiCH2CH2CH2SiCl), 18.8 (s, SiCH2CH2CH2SiCl), 16.8 (s, SiCH2CH2CH2SiCl), C-atoms of 

thee inner ring were not observed. 

Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH2CH2SiCI3)j)3)3)4: : 

13:: This compound was prepared from 12 and trichlorosilane. 'H-NMR (300 MHz, CDCI3): 8 

1.633 (m, 216H, SiCH2C//2CH2SiCl), 1.48 (m, 216H, SiCH2CH2C//:SiCl), 1.4-1.1 {m, 104H, 

SiCH2C//2CH2Sii  inner rings), 0.8-0.5 (m, 424H, SiC//2CH2CH2SiCl + SiC//2CH2C//2Si inner 

rings). . 

Vinylmagnesiumm chloride: 

Thee magnesium was stirred overnight under a nitrogen atmosphere prior to use. To a 

suspensionn 36 g of the activated magnesium {1.5 mol) in 50 mL THF 1 L of a 1 M solution of 

vinyll  chloride in THF (1.0 mol) was added dropwise. The reaction was started by addition of 

1,2-dibromoethanee (~2 mL). Initially, no heating was required. When the heat evolved was no 

longerr sufficient to maintain a temperature of 40°C or higher, the reaction mixture was heated 

(40°C)) during the remaining time of addition. 

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

Si(CH2CH2Si(CH=CH2)3)4: : 

5:: The reaction was carried out under an atmosphere of purified nitrogen. A solution of 4.75 g 

33 (7.0 mmol) in 40 mL of diethyl ether was added dropwise to 146 mL 0.63 M 

vinylmagnesiumm chloride solution in THF (92 mmol). After stirring for 4 hours at 50°C the 

reactionn mixture was stirred overnight at room temperature. The white suspension was 

neutralisedd by addition of aqueous NH4CI (10%). The water layer was extracted with diethyl 

ether.. The organic layer was washed with water, dried over MgS04 and concentrated. The 

crudee product was purified by flash chromatography (silica, hexane). The product was 

obtainedd as a colourless liquid in 78% yield (3.14 g, 5.44 mmol). 'H-NMR (300 MHz, CDC13). 

55 6.11 (m, 24H, SiCH=C//2), 5.78 (dd, 12H, SiC//=CH2,2JHH= 17.6 Hz, VHH = 6.6 Hz), 0.56 

(m,, 16H, SiC//2C//2Si). 13C-{'H}-NM R (75 MHz, CDC13): 8 136.0 (s, SiCH=CH2), 135.9 (s, 

SiCH=CH2),, 6.3 (s, SiCH2CH2Si), 4.0 (s, SiCH2CH2Si). 29Si-{'H}-NM R (59.6 MHz, CDC13): 

88 10.4 (s), -18.3 (s). 

Si(CH2CH2Si(CH2CH2Si(CH=CH2)3)3)4: : 

9::  This compound was prepared from 7 and vinylmagnesium chloride using the same 

proceduree as for 5, yielding a white solid. The crude product was recrystallised from a diethyl 
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etherr / methanol mixture. 'H-NMR (300 MHz, CDC13): 56.08 (m, 72H, SiCH=C//2), 5.75 (dd, 

36H,, SiC//=CH2,
2JHH= 17.8 Hz, 3JHH= 6.5 Hz), 0.52 (m, 48H, SiC//2C//2Si outer ring), 0.32 

(m,, 16H, SiCH2CH2Si inner ring). ,3C-{'H}-NM R (75 MHz, CDC13): ö 136.0 (s, SiCH=CH2), 

135.66 (s, SiCH=CH2), 6.3 (s, SiCH2CH2Si outer ring), 4.2 (s, SiCH2CH2Si inner ring), 3.8 (s, 

SiCH2CH2Sii  outer ring). 29Si-{'H}-NM R (59.6 MHz, CDC13): S 10.5 (s), 9.2 (s), -18.3 (s). 

MALDI-TOF-MS:: m/z 2008.2 ( [M+Ag p (calcd. 2007.8). 

Allylmagnesiumm bromide: 

Magnesiumm (75 g) was activated by stirring it with HgCl2 (0.75 g) under a nitrogen atmosphere 

forr four days. Subsequently, it was transferred into a 250 mL dropping funnel containing a 

smalll  plug of glass wool. A 2 L three-necked round-bottom flask was equipped with a 

magneticc stirring bar and the dropping funnel. A reflux condenser was placed on top of the 

droppingg funnel and connected to a nitrogen inlet. Diethyl ether was brought onto the 

magnesiumm in the dropping funnel and the reaction was started by addition of 1,2-

dibromoethanee (2 mL). The round-bottom flask contained 750 mL of refluxing diethyl ether. 

Thee allyl bromide (130 mL) was pumped into the top of the reflux condenser via an HPLC 

pumpp (Gilson Model 302) at a rate of 0.45 mL/min. After the addition was complete the 

slightlyy yellow Grignard reagent was cooled to room temperature and titrated with s-butanol in 

xylenee using 1,10-phenantroline as indicator (800 mL 1.8 M). The dropping funnel containing 

thee activated magnesium can be stored and used for another reaction. 

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

Tetraallylsilane:Si(CH2CH=CH 2)4: : 

2::  The reaction was carried out under an atmosphere of purified nitrogen. A solution of 37.2 

mLL tetrachlorosilane (0.325 mol) in 100 mL of diethyl ether was added dropwise to 800 mL 

1.88 M allylmagnesium bromide solution in diethyl ether (1.44 mol) at 0°C. After refluxing for 

44 hours the reaction mixture was stirred overnight at room temperature. The white suspension 

wass neutralised by addition of aqueous NH4C1 (10%) at 0°C. The water layer was extracted 

withh diethyl ether. The organic layer was washed with water, dried over MgSCX, and 

concentrated.. The crude product was purified by flash column chromatography (silica, 

hexane).. The product was obtained as a colourless liquid in 79% yield (49.12 g, 0.255 mol). 

'H-NMRR (300 MHz, CDC13): 5 5.79 (m, 4H, SiCH2C//=CH2), 4.91 (d, 4H, SiCH2CH=C//H, 

VHHH = 17.4 Hz), 4.89 (d, 4H, SiCH2CH=CH/Z, 3JHH = 9.8 Hz), 1.62 (d, 8H, SiC//2CH=CH2, 

VHHH = 8.1 Hz). 13C-{'H}-NM R (75 MHz, CDC13): S 135.4 (s, SiCH2CH=CH2), 115.3 (s, 

SiCH2CH=CH2),, 20.6 (s, SiCH2CH=CH2, 'Jcs, = 34 Hz). 29Si-{'H}-NM R (19.9 MHz, CDC13): 
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88 -1.8 (s). GC-MS m/z 192 (NT), 95 {100%). Anal, calcd. for C12H20Si: C 74.92; H 10.48. 

Found:: C 74.98; H 10.48. 

Si(CH2CH2CH2Si(CH2CH=CH 2)3)4: : 

6::  This compound was prepared from 4 (7.63 g, 10.4 mmol) and allylmagnesium bromide (108 

mLL 1.35 M, 146 mmol) using the same procedure as for 2. The crude product was purified by 

flashh column chromatography (silica, hexane) yielding a colourless oil (7.00 g, 8.73 mmol, 

84%).. 'H-NMR (300 MHz, CDC13): 8 5.79 (m, 12H, SiCH2C//=CH2), 4.90 (m, 24H, 

SiCH2CH=C//2),, 1.60 (d, 24H, SiO/2CH=CH2,
 3JHH = 8.2 Hz), 1.36 (m, 8H, 

SiCH2C//2CH2Si),, 0.68 (t, 8H, SiC//2CH2CH2Si, VHH = 8.4 Hz), 0.57 (t, 8H, SiCH2CH2C//2Si, 

VHHH = 8.3 Hz). I3C-{'H}-NM R (75 MHz, CDCI3): S 135.8 (s, SiCH2CH=CH2), 115.0 (s, 

SiCH2CH=CH2),, 21.1 (s, SiCH2CH=CH2, 'Jcsi = 47 Hz), 19.7 (s, SiCH2CH2CH2Si), 18.9 (s, 

SiCH2CH2CH2Si,, 'Jcs, = 50 Hz), 18.0 (s, SiCH2CH2CH2Si, lJcsi = 52 Hz). 2ySi-{'H}-NM R 

(59.66 MHz, CDCb): 50.4 (s), -1.1 (s). MALDI-TOF-MS: m/z 909.3 ([M+AgD (calcd. 909.5). 

Anal,, calcd. for C48H84Si5: C 71.92; H 10.56. Found; C 72.31; H 10.67. 

Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH=CH2)3)3)4: : 

10:: This compound was prepared from 8 (3.33 g, 1.37 mmol) and allylmagnesium bromide (45 

mLL 1.4 M, 63 mmol) using the same procedure as for 2. The crude product was purified by 

flashh column chromatography (silica, 10% dichloromethane in hexane) yielding a colourless 

oill  (3.46 g, 1.32 mmol, 96%). ]H-NMR(300 MHz, CDC13): 5 5.78 (m, 36H, SiCH2C//=CH2), 

4.899 (m, 72H, SiCH2CH=C//2), 1.59 (d, 72H, SiC//2CH=CH2, VHH = 8.1 Hz), 1.34 (m, 32H, 

SiCH2C//2CH2Si),, 0.68 (m, 24H, SiCH2CH2C//2Si-allyl), 0.60 (m, 40H, SiC//2CH2C//2Si). 
13C-{'H}-NM RR (75 MHz, CDC13): Ö 134.1 (s, SiCH2CH=CH2), 113.4 (s, SiCH2CH=CH2), 

19.55 (s, SiCH2CH=CH2, 'JCs, = 47 Hz), 19.2 and 18.9 and 18.3 (s, SiCH2CH2CH2Si inner ring), 

18.11 (s, SiCH2CH2CH2Si), 17.3 (s, SiCH2CH2CH2Si), 16.5 (s, SiCH2CH2CH2Si). 29Si-{'H} -

NMRR (59.6 MHz, CDC13): 8 0.5 (s), 0.2 (s), -1.1 (s). MALDI-TOF-MS: m/z 2736.9 ([M+Agf ) 

(calcd.. 2737.1). Anal, calcd. for C^H^S i ,?: C 71.26; H 10.58. Found: C 71.54; H 10.78. 

Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH=CH2)3)3)3)4: : 

12:: This compound was prepared from 11 (2.15 g, 0.286 mmol) and allylmagnesium bromide 

(700 mL 1 M, 70 mmol) using the same procedure as for 2. The crude product was purified by 

flashh column chromatography (silica, 15% dichloromethane in hexane) yielding a colourless 

wax-likee solid (2.10 g, 0.259 mmol, 91%). 'H-NMR (300 MHz, CDCb): 5 5.76 (m, 108H, 

SiCH20/=CH2),, 4.89 (m, 216H, SiCH2CH-C//2), 1.59 (d, 216H, SiC//2CH=CH2, VHH = 8.0 
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Hz),, 1.37 (m, 104H, SiCH2Ctf2CH2Si), 0.7-0.5 (m, 208H, SiC#2CH2C//2Si). 13C-{'H}-NM R 

(755 MHz, CDC13): 5 134.0 (s, SiCH2CH=CH2), 113.5 (s, SiCH2CH=CH2), 19.5 (s, 

SiCH2CH=CH2,, Ucsi = 47 Hz), 18.2 (s, SiCH2CH2CH2Si), 17.4 (s, SiCH2CH2CH2Si), 16.6 (s, 

SiCH2CH2CH2Si),, C-atoms of the inner ring were not observed. MALDI-TOF-MS: m/z 8222.4 

([M+Agf )) (calcd. 8220.1). 

Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH=CH2)3)3)3)3)4: : 

14:: This compound was prepared from 13 and allylmagnesium bromide using the same 

proceduree as for 2. After flash column chromatography (silica, 30% dichloromethane in 

hexane)) the product was dissolved in dichloromethane and precipitated using methanol to yield 

aa white solid. 'H-NMR (300 MHz, CDC13): 55.75 (m, 324H, SiCH2C//=CH2), 4.89 (m, 648H, 

SiCH2CH=C//2),, 1.59 (d, 648H, SiCtf2CH=CH2, VHH = 8.0 Hz), 1.40 (m, 320H, 

SiCH2Gtf2CH2Si),, 0.7-0.5 (m, 640H, SiC//2CH2C//2Si). No signal could be observed in 

MALDI-TOF-MS. . 

Crystall  data for 9: C^H^S i ,?, M=1899.96, triclinic, space group Pi , 0=17.2970(4), 

6=19.5782(4),, c=22.2298(5) A, 0-106.1813(15), j8=108.1431(15), T 106.6735(14)°, 

F=6268.0(2)) A3, Z=2, |i(MoKa)=0.2 mm"1, 80242 reflections measured, 14833 independent, 

R,„=0.1352,, (1.6° < 6 < 24.1°, 7=150 K). Only Si atoms were refined with anisotropic 

displacementt parameters. The outside of the molecule shows considerable dynamic disorder, 

whichh gives rise to high displacement parameters and unrealistic geometries. No satisfactory 

disorderr models could be obtained. Mil d distance restraints were introduced for the most 

unrealisticc parameters. w#2=0.2949, /?1=0.1369, S=0.886, -0.38<Ap< 0.78 e A3. 

Retentionn measurements 

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). When it was adjusted in the membrane 

reactor,, the membrane was flushed overnight with CH2C12 or THF. (When toluene or 1-

octene/n-decanee was used as a solvent, the reactor was first flushed overnight with CH2C12 

beforee flushing with the desired solvent.) The dendrimer was transferred into the reactor and 

thee solvent was pumped through for a certain amount of time (e.g. 250 minutes at a flow rate 

off  12 mL/h in order to flush the reactor 10 times). Then both the contents of the reactor and the 
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solutionn that had been pumped through were analysed by GPC. The retention was calculated 

usingg equation (1).'0 

retentionn = l + {ln<a/(a+b))/x}  (1) 

aa = amount of dendrimer inside the reactor after the experiment, based on the area 

underr the peak in the GPC 

bb = amount of dendrimer that went through the membrane, based on the area under 

thee peak in the GPC 

xx = amount of reactor volumes flushed with substrate solution 

Molecularr  modelling 

Molecularr modelling was performed using Macromodel in combination with the MMFF94 

forcee field. The structures were generated using the input mode. They were minimised after a 

molecularr dynamics run of 100 ps. 
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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. 
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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. 

2 2 
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substratee flow (reactor volumes) 

Allyli cc alkylation 

BatchBatch process 

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. 

R R 

EtO O 

RR = Me, Ph, H 
X== H, F 

EtO O 
EtO O 
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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). 

33 3 

substratee flow (reactor volumes) 

71 1 



ChapterChapter 2 

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. 

75 5 



ChapterChapter 2 

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. 

References s 

(1)) E. Buhleier, W. Wehner, F. Vögtle, Synthesis, 1978, 155. 

(2)) G. R. Newkome, Z.-Q. Yao, G. R. Baker, V. K. Gupta, J. Org. Chem., 1985, 50, 2003. 

(3)) D. A. Tomalia, H. Baker, J. Dewald, M. Hall, C. Kallos, S. Martin, J. Roeck, J. Ryder, P. 

Smith,, Polym. J. (Tokyo), 1985, 17, 117. 

(4)) J. Issberner, R. Moors, F. Vögtle, Angew. Chem. Int. Ed., 1994, 33, 2413. 

(5)) G. R. Newkome, C. N. Moorefield, F. Vögtle, Dendritic Molecules, Verlag-Chemie, 

Weinheim,, Germany 1996. 

(6)) J.-P. Majoral, A.-M. Caminade, Chem. Rev., 1999, 99, 845. 

(7)) A. W. Bosman, H. M. Janssen, E. W. Meijer, Chem. Rev., 1999, 99, 1665. 

(8)) S. Serroni, G. Denti, S. Campagna, A. Juris, M. Ciano, V. Balzani, Angew. Chem. Int. Ed. 

Engl.,Engl., 1992, 31, 1493. 

(9)) G. R. Newkome, F. Cardullo, E. C. Constable, C. N. Moorefield, A. M. W. Cargill 

Thompson,, J. Chem. Soc, Chem. Commun., 1993, 925. 

(10)) T. Nagasaki, O. Kimura, M. Ukon, S. Arimori, I. Hamachi, S. Shinkai, J. Chem. Soc, 

Perkin.Perkin. Trans. I, 1994, 75. 

(11)) W. T. S. Huck, F. C. J. M. van Veggel, D. N. Reinhoudt, Angew. Chem. Int. Ed. Engl., 

1996,35,, 1213. 

(12)) G.-X. Liu, R. J. Puddephatt, Organometallics, 1996, 15, 5257. 

(13)) M. Petrucci-Samija, V. Guillemette, M. Dasgupta, A. K. Kakkar, J. Am. Chem. Soc, 1999, 

121,121, 1968. 

(14)) C.-O. Turrin, J. Chiffre, D. de Montauzon, J.-C. Daran, A.-M. Caminade, E. Manoury, G. 

Balavoine,, J.-P. Majoral, Macromolecules, 2000, 33, 7328. 

(15)) P. J. Dandliker, F. Diederich, M. Gross, C. B. Knobler, A. Louati, E. M. Sandford, Angew. 

Chem.Chem. Int. Ed. Engl., 1994, 33, 1739. 

(16)) H. Brunner, J. Organomet. Chem., 1995, 500, 39. 

(17)) P. Bhyrappa, J. K. Young, J. S. Moore, K. S. Suslick, J. Am. Chem. Soc, 1996, 118, 5708. 

(18)) H.-F. Chow, C. C. Mak, J. Org. Chem., 1997, 62, 5116. 

(19)) G. E. Oosterom, R. J. van Haaren, J. N. H. Reek, P. C. J. Kamer, P. W. N. M. van 

Leeuwen,, Chem. Commun., 1999, 1119. 

(20)) R. van Heerbeek, J. N. H. Reek, P. C. J. Kamer, P. W. N. M. van Leeuwen, Tetrahedron 

Letters,Letters, 1999, 40, 7127. 

(21)) C. Bolm, N. Derrien, A. Seger, Chem. Commun., 1999, 2087. 

81 1 



ChapterChapter 2 

(22)) J. W. J. Knapen, A. W. van der Made, J. C. de Wilde, P. W. N. M. van Leeuwen, P. 

Wijkens,, D. M. Grove, G. van Koten, Nature, 1994, 372. 659. 

(23)) D. Seebach. R. E. Marti, T. Hintermann, Helv. Chim. Acta, 1996, 79, 1710. 

(24)) M. Bardaji, M. Kustos, A.-M. Caminade, J.-P. Majoral, B. Chaudret, Organometallics, 

1997,, 16, 403. 

(25)) M. T. Reetz. G. Lohmer, R. Schwickardi, Angew. Chem. Int. Ed., 1997, 36, 1526. 

(26)) R. Schneider, C. Köllner, I. Weber, A. Togni, Chem, Commun., 1999, 2415. 

(27)) A. W. Kleij , R. A. Gossage, J. T. B. H. Jastrzebski, J. Boersma, G. van Koten. Angew. 

Chem.Chem. Int. Ed, 2000, 39, 176. 

(28)) D. de Groot, P. G. Emmerink, C. Coucke, J. N. H. Reek, P. C. J. Kamer, P. W. N. M. van 

Leeuwen.. Inorg. Chem. Commun.. 2000, 3.1 \\. 

(29)) D. Astruc, C R. Acad Sci. Set: II, 1996. 322, 757. 

(30)) D. K. Smith, F. Diederich, Chem. Eur. J., 1998, 4, 1353. 

(31)) M. Fischer. F. Vögtlc, Angew. Chem. Int. Ed, 1999, 38, 884. 

(32)) M. Enomoto, T. Aida, J. Synth. Org. Chem. Jpn., 1999, 57, 32. 

(33)) G. E. Oosterom, J. N. H. Reek, P. C. J. Kamer, P. W. N. M. van Leeuwen, Angew. Chem. 

Int.Int. Ed, 2001. 40, 1828. 

(34)) D. Seebach, P. B. Rheiner, G. Greiveldinger, T. Butz, H. Sellner, Top. Cwr. Chem., 1998, 

197,197, 125. 

(35)) S. C. Bourque, F. Maltais. W.-J. Xiao, O. Tardif, H. Alper, P. Arya, L. E. Manzer, J. Am. 

Chem.Chem. Soc, 1999, 121, 3035. 

(36)) U. KragI, C. Dreisbach, Angew. Chem., Int. Ed., 1996, 35, 642. 

(37)) N. Hovestad. E. B. Eggeling. H. J. Heidbiichel, J. T. B. H. Jastrzebski, U. Kragl, W. Keim, 

D.. Vogt, G. van Koten, Angew. Chem. Int. Ed., 1999, 38, 1655. 

(38)) N. Brinkmann. D. Giebel, G. Lohmer, M. T. Reetz, U. Kragl, J. Catal, 1999, 183, 163. 

(39)) 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.Chem. Commun., 1999, 1623. 

(40)) A. W. Kleij , R. A. Gossage, R. J. M . Klein Gebbink, N. Brinkmann, E. J. Reijerse. U. 

Kragl,, M. Lutz, A. L. Spek, G. van Koten, J. Am. Chem. Soc., 2000, /22, 12112. 

(41)) B. M. Trost, D. L. Van Vranken, Chem. Rev., 1996, 96, 395. 

(42)) M. Johannsen, K. A. Jorgensen, Chem. Rev., 1998, 98, 1689. 

(43)) F. Diederich, P. J. Stang, Metal-catalyzed Cross-coupling Reactions, Wiley-VCH, 

Weinheimm 1998. 

(44)) Y. Uozumi, H. Danjo, T. Hayashi. Tetrahedron Lett., 1997, 38, 3557. 

(45)) N. Riegel, C. Darcel, O. Stéphan, S. Jugé, J. Organomet. Chem., 1998, 567, 219. 

(46)) D. E. Bergbreiter, Y.-S. Liu, P. L. Osburn, J. Am. Chem. Soc, 1998, 120, 4250. 

82 2 



Pd-P-funcüonalisedPd-P-funcüonalised carbosilane dendrimeric catalysts in a continuous process 

(47)) D. E. Bergbreiter, P. L. Osburn, Y.-S. Liu, J. Am. Chem. Soc., 1999, 121, 9531. 

(48)) S. Jayasree, A. Seayad, R. V. Chaudhari, Chem. Commun., 1999, 1067. 

(49)) H. Alper, P. Arya, S. C. Bourque, G. R. Jefferson, L. E. Manzer, Can. J. Chem., 2000, 78, 

920. . 

(50)) A. J. Sandee, D. Dimitrijevic, R. J. van Haaren, J. N. H. Reek, P. C. J. Kamer, P. W. N. M. 

vann Leeuwen, J. Mol. Catal. A, submitted. 

(51)) E. B. Eggeling, N. J. Hovestad, J. T. B. H. Jastrzebski, D. Vogt, G. van Koten, J. Org. 

Chem.,Chem., 2000, 65, 8857. 

(52)) A. W. van der Made, P. W. N. M. van Leeuwen, Chem. Commun., 1992, 1400. 

(53)) L.-L. Zhou, J. Roovers, Macromolecules, 1993, 26, 963. 

(54)) D. Seyferth, D. Y. Son, A. L. Rheingold, R. L. Ostrander, Organometallics, 1994, 13, 

2682. . 

(55)) B. Alonso, I. Cuadrado, M. Moran, J. Losada, J. Chem. Soc., Chem. Commun., 1994, 2575. 

(56)) H. Frey, K. Lorenz, R. Muelhaupt, U. Rapp, F. J. Mayer-Posner, Macromol. Symp., 1996, 

102,102, 19. 

(57)) E. V. Getmanova, T. B. Chenskaya, O. B. Gorbatsevich, E. A. Rebrov, N. G. Vasilenko, A. 

M.. Muzafarov, Reactive & Functional Polymers, 1997, 33, 289. 

(58)) The structure has been calculated using Sybyl in Spartan 5.1.3 on a Unix workstation. 

(59)) I. G. lovel, Y. S. Goldberg, M. V. Shymanska, E. Lukevics, Organometallics, 1987, 6, 

1410. . 

(60)) N. E. Schore, L. S. Benner, B. E. LaBelle, Inorg. Chem., 1981, 20, 3200. 

(61)) A. W. Kleij, R. J. M. Klein Gebbink, P. A. J. van den Nieuwenhuijzen, H. Kooijman, M. 

Lutz,, A. L. Spek, G. van Koten, Organometallics, 2001, in press. 

(62)) E. C. Alyea, R. P. Shakya, A. E. Vougioukas, Transition Met. Chem., 1985, 10, 435. 

(63)) G. P. C. M. Dekker, C. J. Elsevier, K. Vrieze, P. W. N, M. van Leeuwen, Organometallics, 

1992,11,1992,11, 1598. 

(64)) K. Kawamoto, T. Imanaka, S. Teranishi, Bull. Chem. Soc. Jpn., 1970, 43, 2512. 

(65)) M. G. Barlow, M. J. Bryant, R. N. Haszeldine, A. G. Mackie, J. Organomet. Chem., 1970, 

27,215. . 

(66)) R. J. van Haaren, H. Oevering, B. B. Coussens, G. P. F. van Strijdonck, J. N. H. Reek, P. 

C.. J. Kamer, P. W. N. M. van Leeuwen, Eur. J. Inorg. Chem., 1999, 1237. 

(67)) Diethylamine is used instead of piperidine because it can easily be evaporated. 

(68)) M. Feuerstein, D. Laurenti,, H. Doucet, M. Santelli, Chem. Commun., 2001, 43. 

(69)) J. E. Hoots, T. B. Rauchfuss, D. E. Wrobleski, Inorg. Synth., 1991, 28, 175. 

(70)) R. E. Rülke, I. M. Han, C. J. Elsevier, K. Vrieze, P. W. N. M. van Leeuwen, C. F. 

Roobeek,, M. C. Zoutberg, Y. F. Wang, C. H. Stam, Inorg. Chim. Acta, 1991, 169, 5. 

(71)) D. A. White, Inorg. Synth., 1972, 13, 55. 

83 3 



ChapterChapter 2 

(72)) W. T. Dent, R. Long, A. J. Wilkinson, J. Chem. Soc, 1964, 1585. 

(73)) A. Buhling, J. W. Elgersma, S. Nkrumah, P. C. J. Kamer, P. W. N. M. van Leeuwen, J. 

Chem.Chem. Soc, Dalton Trans,, 1996,2143. 

(74)) See chapter 1. 

(75)) E. Eggeling, PhD thesis, Rheinisch-Westfalischen Technischen Hochschule Aachen, 

Aachenn (Germany), 1999. 

84 4 



RhodiumRhodium catalysed hydroformylation 

usingusing diphenylphosphine-functionalised 

carbosilanecarbosilane dendrimers 

Diphenylphosphine-functionalisedd carbosilane dendrimers 23-32 have been synthesised 

andd used as ligands in the rhodium catalysed hydroformylation of 1-octene. The activity of 

thee system depends on the size and flexibilit y of the dendrimeric ligand. The largest 

dendrimericc ligand with an ethylene-spacer between the terminal silicon atom and the 

phosphoruss atom induces a slightly higher selectivity towards the linear aldehyde. 

D.. de Groot, P. G. Emmerink, C. Coucke, J. N. H. Reek, P. C. J. Kamer, P. W. N. M. van 
Leeuwen,, Inorg. Chem. Commun., 2000, 3, 711. 
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Introductio n n 

Duringg the last two decades the field of dendrimers has gone through a rapid development. 

Thee specific shape of these systems has inspired many chemists towards the synthesis of 

neww dendrimeric molecules, and a variety of applications has been envisaged.1"6 An 

importantt potential application of dendrimers is their use in catalysis,7-12 as dendrimers 

alloww easy recycling of the homogeneous catalyst by means of nanofiltration.13-16 

Hydroformylationn is a widely used, homogeneously catalysed process to produce aldehydes 

andd alcohols.17-18 However, people are still searching for better ways to recycle the 

catalyst.. So far the use of dendrimeric catalysts for hydroformylation reactions has been 

reportedd only scarcely. Reetz et al. reported preliminary results of the hydroformylation of 

1-octenee using diphenylphosphine-functionalised poly(propylene imine) dendrimers.9 They 

foundd a selectivity of 60:40 for the formation of the linear and branched aldehydes, which 

wass similar to that of their model compounds. Cole-Hamiiton and co-workers used 

phosphine-functionalisedd carbosilane dendrimers with silsesquioxane cores, containing 

Si(CH2PR2)33 endgroups.12 For the hydroformylation of 1-hexene they observed a high 

selectivityy towards the alcohol when applying trialkylphosphine ligands. For PEt2-

functionalisedd dendrimers they found a slightly higher linear/branched ratio (3.1) than for 

thee model ligand PEt3 (1/b = 2.4). They did not observe this increase in 1/b ratio for PMe2-

andd PPh2-functionalised dendrimers. Surprisingly, when they used dendrimers with 

Si(CH3)(CH2CH2PPh2)22 endgroups, they observed an increase in 1/b ratio (up to 1/b = 13.9) 

forr the larger systems.19 They attributed this effect to the size of the P-Rh-P ring; steric 

crowdingg makes eight-membered ring bidentate coordination favourable. Alper and co-

workerss reported the use of rhodium-complexed diphenylphosphine-functionalised 

poly(aminoo amido) dendrimers anchored to a silica-gel support for the hydroformylation of 

severall  olefins (for octene: 1/b = 2).11 These heterogenised systems are recyclable via 

microporouss filtration, but the catalytic activity decreased significantly for higher 

generationn dendrimers. They also anchored dendrimeric ligands to polystyrene beads and 

usedd these systems as catalysts in the hydroformylation of styrene.20 Here they report a 

higherr activity for the second generation dendrimer than for the first generation, but the 

reasonn for this increased activity is not clear. Xi and co-workers performed two-phase 

hydroformylationn reactions catalysed by rhodium-complexed water-soluble third 

generationn poly(amino amido) dendrimers (1/b = 1.3-4.2 for the hydroformylation of 1-
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octene).211 In this chapter we describe the use of phosphine-functionalised carbosilane 

dendrimerss as ligands in the rhodium catalysed hydroformylation of 1-octene. The 

influencee of size and flexibilit y of the dendrimeric ligands on the catalytic activity and 

selectivityy was investigated.22 

Resultss &  discussion 

Synthesis s 

Previously,, we15 and others23 reported the synthesis of carbosilane dendrimers with 

diphenylphosphinee endgroups. As a backbone we used carbosilane dendrimers with two 

carbonn atoms between the silicon branching points. In order to investigate the effect of 

compactnesss and flexibilit y of the dendrimers on their performance in catalysis, we report 

heree the synthesis of phosphine-functionalised carbosilane dendrimers with three carbon 

atomss between the branching points. Model compounds (H3C)3SiCH2PPh2 (33) and 

(H3C)2Si(CH2PPh2)22 (34) were used for comparison. 

Wee synthesised the phosphine-functionalised dendrimers as described in chapter 1. 

Hydrosilylationn of the various generations of carbosilane dendrimers with 

chlorodimethylsilanee or dichloromethylsilane followed by a reaction with the 

tetramethylethylenediaminee complex of (diphenylphosphino)methyllithium (scheme 1) 

yieldedd the desired compounds. For the synthesis of dendrimers with Si(CH3)2CH2PPh2 

endgroupss we also applied an alternative route. After hydrosilylation of the unsaturated 

endgroupss with chloromethyldimethylsilane24 the phosphine-terminated dendrimers were 

obtainedd by reaction with potassium diphenylphosphide (scheme 1). Chloromethylsilane-

groupss are less sensitive towards hydrolysis than chlorosilane-groups, and therefore this 

syntheticc route was preferred. After stirring the reaction mixture for three hours all the 

chloromethyll  si lane-groups had reacted. The dendrimers were obtained as oils, becoming 

moree viscous for higher generations. Characterisation by 'H- and 31P-{1H}-NM R 

spectroscopyy and MALDI-TOF mass spectrometry showed that the SiCH2PPh2-

functionalisedd dendrimers were obtained in at least 95% purity. Impurities are probably due 

too hydrolysis of the Si-Cl to give Si-OH and Si-O-Si or to decomposition to give CH3PPh2 

(seee chapter 2). 

Whenn comparing the structures of the C2- and C3-dendrimers (see chapter 1 for 

clarificationn of these names), we can see from figure 4 in chapter 1 that the second 
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generationn C2-dendrimer is smaller and more compact than the same generation C3-

dendrimer.. We expect that upon functionalisation with phosphines the P-atoms will be 

forcedd closer together in the C^-dendrimers than in the same generation C3-dendrimers. 

Schemee 1. Synthesis of diphenylphosphine-functionalised carbosilane dendrimers with a 

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

HSiMe2CH2CI I 
-- G 

Ph2PK K 

1:xx = 0, n = 0, m = 4 
2 : x == 1, n = 0, m = 12 
3:: x = 2, n = 0, m = 36 
4 : xx = 0, n = 1, m = 4 
5:: x = 1, n = 1, m = 12 
6:: x = 2, n = 1, m = 36 

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

Ph2PCH2Li.TMEDA A 

23:: x = 0, n = 0, m = 4 
24 :x== 1, n = 0, m = 12 
25:xx = 2, n = 0, m = 36 
26:xx = 0, n = 1, m =4 
27 :x== 1, n = 1, m = 12 
28:: x = 2, n = 1, m = 36 

19:: x = 0, n = 0,m = 4 
20:: x= 1, n = 0,m = 12 
21:: x = 0, n = 1,m = 4 
22:: x= 1, n = 1,m = 12 

29:: x = 0, n = 0, m = 4 
30:: x= 1, n = 0, m = 12 
31:: x = 0, n = 1, m = 4 
32 :x== 1, n = 1,m = 12 

Gxx is the generation x of the carbosilane dendimer, e.g. Go = tetraallylsilane or tetravinylsilane 

Inn addition to dendrimers with Si(CH3)2CH2PPh2 and Si(CH3)(CH2PPh2)2 endgroups 

(containingg a methylene-spacer between the terminal Si-atom and P-atom), dendrimers 

withh Si(CH3)2CH2CH2PPh2 endgroups have been synthesised (scheme 2). The allylic 

endgroupss of the zeroth and first generation C3-dendrimers were hydrosilylated with 

chloromethyldimethylsilanee and subsequently reacted with the tetramethylethylenediamine 

complexx of (diphenylphosphino)methyllithium to give dendrimers with an ethylene-spacer 

betweenn the terminal silicon atom and the phosphorus atom. The model compounds 

(H3C)3SiCH2CH2PPh22 (35) and (H3C)2Si(CH2CH2PPh2)2 (36) were prepared by reaction of 

chloromethyltrimethylsilanee and bis(chloromethyl)dimethylsilane with the 

tetramethylethylenediaminee complex of (diphenylphosphino)methyllithium. 
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Schemee 2. Synthesis of diphenylphosphine-functionalised carbosilane dendrimers with an 

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

0 ^ ^ )) Ĥ CĤ O @ A ^ ^ s O c ! ) Ph2PCH2Li™EDA. ® ( ^ O s i C ^ P P h 2 ) 

4:xx = 0, m = 4 10:x = 0, m = 4 37: x = 0, m = 4 
5 :x=1 ,mm = 12 11:x = 1,m = 12 38:x = 1,m = 12 

Wee have now presented three synthetic procedures to obtain diphenylphosphine-

functionalisedd carbosilane dendrimers. The first method using chlorosilane-terminated 

dendrimerss and Ph2PCH2Li.TMEDA led to a functionalisation of -95% of the endgroups 

off  the dendrimers. The second procedure was a reaction of chloromethylsilane-terminated 

dendrimerss with potassium diphenylphosphide to give Si(CH3)2CH2PPh2-funcfionalised 

dendrimericc molecules. This method was expected to give purer compounds, since 

chloromethylsilanee groups are less sensitive towards hydrolysis than chlorosilane groups. 

However,, these dendrimers were also not completely functionalised and the presence of 

smalll  amounts of methyldiphenylphosphine was observed. The only explanation for the 

presencee of CH3PPh2 is decomposition of the SiCH2PPh2 endgroups of the dendrimer. The 

thirdd method consists of a reaction of chloromethylsilane-terminated dendrimers with 

Ph2PCH2Li.TMEDAA to give dendrimers with SiCCTTs^Ct^CHzPPhj endgroups. This 

proceduree led to the formation of pure compounds according to NMR spectroscopy and 

masss spectrometry. 

Catalysis s 

Thee diphenylphosphine-terminated carbosilane dendrimers were used as ligands in the 

rhodiumm catalysed hydroformylation of 1-octene (scheme 3). The catalyst was prepared in 

situsitu by mixing (acetylacetonato)dicarbonylrhodium(I) and the dendrimeric ligand under a 

H2/COO pressure of 20 bar. 
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Schemee 3. The hydroformylation of 1-octene. 

linearlinear aldehyde branched aldehyde 

Whenn using the dendrimers with Si(CH3)2CH2PPh2 ("SiP") and Si(CH3)(CH2PPh2)2 

("SiP2")) endgroups as ligands, the selectivity for the linear and branched aldehydes (70:30) 

off  the dendrimeric systems is the same as that of the model systems 33 and 34. Neither 

isomerisationn of 1-octene nor hydrogenation to alkanes and alcohols is observed during the 

catalyticc reactions. The dendrimeric structure, i.e. the different generations of dendrimers 

withh SiP and SiP2 endgroups, has no influence on the selectivity of the reaction. However, 

wee did observe differences in reaction rates between the various dendrimeric ligands. 

Inn general, a higher phosphine/rhodium ratio led to a slower reaction.25 Rhodium 

complexess with three or four coordinating phosphine ligands or dimeric rhodium 

complexess can be formed which show little or no activity. In contrast, the model compound 

(CHj)3SiCH2PPh22 (33) gives a more active catalyst at a higher P/Rh ratio (table la). Since 

thee reaction is much faster than for the other ligands, it was already stopped after 30 

minutes.. During this time catalyst formation might not have been complete. This would 

explainn the lower conversions for lower P/Rh ratios. 

Whenn comparing table la with lb it can be seen that the dendrimers with SiP endgroups 

(23-28)) give faster catalysts than the dendrimers with SiP2 endgroups (29-32), a difference 

thatt is also observed for the model compounds (33 and 34). Note that the reaction times for 

thee dendrimeric catalysts containing SiP2 endgroups and a P/Rh ratio of 5 or 10 are 4 hours, 

whilee the other reaction times are 1 hour. 
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Tablee 1. Rhodium catalysed hydroformylation of 1-octene using various dendrimeric 

ligands.3 3 

a)) dendrimers with Si(CH3)2CH2PPh2 endgroups 

ligandd P/Rh time e 
("> > 

conversion n 
(%) ) 

1/b b 

33 3 10 0 
5 5 

2.5 5 
2.5 5 

0.5 5 
0.5 5 
0.5 5 

82 2 
63 3 
40 0 
97 7 

2.3 3 
2.3 3 
2.3 3 
2.3 3 

23 3 10 0 
5 5 

2.5 5 

24 4 
56 6 
69 9 

2.3 3 
2.3 3 
2.3 3 

Sii PPh: 

24 4 10 0 
5 5 

2.5 5 

13 3 
17 7 
24 4 

2.4 4 
2.4 4 
2.4 4 

25 5 10 0 
5 5 

2.5 5 

12 2 
14 4 
24 4 

2.4 4 
2.4 4 
2.4 4 

26 6 10 0 
5 5 

2.5 5 

40 0 
55 5 
64 4 

2.4 4 
2.3 3 
2.3 3 

27 7 10 0 
5 5 

2.5 5 

22 2 
23 3 
59 9 

2.4 4 
2.4 4 
2.3 3 

28 8 10 0 
5 5 

2.5 5 

18 8 
23 3 
41 1 

2.4 4 
2.4 4 
2.3 3 

b)) dendrimers with Si(CH3)(CH2PPh2)2 endgroups 

ligandd P/Rh time e 
(h) ) 

conversion n 

(%) ) 

1/b b 

34 4 10 0 
5 5 

2.5 5 

16 6 
92 2 
67 7 

2.4 4 
2.6 6 
2.4 4 

29 9 10 0 
5 5 

2.5 5 

14 4 
22 2 

n.d. . 

2.2 2 
2.3 3 

30 0 10 0 
5 5 

2.5 5 

7 7 
41 1 
26 6 

2.2 2 
2.3 3 
2.4 4 

31 1 10 0 
5 5 

2.5 5 

13 3 
34 4 
29 9 

2.1 1 
2.2 2 
2.4 4 

32 2 10 0 
5 5 

2.5 5 

6 6 
31 1 
28 8 

1.9 9 
2.6 6 
2.4 4 

aTT = 80°C, solvent: toluene, pco=PH2=10 bar, [Rh] = 

isomerisationn was observed for ligand 29 when P/Rh : 

11 mM, [1-octene] = 637 mM; bA lot of 
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Forr P/Rh ratios of 5 and 2.5 the catalysts containing the dendrimeric ligands with SiPi 

endgroupss give very similar conversions (table lb), all being about three times as low as 

thee conversion of the model compound (34) after the same reaction time. In the case of a 

P/Rhh ratio of 5 this might be explained by a higher local concentration of phosphines for 

thee dendrimers compared to the model compound and thus an increase in the amount of 

inactivee rhodium surrounded by three or four P-atoms. When a P/Rh ratio of 2.5 is used, 

however,, the excess of phosphines is small and the formation of Rh-complexes containing 

threee or four phosphines is not very likely. The low activity might be caused by the 

formationn of inactive rhodium dimers. The high isomerisation observed for ligand 29 

indicatess the presence of free rhodium. For a P/Rh ratio of 10 there is a slight decrease in 

activityy upon going from the first generation to the second generation dendrimers (30<29 

andd 32<31), while the difference between the first generation dendrimers (29 and 31) and 

thee model compound (34) is negligible. At higher phosphine concentrations the amounts of 

inactivee Rh-complexes are more likely to be similar for the smaller dendrimers and the 

modell  compound, while the larger dendrimers have a higher local concentration of 

phosphine.. which might lead to the formation of more inactive rhodium complexes such as 

dimers. . 

Whenn considering the dendrimers functionalised with SiP endgroups (table la), the C3-

dendrimerss (26, 27, 28) give generally faster catalysts than the more compact C2-

dendrimerss (23, 24, 25) (see also figure 1). This effect is less pronounced for the first 

generationn dendrimers (23 and 26). For a P/Rh ratio of 5 and 2.5 the activities of these 

systemss are similar. However, for a P/Rh ratio of 10 the C3-dendrimer (26), in which the 

phosphiness are further apart than in the more compact C2-dendrimer, gives a more active 

catalystt than 23 (40% conversion versus 24%). For the second and third generation 

dendrimers,, where the local concentration of phosphines is higher, the more compact C2-

dendrimerss (24 and 25) give slower catalysts than the more flexible C3-dendrimers (27 and 

28). . 

Thee larger SiP-terminated C3-systems resulted in lower activities than their smaller 

analoguess (28<27<26), especially when P/Rh = 2.5 (conversions are 41%, 59% and 64%, 

respectively).. For higher phosphine concentrations (P/Rh = 10, 5) the first generation 

dendrimerr (26) gives a faster catalyst than 27 and 28, but the second and third generation 
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dendrimers,, both with high local concentrations of phosphorus atoms, are very similar 

(conversionss are 18-23%). Figure 1 gives a graphic representation of these results. 

Figuree 1. Conversion of the Rh-catalysed hydroformylation of 1-octene using various 

generationss of SiP-terminated C2- and C3-dendrimers with P/Rh = 10, 5 and 2.5. 

generationn 1 (23) generation 2 (24) generation 3 (25) generation 1 (26) generation 2 (27) generation 3 (28) 

ÜP/Rhh = 10 HP/Rh = 5 h = 2.5 

Alperr and co-workers performed hydroformylation reactions using rhodium complexes of 

N(CH2PPh2)2-functionalisedd poly(amido amine) dendrimers on silica. They reported an 

increasee in activity for dendrimers with a larger chain length.26 The similarity of the results 

usingg the SiPi-terminated dendrimers (29, 30, 31 and 32) indicates that in the 

homogeneouss phase we do not observe such a difference. The change in activity for the 

dendrimericc catalysts with SiP endgroups is likely to be due to the distance between the 

individuall  phosphines and thus the ring size of the (dendrimer)P-Rh-P ring. In the compact 

C2-dendrimerss the phosphines are forced in even closer proximity to each other in higher 

generationss than in the C3-dendrimers, which is reflected in a generally lower activity for 

thee former. It is interesting to note that for the second and third generation Ca-dendrimers 

(244 and 25) the activity of the catalyst (for P/Rh = 2.5) falls in the range of that of the 

catalystss with dendrimeric ligands having SiP2 endgroups. In order to visualise this effect, 

thee results are summarised in a graph (figure 2). 
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Figuree 2. Conversion of the Rh-catalysed hydroformylation of 1-octene (P/Rh = 2.5) using 

variouss carbosilane dendrimers. 

DD generation 1 DD generation 2 

nn = 0 n = 1 

 generation 3 

Tablee 2. Rhodium catalysed hydroformylation of 1-octene using dendrimeric ligands with 

ann ethylene-spacer.a 

35 5 37 7 38 8 
36 6 

ligandd P/Rh time conversion linear aldehyde branched aldehyde 1/b 

(h)) (%) (%) (%) 

35 5 

36 6 

37 7 

38 8 

2. 5 5 

2. 5 5 

2. 5 5 

2. 5 5 

1 1 

I I 

1 1 

1 1 

98 8 

62 2 

16 6 

11 1 

70 0 

72 2 

74 4 

83 3 

30 0 

28 8 

26 6 

17 7 

2.3 3 

2. 6 6 

2. 8 8 

4. 9 9 

aTT = 80°C, solvent: toluene, pCo=pH2=10 bar, [Rh] = 1 mM, [1-octene] = 637 mM. 

Tablee 2 shows the hydroformylation results of the SiCf^CfhPPr^-dendrimers. When 

comparingg tables 1 and 2, it can be seen that the SiCH2CH2PPh2-model compounds (35 

andd 36) give very similar results to the SiCfhPPr^-model compounds (33 and 34). The 

dendrimericc ligands (37 and 38), however, give much slower catalysts than their 
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SiCH2PPh2-analoguess (26 and 27). Apparently, the larger ring-size of the SiCH2CH2PPh2-

dendrimerss is not very favourable for the reaction rate of the hydroformylation of 1-octene. 

Thee dendrimeric ligand with twelve SiCH2CH2PPh2 endgroups (38) induces a slightly 

higherr selectivity towards the linear aldehyde (1/b = 4.9). Cole-Hamilton and co-workers 

alsoo observed an increase in 1/b for dendrimeric systems containing 

Si(CH3)(CH2CH2PPh2)22 endgroups (1/b = 13.9 for a silsesquioxane based carbosilane 

dendrimerr with 16 phosphines).19 They performed the reaction at a lower pressure (10 bar 

H2/CO)) and higher temperature (120°C) using a P/Rh ratio of 6. When we used those 

conditionss for the hydroformylation of 1-octene catalysed by the Rh-complex of 38, we 

obtainedd a slightly higher 1/b compared to our standard conditions (1/b = 5.3 at 60% 

conversionn after 1 hour). However, under these conditions also isomerisation towards 

internall  alkenes (5%) was observed. The selectivity towards the linear aldehyde is actually 

slightlyy lower (80%) under these conditions than when using our standard conditions 

(83%).. It should be noted that we used dendrimers with SiCH2CH2P endgroups, while 

Cole-Hamiltonn and co-workers performed these reactions with Si(CH2CH2P)2 dendrimeric 

ligands.. Hence, the (dendrimer)P-Rh-P rings are different. 

AA potential application of these dendrimeric catalysts is their use in continuous 

processes.13-166 Preliminary experiments using a commercially available membrane with a 

molecularr weight cut-off of 400 Dalton, which should be suitable for this size of 

dendrimerss (Koch/SelRO MPF-60 NF)27 showed that this membrane is not compatible to 

ourr standard hydroformylation conditions due to its temperature and solvent restrictions 

(seee chapter 1). 

Conclusions s 

Diphenylphosphine-functionalisedd carbosilane dendrimers are active in the rhodium 

catalysedd hydroformylation of 1-octene. The dendrimeric ligands with Si(CH3)2CH2PPh2 

andd Si(CH3)(CH2PPh2)2 endgroups induce the same selectivity as their smaller analogues. 

Thee activity of the system depends on the size and flexibilit y of the dendrimeric ligand. 

Thee catalyst becomes less active when the phosphines are forced closer together, i.e. for 

higherr generation dendrimers and for the more compact C2-dendrimers. The dendrimeric 

ligandss with Si(CH3)2CH2CH2PPh2 endgroups give catalysts that are less active than the 
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catalystss with dendrimeric ligands containing a methylene-spacer between the terminal 

siliconn atom and phosphorus atom. The largest dendrimeric ligand with an ethylene-spacer 

betweenn the terminal Si-atom and P-atom induces a slightly higher selectivity towards the 

linearr product. The (dendrimer)P-Rh-P ring is an important parameter for this effect and 

thee selectivity might be tuned even further. 

Experimentall  section 

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

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

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

use.. TMEDA was distilled from o-butyllithium. Chemicals were purchased from Aldrich 

Chemicall  Co. and Acros Chimica and were used without further purification. The 1-octene 

wass filtered over neutral alumina prior to use. Silica 60 (SDS Chromagel, 70-200 pm) was 

usedd for filtration of the reaction mixtures. Tetrabutylammonium hexachloroplatinate,^̂ 

methyldiphenylphosphine,299 and the tetramcthylethylenediamine complex of (diphenyl-

phosphino)tnethyllithium300 were prepared according to literature procedures. 'H-, I 3 C - { ' H } - , 

andd P-j Hj-NMR spectra were recorded on a Brukcr AMX 300 and on a Varian Mercury 

300.. The C-{  HJ-NMR spectra for 35, 36, 37 and 38 were measured on a Varian Inova 500. 

Thee chemical shifts are given in ppm relative to TMS for 'H- and l3C-NMR and relative to 

FhPCX,, for "P-NMR. 29Si-{'Hj-NM R spectra were measured on a Bruker AC 100 and on a 

Brukerr DRX 300 spectrometer. The chemical shifts are given in ppm relative to TMS. Matrix 

Assistedd Laser Desorption Ionisation (MALDI ) Time-of-Flight (TOF) mass spectrometry was 

performedd using a Perkin Elmer/PerSeptive Biosystems Voyager-DE-RP MALDI-TO F mass 

spectrometerr (PerSeptive Biosystems, Inc., Framingham, MA, USA) equipped with delayed 

extraction.. A 337nm UV Nitrogen laser producing 3ns pulses was used and the mass spectra 

weree obtained in the linear and reflectron mode. Samples were prepared in an Atmosbag 

(Aldrich)) filled with argon by mixing 10 (il of dichloromethane solution of the sample with 30 

pii  of a solution of 3 mg/1 2,5-dihydroxybenzoic acid (DHB) or Dithranol (DIT) in 

dichloromethane.. One pi of the solution was loaded on a gold-sample plate, the solvent was 

removedd and the sample transferred to the vacuum of the mass spectrometer for analysis. Fast 

atomm bombardment (FAB) mass spectrometry was carried out using a JEOL SX/SX 102A 

(Tokyo,, Japan) four-sector tandem mass spectrometer (BiEiBiEi geometry), coupled to a 

JEOLL MS/MP9021D/UPD data system. The samples were loaded in a nitrobenzylalcohol 
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solutionn onto a stainless steel probe and bombarded with xenon atoms with an energy of 8 

KeV.. During the high-resolution FAB-MS measurements a resolving power of 5,000-10,000 

(10%% valley definition) was used. Polyethyleneglycol (PEG) 300 and 600 was used to calibrate 

thee mass spectrometer. Elemental analyses were measured on an Elementar Vario EL 

apparatus.. Gas chromatography was performed on an Interscience HR GC Mega 2 apparatus 

(split/splitlesss injector, J&W Scientific, DB1 30 m column, film thickness 3.0 mm, carrier gas: 

700 kPa He, F.I.D. detector). 

Thee synthesis of the chloro-terminated dendrimers 13, 14, 15, 19 and 20, of the chloromethyl-

terminatedd dendrimers 10 an 11, of model compound 34 and of the diphenylphosphine-

functionalisedd dendrimers 23, 24, 25, 29, 30, 37 and 38 has been described in chapter 2. The 

Si(CH3)2PPh2-functionalisedd dendrimers 23, 24 and 25 have also been synthesised using 

methodd B, starting from the chloromethyl-terminated dendrimers 7, 8 and 9. 

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

Si(CH2CH2Si(CH3)2CH2Cl)4: : 

7:: The reaction was performed under N2. To 0.257 g (1.89 mmol) tetravinylsilane (1) 5.6 (iL 

0.1344 M [Bu4N]2[PtCl6] solution in CH2C12 was added, followed by 1.8 mL (15 mmol) 

chloromethyldimethylsilane.. The reaction mixture was stirred over the weekend at 40°C. 

Excesss of chloromethyldimethylsilane was removed in vacuo. Product 7 was obtained as an 

off-whitee wax-like solid in 0.952 g (88%) yield. 'H-NMR (300 MHz, CDC13): 82.19 (s, 8H, 

SiC#2Cl),, 0.46 (s, 16H, SiCH2CH2Si), 0.09 (s, 24H, SiC//3). 

Si(CH2CH2Si(CH2CH2Si(CH3)2CH2Cl)3)4: : 

8:: This compound was prepared from 2 (0.267 g, 0.463 mmol) and 

chloromethyldimethylsilanee (1.35 mL, 11 mmol) using the same procedure as for 7, yielding a 

whitee solid (0.791 g, 91%). Some dichloromethane (1.5 mL) was necessary to keep everything 

inn solution. 'H-NMR (300 MHz, CDC13): 5 2.77 (s, 24H, SiCtf2Cl), 0.45 (s, 64H, 

SiCHSiCH22CHCH22Si),Si), 0.07 (s, 72H, S\CHi). 

Si(CH2CH2Si(CH2CH2Si(CH2CH2Si(CH3)2CH2Cl)3)3)4: : 

9:: This compound was prepared from 3 (0.261 g, 0.137 mmol) and 

chloromethyldimethylsilanee (1.2 mL, 9.9 mmol) using the same procedure as for 7 (longer 

stirringg was necessary; conversion was followed by 'H-NMR), yielding a thick oil (0.398 g, 

50%,, some product was lost by preparation of NMR samples to check for complete 
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conversion).. The solid dendrimer was first dissolved in the chloromethyldimethylsilane before 

additionn of the catalyst. 'H-NMR (300 MHz, CDCI3): S 2.76 (s, 72H, SiC//2Cl), 0.48 (s, 

208H,, SiC//2C#2Si), 0.09 (s, 216H, SiO/3). 

Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH2CH2Si(CH3)2CH2Cl)3)3)4: : 

12:: This compound was prepared from 6 (0.502 g, 0.191 mmol) and 

chloromethyldimethylsilanee (1.7 mL, 14 mmol) using the same procedure as for 7 (longer 

stirringg was necessary; conversion was followed by ' H-NMR), yielding a colourless oil (0.894 

g,, 72%). ' H-NMR (300 MHz. CDCh): 8 2.73 (s, 72H, SiC//2Cl), 1.35 (m, 104H, 

SiCH2C//2CH2Si),, 0.69 (m, 104H, SiCH2CH2C//2Si), 0.56 (m. 104H, SiC//2CH2CH2Si). 0.08 

(s,, 216H, SiCHy). Anal, calcd. for C ^ o o S ^ C U: C 48.48; H 9.25. Found: C 48.91; H 9.48. 

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

Si(CH2CH2CH2Si(CH3)2C])4: : 

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

Too a solution of 1.127 g (5.87 mmol) tetraallylsilane (4) in chlorodimethylsilane (3.5 mL, 32 

mmol)) a few drops of a concentrated solution of [Bu4N]2[PtCl6] in technical ethanol were 

added.. After stirring overnight the solvent was evaporated. Product 16 was converted into 26 

withoutt further purification. Product 16 was obtained as a colourless liquid in 3.24 g (97%) 

yield.. ' H-NMR (300 MHz, CDCh): 5 1.45 (m, 8H, SiCH2C//2CH2Si), 0.90 (m, 8H, 

SiCH2CH2C//2Si),, 0.62 (m, 8H, SiC//2CH2CH2Si), 0.41 (s, 24H, SiC//3).
 13C-|'H}-NMR (75 

MHz,, CDClj): 6 23.4 (s, SiCH2CH2CH2SiCl, ]Jc.Si = 58 Hz), 17.6 (s, SiCH2CH2CH2SiCl), 

16.44 (s, SiCH2CH2CH2SiCl, ]JC.S[ = 49 Hz), 1.6 (s, SiCHj, ]JC.S\ = 56 Hz). 29Si-NMR (19.9 

MHz,, CDCh): Ö32.1 (s, 4 Si, SiCl), 1.2 (s, 1 Si, core Si). 

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

17:: This compound was prepared from 5 (1.01 g, 1.26 mmol) using the same procedure as for 

16,, yielding a colourless oil (2.33 g, 96%). 'H-NMR (300 MHz, CDClj): ö 1.45 (m, 32H, 

SiCH2C//2CH2Si),, 0.89 (m, 32H, SiCH2CH2C//2Si), 0.60 (m, 32H, SiC//2CH2CH2Si), 0.40 (s, 

72H,, SiC//3).
 I3C-{'H}-NM R (75 MHz, CDC13): ^23.5 (s, SiCH2CH2CH2SiCl), 18.4 (s, CH2 

innerr ring), 17.6 (s, SiCH2CH2CH2SiCl + C//2 inner ring), 17.4 (s, CH2 inner ring), 16.5 (s, 

SiCH2CH2CH2SiCl),, 1.7 (s, SiCH3).
 29Si-NMR (59.6 MHz, CDC13): 531.2 (s, 12 Si, SiCl), 0.9 

(s,, 12 Si, Si of branching point), 0.5 (s, 1 Si, core Si). 
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Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH2CH2Si(CH3)2CI)3)3)4: : 

18:: This compound was prepared from 6 (0.224 g, 0.0850 mmol) using the same procedure as 

forr 16, yielding a colourless oil (0.52 g, 100%). 'H-NMR (300 MHz, CDC13): ö 1.46 (m, 72H, 

SiCH2C//2CH2SiCl),, 1.31 (m, 32H, SiCH2C//2CH2Si inner rings), 0.90 (m, 72H, 

SiCH2CH2C//2SiCl),, 0.61 (m, 136H, SiC//2CH2CH2SiCl + SiC//2CH2C//2Si inner rings), 0.42 

(s,, 216H, SiCHi). I3C-{'H}-NM R (75 MHz, CDC13): 5 23.5 (s, SiCH2CH2CH2SiCl), 18.5 (s, 

SiCH2CH2CH2SiCl),, 16.5 (s, SiCH2CH2CH2SiCl), 1.8 (s, SiCH3). 

Si(CH2CH2CH2Si(CH3)Cl2)4: : 

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

Too a solution of 0.901 g (4.69 mmol) tetraallylsilane (4) in dichloromethylsilane (3 mL, 30 

mmol)) a few drops of a concentrated solution of [Bu4N]2[PtCl6] in technical ethanol were 

added.. After stirring overnight the solvent was evaporated. Product 7 was converted into 12 

withoutt further purification. Product 7 was obtained as a colourless liquid in 2.89 g (95%) 

yield.. !H-NMR (300 MHz, CDC13): Ö 1.55 (m, 8H, SiCH2C//2CH2Si), 1.20 (m, 8H, 

SiCH2CH2C//2Si),, 0.78 (s, 12H, SiC//3), 0.69 (m, 8H, SiC//2CH2CH2Si). 13C-{'H}-NM R (75 

MHz,, CDC!3): ö 25.7 (s, SiCH2CH2CH2SiCl), 17.1 (s, SiCH2CH2CH2SiCl), 15.6 (s, 

SiCH2CH2CH2SiCl),, 5.3 (s, SiCH3). 

Si(CH2CH2CH2Si(CH2CH2CH2Si(CH3)Cl2)3)4: : 

22:: This compound was prepared from 5 (0.516 g, 0.643 mmol) using the same procedure as 

forr 21, yielding a colourless oil (1.40 g, 100%). 'H-NMR (300 MHz, CDC13): 5 1.55 (m, 24H, 

SiCH2C//2CH2SiCl),, 1.3 (m, 8H, SiCH2C//2CH2Si inner ring), 1.19 (m, 24H, 

SiCH2CH2C//2SiCl),, 0.78 (s, 36H, SiC//3), 0.67 (m, 24H, SiC//2CH2CH2SiCl), 0.61 (m, 16H, 

SiC//2CH2C//2Sii  inner ring). 13C-{'H}-NM R (75 MHz, CDC13): 525.7 (s, SiCH2CH2CH2SiCl 

outer-ring),, 18.3 (s, CH2 inner ring), 17.4 (s, CH2 inner ring), 17.3 (s, CH2 inner ring), 17.2 (s, 

SiCH2CH2CH2SiCl),, 15.8 (s, SiCH2CH2CH2SiCl), 5.3 (s, SiCH3). 

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

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

23::  Method B: To a solution of 0.880 g of the chloromethyl-terminated dendrimer 7 (1.54 

mmol)) in 4 mL THF 12.4 mL 0.5 M KPPh2 (6.2 mmol) in THF was added dropwise at -70°C. 

Afterr stirring for 4 hours, during which the temperature was increased to room temperature, 

thee reaction mixture was filtered over silica. The excess of KPPh2 was removed in vacuo 
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(roomm temperature, 10" mbar, overnight). The colourless oil was obtained in 75% yield (1.34 

g,, 1.15 mmol). 

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

24::  Method B: This compound was prepared from 8 (0.7186 g, 0.382 mmol) and KPPh; (9.2 

mLL 0.5 M in THF, 4.6 mmol) using the same procedure as for 23, yielding a slightly yellow oil 

(1.233 g, 0.335 mmol, 88%). 

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

25:: Method B: This compound was prepared from 9 (0.3855 g, 0.0663 mmol) and KPPh2 (4.8 

mLL 0.5 M in THF, 2.4 mmol) using the same procedure as for 23, yielding a white wax-like 

solidd (0.7025 g, 0.0627 mmol, 95%). 

Si(CH2CH2CH2Si(CH3)2CH2PPh2)4: : 

26::  Method A: A solution of Ph2PCH2Li.TMEDA (1.505 g, 4.67 mmol) in 20 mL THF was 

addedd to 16 (0.3409 g, 0.597 mmol). After stirring overnight the reaction mixture was filtered 

overr silica, and the excess of Ph2PCH3 was removed in vacuo (100°C, 10" mbar, overnight). 

Thee slightly yellow liquid was obtained in 96% yield (0.7024 g, 0.573 mmol). 

Methodd B: This compound was prepared from 10 (0.3610 g, 0.576 mmol) and KPPh2 (4.65 mL 

0.55 M in THF, 2.3 mmol) using the same procedure as for 23, yielding a colourless oil (0.5337 

g,, 0.435 mmol, 76%). 

'H-NMRR (300 MHz, CDC13) 5 7.5 (m, 16H, ArH), 7.3 (m, 24H, ArH), 1.39 (s, 8H, SiC//2P), 

1.311 (m, 8H, SiCH2C//2CH2Si), 0.56 (m, 16H, SiC//2CH2C//2Si), -0.06 (s, 24H, SiC//3).
 31P-

J ' H } - N M RR (121.5 MHz, CDCI3) 5-21.6. For '"C NMR spectra overnight measurements were 

necessary.. Unfortunately, the P-functionalised dendrimers decomposed during a night in 

solutionn in the NMR-tube. Anal, calcd. for C72H%P4Si50 (partly oxidised): C 69.64; H 7.79. 

Found:: C 69.45; H 7.95. 

Si(CH2CH2CH2Si(CH2CH2CH2Si(CH3)2CH2PPh2)3)4: : 

27:: Method A: This compound was prepared from 17 (0.5649 g, 0.292 mmol) and 

Ph2PCH2Li.TMEDAA (1.970 g, 6.11 mmol) using the same procedure as for 26, yielding a 

colourlesss oil (0.935 g, 0.240 mmol, 82%). 
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Methodd B: This compound was prepared from 11 (0.2252 g, 0.107 mmol) and KPPh2 (2.6 mL 

0.55 M in THF, 1.3 mmol) using the same procedure as for 23, yielding a colourless oil (0.3039 

g,, 0.0779 mmol, 73%). 

'H-NMRR (300 MHz, CDC13) 8 7.43 (m, 48H, ArH), 7.26 (m, 72H, ArH), 1.29 (s, 24H, 

SiC//2P),, 1.24 (m, 32H, SiCH2C//2CH2Si), 0.50 (m, 64H, SiC//2CH2C//2Si), -0.16 (s, 72H, 

S1CH3).S1CH3). 3,P-{'H}-NM R (121.5 MHz, CDC13) 5-21.6. MALDI-TOF-MS: m/z 4008 ([M+Ag]* ) 

(calcd.. 4010.0), 3825 (M++Ag-CH2PPh2+OH). Anal, calcd. for C22SH3,2P|2Si,705 (partly 

oxidised):: C 68.77; H 7.90. Found: C 68.57; H 8.03. 

Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH2CH2Si(CH3)2CH2PPh2)3)3)4: : 

28:: Method B: This compound was prepared from 12 (0.5507 g, 0.0842 mmol) and KPPh2 (6.1 

mLL 0.5 M in THF, 3.0 mmol) using the same procedure as for 23, yielding a colourless oil 

(0.94699 g, 0.0794 mmol, 94%). 'H-NMR (300 MHz, CDC13): 5 7.4-7.0 (m, 360H, ArH), 1.20 

(ss (br.), 176H, SiC//2P + SiCH2C//2CH2Si), 0.44 (s (br.), 208H, SiCtf2CH2C//2Si), -0.23 (s 

(br.),, 216H, SiCiJ,). 31P-{'H}-NM R (121.5 MHz, CDC13): 8 -22.5 (s). Anal, calcd. for 

C696H96oP36Si530i66 (partly oxidised): C 68.60; H 7.94. Found: C 68.56; H 7.52. 

Si(CH2CH2CH2SiCH3(CH2PPh2)2)4: : 

31::  This compound was prepared from 21 (0.4164 g, 0.638 mmol) and Ph2PCH2Li.TMEDA 

(2.7955 g, 8.67 mmol) using the same procedure as for 26, yielding a white oil (0.993 g, 0.506 

mmol,, 79%). 'H-NMR (300 MHz, CDC13) 5 7.5-7.1 (m, 80H, ArH), 1.20 (s, 16H, SiC//2P), 

1.155 (m, 8H, SiCH2C//2CH2Si), 0.44 (m, 8H, SiCH2CH2C//2Si), 0.28 (m, 8H, 

SiC//2CH2CH2Si),, -0.31 (s, 12H, SiC//,). 3'P-{'H}-NM R (121.5 MHz, CDCI3) 8 -22.3. 

MALDI-TOF-MS:: m/z 2068.5 ([M+Ag] +) (calcd. 2070.5), 1962 (M+), 1884 (M+-

CH2PPh2+OH+Ag),, 1778 (M^-CH2PPh2+OH). 

Si(CH2CH2CH2Si(CH2CH2CH2SiCH3(CH2PPh2)2)3)4: : 

32:: This compound was prepared from 22 (0.4972 g, 0.228 mmol) and Ph2PCH2Li.TMEDA 

(3.3877 g, 10.5 mmol) using the same procedure as for 26, yielding a slightly yellow oil (1.009 

g,, 0.165 mmol, 72%). 'H-NMR (300 MHz, CDC13) 8 7.5-7.1 (m, 240H, ArH), 1.14 (s (br.), 

80H,, SiC#2P + SiCH2C#2CH2Si), 0.3-0.5 (m (br.), 64H, SiC//2CH2C//2Si), -0.35 (s (br.), 36H, 

SiC//3)..
 31P-{'H}-NM R (121.5 MHz, CDCI3) 8 -22.3. MALDI-TOF-MS: m/z 6110.3 (M+) 

(calcd.. 6112.3), 5925.9 (M+-PPh2, fragmentation). 
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(H3C)3SiCH2PPh2: : 

33:: This compound was prepared from (H3C)3SiCH2Cl (0.9433 g, 7.69 mmol) and KPPh2 (10 

mLL 0.5 M in THF, 5.0 mmol) using the same procedure as for 23, yielding a yellow liquid 

(1.3000 g, 4.77 mmol, 95%). In this procedure an excess of (H3C)3SiCH2Cl is used because it 

cann be easily removed in vacuo. ' H-NMR (300 MHz, CDC13) 5 7.45 (m, 4H, ArH), 7.28 (m, 

6H,, ArH), 1.36 (d, 2H, SiC//2P, VHP = 1.8 Hz), -0.08 (s, 9H, SiC//3).
 M P - { ' H [ - N M R (121.5 

MHz.. CDC13) 5-21.8. FAB-MS: m/z 272 (M', 100%), 257.1 (M -CH3), 73.0 (Me3Si), HRMS 

(FABB ): m/z calcd for C16H22SiP [M+Hf : 273.1228. Found: 273.1232. Anal, calcd. for 

C|6H2|PSiO0.33 (partly oxidised): C 69.33; H 7.64. Found: C 69.29; H 7.85. 

(H3C)vSiCH2CH2PPh2: : 

35::  A solution of Ph2PCH2Li.TMEDA (1.982 g, 6.15 mmol) in 15 mL THF was added 

dropwisee to a solution of chloromethyltrimethylsilane (0.8777 g, 7.16 mmol) in 5 mL THF at 

-70°C.. The reaction mixture was wanned to room temperature overnight. After filtration over 

silica,, the solvent was evaporated. The excess of Ph2PCH3 was removed in vacuo (100°C, 10° 

mbar.. 2 hours). The colourless oil was obtained in 68% yield (1.1942 g, 4.17 mmol, some of 

thee product was lost at the high vacuum). JH-NMR (300 MHz, CDCh) 5 7.49 (m, 4H, ArH), 

7.355 (m, 6H, ArH), 2.06 (m, 2H, SiCH2C//2P), 0.65 (m, 2H, SiC//2CH2P), 0.06 (s, 9H, SiC//3). 
3,P-$'H}-NMRR (121.5 MHz. CDC13) 5-9.00. "C-^Hj-NM R (125.8 MHz, CDC13): 5 139.3 (d, 

ipso-VhP,ipso-VhP, 'jCp = 14.3 Hz), 133.0 (d, o-PhP, 2JCP = 17.7 Hz), 128.7 (s,p-PhP), 128.7 (d, /w-PhP, 

VCPP = 6.7 Hz), 22.0 (d, SiCH2CH2P, ' j C P - 13.8 Hz), 12.5 (d, SiCH2CH2P, 2JCP =10.1 Hz), 

-1.66 (s, SiCH3). FAB-MS: m/z 286.1 (M \ 100%), 271.1 (M*-CH3), 209.1 (M*-Ph), 73.0 

(Me3Si),, HRMS (FAB): m/z calcd forC,7H24SiP [M+H]^ : 287.1385. Found: 287.1385. Anal, 

calcd.. for C17H23PSi: C 71.29; H 8.09. Found: C 70.84; H 8.16. 

(H,C)2Si(CH2CH2PPh2)2: : 

36::  This compound was prepared from (H3C)2Si(CH2Cl)2 (0.4376 g, 2.79 mmol) and 

Ph2PCH2Li.TMEDAA (2.051 g, 6.36 mmol) using the same procedure as for 35, yielding a 

yelloww oil (1.1892 g, 2.45 mmol, 88%). The excess of Ph2PCH3 was removed in vacuo (100°C, 

10"55 mbar, overnight). 'H-NMR (300 MHz, CDC13) 5 7.25-7.42 (m, 20H, ArH), 1.92 (m, 4H, 

SiCH2C//2P),, 0.60 (m, 4H, SiC//2CH2P), 0.00 (s, 6H, SiC//3).
 3lP-{'H}-NM R (121.5 MHz, 

CDC13)) 5-9.03. 13C-{'H}-NM R (125.8 MHz, CDC13): 5 138.8 (d, />5o-PhP, ]JC? = 13.8 Hz), 

132.77 (d, o-PhP, 2JCp = 18.2 Hz), 128.5 (s, p-PhP), 128.3 (d, w-PhP, 'VCp = 5.5 Hz), 21.6 (d, 

SiCH2CH2P,, 'JCP = 14.3 Hz), 10.3 (d, SiCH2CH2P, 2JCP = 10.2 Hz), -3.8 (s, SiCH3). FAB-MS: 
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m/zm/z 485.2 ([M+H] +), 407.1 (Vf-Ph), 299.1 (M+-PPh2, 100%), HRMS (FAB*): m/z calcd for 

C3oH35SiP22 [M+Hf : 485.1983. Found: 485.1916. Anal, calcd. for CsoF^SiOô (partly 

oxidised):: C 73.86; H 7.03. Found: C 73.52; H 7.17. 

Hydroformyiatio nn experiments. The hydroformyiation reactions were carried out in a 

stainlesss steel autoclave, in which four small autoclaves were connected to perform four 

reactionss simultaneously. The autoclaves were equipped with magnetic stirring bars and 

positionedd in an oil bath. In a typical experiment the autoclaves were filled with 1 mL of 

0.00300 M Rh(CO)2(acac) solution (0.0030 mmol), 1 mL of dendrimer solution (0.0075 M = 

0.00755 mmol, 0.015 M = 0.015 mmol, 0.018 M = 0.018 mmol or 0.030 M = 0.030 mmol) and 

11 mL of substrate solution containing 1.9 M 1-octene (1.9 mmol) and 0.77 M /7-decane (0.77 

mmol)) in toluene. Before adding the substrate solution the catalyst solution was flushed 

severall  times with CO/H2 (1:1). Then the autoclaves were placed in the oil bath, which had 

alreadyy been heated to 80°C or 120°C, and pressurised to the appropriate pressure (20 or 10 

bar).. After the appropriate reaction time (1 or 4 hours) the reaction was stopped by cooling in 

ann ice bath and subsequently a solution of tri-w-butylphosphite in ethanol was added. The 

conversionn and product distribution were determined by GC analysis. 
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4 4 TheThe photochemically activated 

preparationpreparation of diphenylphosphine-

functionalisedfunctionalised carbosilane dendrimers: 

aa [2+2] addition or a radical mechanism? 

Si(CH2CH2CH2PPh2)33 functionalised carbosilane dendrimers have been prepared by a 

photochemicallyy initiated addition reaction of diphenylphosphine to the olefinic endgroups 

off  the dendrimer. This reaction is believed to proceed via a radical mechanism, in which 

thee primary step is the formation of a PR.2-radical. The possibility of a photochemically 

activatedd [2+2] addition mechanism has been investigated experimentally and by using 

DFTT calculations. DFT calculations show that the energy barrier for the reaction 

proceedingg via a cyclic transition state is very low, suggesting that this is a likely pathway. 

Calculationss also give low energy barriers for a radical mechanism. Experimental results 

pointt towards a radical mechanism, but a [2+2] addition mechanism cannot be excluded 

completely. . 

o ^ t ^ -- . 

D.. de Groot, O. R. Inderwildi, J.-W. Handgraaf, E. J. Meijer, J. N. H. Reek, P. C. J. Kamer, P. W. 
N.. M. van Leeuwen, manuscript in preparation. 
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Introductio n n 

Dendrimerss have received considerable attention during the past decade.1 One of the 

potentiall  applications of dendrimeric molecules is their use as a homogeneous catalyst 

support'' since its size enables recycling by means of nanofiltration.3'4 In order to use 

dendrimerss as a catalyst support the periphery of the dendrimer can be functionalised with 

ligandss that form catalytically active sites when complexed to transition metals""''6"7 (see also 

chapterss 2, 3 and 5). The catalytic sites of surface functionalised dendrimers are easily 

accessiblee to the substrate in bulk solution. 

Becausee of their inertness in catalysis, we generally use carbosilane dendrimers as a 

backbonee for our catalytic system. When functionalising dendrimers it is important to use 

relativelyy simple procedures that give very high yields. Recently, we have reported the 

functionalisationn of carbosilane dendrimers with phosphine ligands for the use in allylic 

substitutionn and hydroformylation reactions (see chapters 2 and 3).4'7 Reaction of lithiated 

methyldiphenylphosphinee with the chlorosilane endgroups of the dendrimer gave 

dendrimerss containing SiCH2PPh2 and S^CHiPPtb): endgroups. Here we report the 

synthesiss of carbosilane dendrimers with Si(CH2CH2CH2PPh2)3 endgroups via an addition 

reactionn of diphenylphosphine to the unsaturated endgroups of the dendrimer. Cole-

Hamiltonn and co-workers used this approach to functionalise silsesquioxane molecules 

containingg carbosilane dendritic wedges.6 They performed the reaction in presence of 

azobisisobutyronitrilee (AIBN) at 70°C. 

Thee addition reaction of a disubstituted phosphine to an unsaturated compound is known to 

proceedd via a radical mechanism, either by photochemical initiation*  (at room temperature) 

orr initiation by a free radical initiator such as di-/-butyl peroxide8 or azobisisobutyronitrile 

(AIBN)) at elevated temperatures. The reaction has also been reported using a combination 

off  AIBN and UV irradiation.10 The primary step of the mechanism is the formation of a 

PR^-radical.**  Pringle et al. have reported the use of a platinum catalyst for the addition of a 

disubstitutedd phosphine to acrylonitrile." 

Longg reaction times were required for the complete functionalisation of the carbosilane 

dendrimersdendrimers with Si(CH2CH2CH2PPh2)3-endgroups. Before optimising the procedure we 

decidedd to investigate the mechanism of this reaction. An alternative mechanism, 

analogouss to the [2+2] cycloaddition reaction of two alkenes, was considered. DFT 

calculationss were performed to determine the energy barriers for both a radical mechanism 

andd a photochemically activated [2+2] addition mechanism. 
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Resultss &  discussion 

Synthesis s 

Thee allyl terminated zeroth, first and second generation carbosilane dendrimers were 

reactedd with diphenylphosphine under the influence of light (350 nm) and in the presence 

off  AIBN, using the phosphine as the solvent (scheme 1). The reaction was clean and the 

excesss of diphenylphosphine was removed in vacuo yielding colourless wax-like solids. 

Thee dendrimers could be functionalised completely, but long reaction times were required. 

Thee complete functionalisation of the zeroth generation dendrimer took two weeks, the 

firstfirst generation four weeks and the second generation six weeks. The phosphine 

functionalisedd dendrimers were characterised by 'H-, 31P- and 13C-{'H}-NM R 

spectroscopy,, MALDI-TOF mass spectrometry and elemental analysis. 

Schemee 1. Synthesis of diphenylphosphine-functionalised carbosilane dendrimers using 
AIBN. . 

// y,\ HPPh2 L. / . \ 
011 V ' 4 AIBN, hv \ 'J 

1 1 

Mechanisticc studies 

Thee addition reaction of a disubstituted phosphine to an unsaturated compound is known to 

proceedd via a radical mechanism, in which the primary step is the formation of a PR.2-

radical.88 To the best of our knowledge a photochemically activated [2+2] addition 

mechanismm has not been investigated. The possibility of a concerted [2a+2jt] addition 

mechanismm has been investigated for the addition of thiophenol (PhSH) to the double bond 

107 7 



ChapterChapter 4 

off  methylenecyclopropane derivatives by De Meijere and co-workers.12 However, they 

concludedd that the reaction proceeds via a radical mechanism and not via a concerted [2+2] 

additionn mechanism, based on the products that were formed. 

Inn order to study the mechanism of the addition of diphenylphosphine to the unsaturated 

endgroupss of the dendrimer, we performed some test experiments under various conditions 

usingg the zeroth generation dendrimer, diphenylphosphine and toluene as a solvent (table 

1).. These reactions were all carried out in NMR tubes and we studied the effect of different 

additives,, such as a radical initiator, a triplet sensitiser and a radical scavenger. In the 

absencee of any additives a slow but clean conversion was observed. In the presence of 10 

mol%% of the radical initiator AIBN the conversion after 2 hours was nearly four times as 

highh (7.8% conversion versus 2.0%).,3 The presence of AIBN also resulted in the 

formationn of tetraphenylbiphosphine in addition to the alkene addition product. Ph2P-PPh2 

cann be formed by a radical reaction between two PhjP-radicals. Thus the formation of 

Ph2P-PPh22 clearly supports the presence of phosphine radicals. The fact that the reaction is 

alsoo faster in the presence of AIBN strongly suggests that under these conditions the 

reactionn proceeds via a radical mechanism. The difference in conversion between the 

reactionss with and without AIBN after 22.5 hours is less pronounced than that after 2 

hours:: in the absence of AIBN 22% and in the presence of AIBN 33% conversion was 

observed.. The reaction without AIBN shows the formation of only very small amounts of 

tetraphenylbiphosphine.. This suggests that under these conditions less diphenylphosphine 

radicalss are present. 

Thee possibility of a photochemical [2+2] addition mechanism was investigated by 

performingg an experiment in the presence of a triplet sensitiser. The presence of 10 mol% 

off  the triplet sensitiser />methoxyacetophenone accelerated the reaction compared to the 

reactionn without additives (6.5% conversion after 2 hours versus 2.0%). However, again 

thee formation of tetraphenylbiphosphine was observed. The triplet sensitiser facilitates the 

formationn of diphenylphosphine in the triplet excited state. Subsequently, the reaction can 

takee place via the concerted [2+2] addition mechanism or the diphenylphosphine can 

decomposee to form radicals. The formation of tetraphenylbiphosphine suggests that a 

substantiall  amount of phosphine radicals is formed. 
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Onee way to verify the presence of radicals is to use a radical scavenger.14 When 10 mol% 

galvinoxyl155 free radical scavenger was present in the reaction mixture, initially no addition 

too the alkenes was observed. After a reaction time of 2 hours only the formation of 

tetraphenylbiphosphinee and a new side product (a signal at 0.5 ppm in the 31P-{'H}-NM R 

spectrum)) were observed. The new compound might be the product of the reaction of a 

diphenylphosphinee radical with one of the carbon atoms of the galvinoxyl radical 

scavenger.'55 The presence of these products, which are formed by a reaction of phosphine 

radicals,, suggests that galvinoxyl also behaves as a radical initiator. When the reaction had 

proceededd for 22.5 hours, Ph2P-PPh2 as well as the alkene addition product were obtained. 

Thee amount of radical scavenger (0.1 equiv.) is probably too low to scavenge all the 

radicalss that are formed, which can be inferred from the decolouration of the reaction 

mixture. . 

Tablee 1. Results of the reaction of diphenylphosphine with tetraallylsilane under various 

conditions.3 3 

additive e 

--

AIBNb b 

p-methoxyacetophenonec c 

galvinoxyl l 

time e 

(h) ) 

2 2 

22.5 5 

2 2 

22.5 5 

2 2 

22.5 5 

2 2 

22.5 5 

conversion13 3 

(%) ) 

2.0 0 

22 2 

7.8 8 

33 3 

6.5 5 

39 9 

6.1 1 

26 6 

SiCH2CH2CH2PPh2 2 

(%) ) 

97 7 

99 9 

84 4 

91 1 

90 0 

94 4 

0 0 

61 1 

Ph2P-PPh2 2 

(%) ) 

3 3 

1 1 

16 6 

9 9 

10 0 

6 6 

100 0 

39 9 

aRoomm temperature, solvent: toluene, 350 nm, [HPPh2] = 2.0 M, [tetraallylsilane] = 0.5 M; 
b[AIBN ]]  - 0.2 M; c[p-methoxyacetophenone] = 0.2 M; d[galvinoxyl] = 0.2 M. 

Too study the effect of stoichiometric amounts of radical scavenger we decreased the 

concentrationss of the starting materials. In the presence of the galvinoxyl free radical 

scavengerr (0.5, 1 and 2 equiv.) the phosphine starting material (HPPh2) was converted, but 

noo alkene addition product was formed. The formation of tetraphenylbiphosphine was 
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observedd as well as the formation of several other side products. Apparently the radical 

scavengerr can accelerate the formation of diphenylphosphine radicals, since no 

diphenylphosphinee starting material was left after overnight reaction using two equivalents 

off  radical scavenger. 

Thee UV-Vis spectrum of diphenylphosphine showed a strong absorption due to the phenyl 

groupss at <300 nm with a shoulder between 300-350 nm. The latter band may belong to an 

electronicc transition of the lone pair on the phosphorus atom to the LUMO of the 

diphenylphosphinee localised on the phenyl-ring and likely also on the P-H bond. Since 350 

nmm is at the very edge of the spectrum, the photochemically activated [2+2] addition might 

bee favoured when using a slightly lower wavelength. The reactions were performed without 

solventt at higher concentrations of starting material resulting in lower amounts of 

tetraphenylbiphosphine.. Irradiation of the reaction mixture at 350 nm in the presence of 10 

mol%% of the triplet sensitiser/?-methoxyacetophenone gave a conversion after 1 hour that 

wass nearly 2.5 times as high as that of the reaction without additives (12% conversion 

versuss 5%). When irradiating at 334 nm a similar acceleration was observed (5% and 2% 

conversionn with and without triplet sensitiser, respectively). In all cases only 1-2% 

tetraphenylbiphosphinee was obtained. Unfortunately, the experiments performed using the 

lightt source of 350 nm and those using the light source of 334 nm cannot be compared, 

becausee of the difference in light intensity of the sources. It is clear, however, that the 

triplett sensitiser causes a similar acceleration. Since only very small amounts of 

tetraphenylbiphosphinee were observed, it is likely that under these conditions either the 

steadyy state concentrations of radicals are very low or the reaction proceeds via a 

photochemicallyy activated [2+2] addition mechanism. 

Sincee the experimental results were inconclusive about the mechanism, we decided to 

comparee the two routes discussed above using DFT calculations. For these calculations we 

usedd the model compounds propene and dimethylphosphine (similar reactions using 

dimethylphosphinee are known6). 

Inn the photochemically activated [2+2] addition mechanism the HOMO of the excited state 

off  the phosphine should react with the LUMO of the alkene. The DFT calculations were 

performedd to study the mechanism in the gas phase (see experimental section for details). 
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Figuree 1 shows the reactants: dimethylphosphine in the singlet ground state (S=\), propene, 

andd dimethylphosphine in the triplet excited state (S=3). When dimethylphosphine is 

excitedd to the triplet state, an elongation of the P-H bond is observed (from 1.438 A to 

1.5800 A). The molecular orbitals of the compounds are visualised in figure 1 and it is clear 

thatt the overlap between the LUMO of propene and the HOMO of HPMe2 in the triplet 

excitedd state is far superior to the overlap of the LUMO of propene and the HOMO of 

HPMe22 in the singlet ground state. Calculations of the energy levels show that the HOMO 

off  HPMe2 in the triplet excited state and the LUMO of propene are closer together in 

energyy (the difference is 3.1 kcal/mol) than the energy level of the HOMO of HPMe2 in the 

singlett ground state and the LUMO of propene (the difference is 4.9 kcal/mol). (It should 

bee noted that the structure of HPMe2 in the singlet ground state is tetrahedral, while the 

structuree of HPMe2 in the triplet excited state is square planar.) Hence, the excitation of 

dimethylphosphinee to the triplet state facilitates a [2+2] addition mechanism with propene. 

Figuree 1. Calculated structures of the reactants in the gas phase of the model [2+2] 

additionn reaction of dimethylphosphine and propene: HPMe2 in the singlet ground state 

(S=\)(S=\) (left), propene (middle) and HPMe2 in the triplet excited state (5=3) (right). 

i t t 

HPMe2(S=1) ) Propene e HPMe22 (S=3) 

HOMOO LUMO HOMO* 
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Figuree 2. Calculated structures of the intermediates of the [2+2] addition of 

dimethylphosphinee with propene. 

"^ V V 
(l)(S=3) ) 

^ V V 
(III )) (5=3) 

v£ £ 
v.*:: -4>< ¥^ -ünfr 

HOMO* * HOMO* * HOMO* * HOMO O 

Tablee 2. Selected bond lengths (A) and atomic charges" (e) of the reactants, intermediates 

andd product. 

bondd or atom propene HPMe2 HPMe2 I II II I  IV 
(5=1)) (5=3) (5=3) (5=3)b (5=3) (5=1) 

P-H H 

P-Cl l 

C1-C2 2 

C2-H H 

P P 

H H 

C( l ) ) 

C(2) ) 

1.333 3 

-0.099 9 

-0.050 0 

1.438 8 

+0.056 6 

-0.033 3 

1.580 0 

+0.145 5 

-0.104 4 

1.547 7 

1.922 2 

1.469 9 

2.699 9 

+0.169 9 

-0.076 6 

-0.120 0 

-0.046 6 

1.626 6 

2.112 2 

1.495 5 

1.611 1 

+0.115 5 

-0.013 3 

-0.108 8 

-0.056 6 

2.957 7 

2.077 7 

1.518 8 

1.102 2 

+0.126 6 

+0.043 3 

-0.110 0 

-0.078 8 

2.927 7 

1.879 9 

1.537 7 

1.102 2 

+0.062 2 

+0.052 2 

-0.125 5 

-0.071 1 

"Computedd with the VDD method; Transition state. 

Severall  intermediate structures of the [2+2] addition mechanism were calculated. In figure 

22 the different intermediates, including a transition state, are shown and in table 1 relevant 

bondd lengths and Voronoi deformation density (VDD)'617 charges are given. The 

calculationss show that HPMea (5=3) and propene form an intermediate (I) with a net 
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stabilisationn of 11.1 kcal/mol with respect to the isolated reactants (figure 3). The relative 

chargess on the carbon atoms of propene (table 2) show that CI has a larger affinity for the 

positivelyy charged P-atom of the triplet state of dimethylphosphine than C2 (see relative 

chargess in table 2), resulting in a preference for the linear product. The transition state (TS) 

showss a concerted [2+2] addition and a hydrogen is transferred to the C2 carbon. From the 

molecularr orbitals of structure (II) (bottom of figure 2) it is clear that the LUMO of 

propenee mixes into the HOMO of the triplet excited state of dimethylphosphine. The bond 

lengthss between the atoms of the four membered ring of the transition state are all in 

betweenn those of the reactants and the product. The transition state structure shows that the 

reactionn proceeds via a concerted mechanism and the extremely low energy barrier (4.8 

kcal/mol)) indicates that the reaction can take place at room temperature. Finally, in two 

consecutivee steps via intermediate (III) , the singlet ground state of the product (IV) is 

formed. . 

Figuree 3. Energy level diagram of the [2+2] addition reaction of dimethylphosphine with 

propene. . 

AE E 
(kcal/mol) ) 

propenee + 
HPMe2 2 

(SS = 3) 

TS S 
(II) ) 

(SS = 3) 

++ 94.3 

++ 25.1 

HPMe2 2 

( S = 1) ) 
++ propene 

++ 83.2 

(I) ) 
( S = 1) ) 

++ 99.1 

(III) ) 
(SS = 3) 

++ 68.7 

(IV) ) 
( S = 1) ) 

0.0 0 

Thee low activation energy {Ea) of the transition state with respect to the isolated reactants 

(+4.88 kcal/mol, see figure 3) and the highly reactive intermediates (high relative energies) 

suggestt that the reaction can proceed directly via the concerted transition state (II) . 

Therefore,, we believe that the reaction does not necessarily take place via intermediate (I), 

althoughh the calculations indicate that (I) is stable on the potential energy surface. In 
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conclusion,, these DFT calculations indicate that the reaction can proceed via a 

photochemicallyy activated [2+2] addition mechanism. 

Figuree 4. Calculated structures of the reactants in the gas phase of the model radical 

additionn reaction of dimethylphosphine and propene: the dimethylphosphine radical (left) 

andd propene (right). 

HOMO O LUMO O 

Thee radical pathway has also been studied using DFT calculations. Figure 4 shows the 

reactants:: the diphenylphosphine radical and propene. Most of the electron density of the 

unpairedd spin of the Me2P-radical is located on the P-atom. Figure 5 shows the calculated 

structuress and the molecular orbitals of the reaction intermediates and in table 3 the 

relevantt bond lengths are given. The HOMO of the Me2P-radical reacts with the LUMO of 

propenee to give structure (V). A transition state has not been calculated for this step, but 

thee energy barrier is expected to be very low. Structure (VI) results when a 

diphenylphosphinee molecule is in close proximity to (V) giving a net stabilisation of 1.3 

kcal/moll  (figure 6). Subsequently, the hydrogen of diphenylphosphine is transferred to (V) 

viaa a transition state (VII ) giving a diphenylphosphine radical and the product (VIII) . 

Fromm the molecular orbitals of structure (VII ) (bottom of figure 5) it is clear that the 

radicall  is localised on the P2-atom and on the C2 of propene. Table 3 shows that the 
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distancee between the P-atom and the H-atom in the transition state (VII ) (1.508 A) is in 

betweenn that of structure (VI) (1.448 A) and (VIII ) (2.675 A). Also the C2-H distance of 

thee transition state (1.785 A) has a value in between those of the preceding and following 

structuress (2.262 A and 1.102 A, respectively). The energy barrier of the transition state is 

onlyy 13.9 kcal/mol (figure 6), which indicates that the radical mechanism can also occur at 

roomm temperature. 

Figuree 5. Calculated structures of the intermediates of the radical addition of 

dimethylphosphinee to propene. 

«  WMIIFHW ^ S . 

J J 
«^ ^ 

tf-iJb tf-iJb brf r r 
Jrt Jrt 

(VII)(TS)(S«2) ) 

HOMO O HOMO O HOMO O HOMO O 

Tablee 3. Selected bond lengths (A) and atomic charges3 (e) of the intermediates and 

productt of the radical mechanism. 

bondd or atom 

P2-H H 

P2-C1 1 

C1-C2 2 

C2-H H 

V V 
(5=2) ) 

1.922 2 

1.472 2 

VI I 
(5=2) ) 

1.448 8 

1.915 5 

1.476 6 

2.262 2 

VI I I 
(5=2)b b 

1.508 8 

1.918 8 

1.482 2 

1.785 5 

VII I I 
(5=2) ) 

2.675 5 

1.878 8 

1.533 3 

1.102 2 

"Computedd with the VDD method; Transition state. 
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Figuree 6. Energy level diagram of the radical addition reaction of dimethylphosphine with 

propene. . 

22 TS 
++ propene (VII) 
++ HPMe2 (S = 2) 

(SS = 2) 

DFTT calculations have shown that this reaction can proceed via a photochemically 

activatedd [2+2] addition mechanism and via a radical mechanism at room temperature. 

Experimentall  results show that a radical reaction is taking place. So far we have not 

obtainedd conclusive experimental evidence to either prove or exclude that the reaction also 

occurss via a [2+2] addition mechanism. Probably the conditions determine the mechanism 

thatt dominates. 

Inn order to optimise the synthetic procedure for the complete functionalisation of 

carbosilanee dendrimers with Si(CH2CH2CH2PPh2)3 endgroups via a photochemically 

activatedd addition of diphenylphosphine to the olefmic endgroups of the dendrimer, we 

foundd that it is important to use high concentrations of starting material to avoid the 

formationn of side products. The presence of a triplet sensitiser or a radical initiator 

acceleratess the reaction. These additives do not disturb the easy purification of the product, 

sincee both additives can be removed in vacuo (p-methoxyacetophenone has a boiling point 

off  152-154°C/26mmHg, AIBN decomposes to give isobutyronitrile (bp. = 107-108°C)). 

Conclusions s 

Threee generations of carbosilane dendrimers with Si(CH2CH2CH2PPh2)3 endgroups have 

beenn prepared by reaction of diphenylphosphine with the unsaturated endgroups of the 

dendrimers.. Long reaction times were required for the complete functionalisation of the 

dendrimers.. We investigated the mechanism of this reaction by performing several test 

experimentss using a radical initiator (AIBN), a triplet sensitiser (p-methoxyacetophenone) 

AE E 
(kcal/mol) ) 
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andd a radical scavenger (galvinoxyl). Experimental results show that a radical reaction is 

takingg place, but cannot exclude that a [2+2] addition mechanism might also be present. 

DFTT calculations have been performed to study both the photochemically activated [2+2] 

additionn mechanism and the radical mechanism using the model compounds 

dimethylphosphinee and propene. A cyclic transition state has been found for the [2+2] 

additionn mechanism with a very low energy barrier (+4.8 kcal/mol). For the radical 

mechanismm also a transition state with a low energy barrier was found (13.9 kcal/mol). 

Therefore,, both reaction mechanisms are likely to occur at room temperature and might co-

exist. . 

Underr different conditions a different mechanism might dominate. 

Whenn optimised the reaction proceeds without the formation of side products, which 

makess it a convenient way to functionalise dendrimers. 

Experimental l 

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

standardd Schlenk techniques. Toluene was distilled under N2 from sodium prior to use. 

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

withoutt further purification. H- and P-f'lTj-NMR spectra were recorded on a Varian 

Mercuryy 300 and the C-{  HJ-NMR spectra were measured on a Varian Inova 500. The 

chemicall  shifts are given in ppm relative to TMS for H- and ' C-NMR and relative to H3PO4 

forr 3lP-NMR. Matrix Assisted Laser Desorption Ionisation (MALDI ) Time-of-Flight (TOF) 

masss spectrometry was performed using a Perkin Elmer/PerSeptive Biosystems Voyager-DE-

RPP MALDI-TO F 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 (il of dichloromethane solution of the 

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

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

solventt was removed in warm air and the sample transferred to the vacuum of the mass 

spectrometerr for analysis. Elemental analyses were measured on an Elementar Vario EL 

apparatus. . 
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Typicall  procedure for preparation of the diphenylphosphine functionalised dendrimers: 

Si(CH2CH2CH2PPh2)4: : 

1:: A solution of 169.0 mg tetraallylsilane (0.88 mmol) and 100 mg AIBN (0.60 mmol) in 800 

mgg diphenylphosphine (4.30 mmol) was irradiated with a UV-light (350 nm) for 10 days. The 

excesss of diphenylphosphine was removed in vacuo (3.5-10" mbar, 80°C). Product 1 was 

obtainedd as a colourless solid in 68% yield (562.8 mg, 0.60 mmol). 'H-NMR (300 MHz, 

CDC13):: 5 7.8-7.3 (m, 40H, ArH), 2.05 (m, 8H, SiCH2CH2Cff2P), 1.4 (m, 8H, 

SiCH2C//2CH2P),, 0.8 (m, 8H, SiC//2CH2CH2P). 3IP-{'H}-NM R (121.5 MHz, CDC13) 5-16.8. 

I3C-{'H}-NM RR (125.8 MHz, CDC13): 6 138.9 (d, ipso-PhP, ]JCP = 13.2 Hz), 132.6 (d, o-PhP, 

VCpp = 18.6 Hz), 128.6 (s, p-PhP), 128.3 (s, w-PhP, VCP = 6.7 Hz), 32.3 (d, SiCH2CH2CH2P, 

'JCPP =11.8 Hz), 20.5 (d, SiCH2CH2CH2P, 2JCP - 17.0 Hz), 14.2 (d, SiCH2CH2CH2P, 3JCP = 

11.33 Hz). MALDI-TOF-MS: m/z 938 (M*) (calcd. 397.2), 954 (monooxide), 970 (dioxide), 

9866 (trioxide), 1002 (tetraoxide). Anal, calcd. for C6oH64SiP4: C 76.90; H 6.88. Found: C 

76.15;; H 6.90. 

Si(CH2CH2CH2Si(CH2CH2CH2PPh2)3)4: : 

2:: This compound was prepared from the first generation carbosilane dendrimer (248.7 mg, 

0.311 mmol) and AIBN (100 mg, 0.60 mmol) in diphenylphosphine (1.0 mL, 0.60 mmol) using 

thee same procedure as for 1, yielding a colourless wax-iike solid (894.3 mg, 0.28 mmol, 90%). 

Thee reaction mixture was irradiated for 30 days. 'H-NMR (300 MHz, CDC13) 8 7.5-7.2 (m, 

120H,, ArH), 1.95 (m, 24H, SiCH2CH2C//2P), 1.25 (m, 24H, SiCH2C//2CH2P), 1.05 (m, 8H, 

SiCH2C//2CH2Si)) 0.6 (m, 24H, SiC//2CH2CH2P), 0.4 (m, 16H, SiC//2CH2C//2Si). 3 IP-{'H} -

NMRR (121.5 MHz, CDCI3) 5-17.0. 1 3C - { ' H } - N M R (125.8 MHz, CDC13): 5 138.9 (d, ipso-

PhP,, VCP = 12.0 Hz), 132.6 (d, o-PhP, 2JCp = 18.0 Hz), 128.6 (s,p-PhP), 128.3 (s, w-PhP, 3JCP 

== 6.5 Hz), 32.3 (d, SiCH2CH2CH2P, VCP= 11.1 Hz), 20.6 (d, SiCH2CH2CH2P, 2JCp = 17.0 Hz), 

14.44 (d, SiCH2CH2CH2P, VCP - 11.4 Hz), 18.4 (s, CH2 of SiCH2CH2CH2Si), 17.6 (s, CH2 of 

SiCH2CH2CH2Si).. Anal, calcd. for C,92H216Si5P12: C 75.96; H 7.17. Found: C 75.86; H 7.17. 

Si(CH2CH2CH2Si(CH2CH2CH2Si(CH2CH2CH2PPh2)3)3)4: : 

3:: This compound was prepared from the second generation carbosilane dendrimer (161.8 mg, 

0.06144 mmol) and AIBN (100 mg, 0.60 mmol) in diphenylphosphine (1.5 mL, 0.90 mmol) 

usingg the same procedure as for 1, yielding a colourless wax-like solid (509.1 mg, 0.0546 

mmol,, 89%). The reaction mixture was irradiated for 45 days. ' H-NMR (300 MHz, CDC13) 5 
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7.8-7.33 (m, 360H, ArH), 2.18 (m, 72H, SiCH2CH2C//2P), 1.4 and 0.8 and 0.7 (m, 240H, other 

CH2's).. 31P-{'H}-NM R (121.5 MHz, CDC13) 5-16.9. 

DFTT calculations 

Thee electronic structure calculations were computed within the Kohn-Sham formulation of 

densityy functional theory (DFT) using gradient-corrected local functionals. Using the ADF 

package'' we performed geometry optimisations and a transition state (TS) search on the 

differentt intermediates in the gas phase with the PW91 functional. The TS was optimised with 

aa Hessian possessing one negative Eigen value. Here PW91 refers to the LDA functional using 

thee Vosko-Wilk-Nusair parameterisation of the electron gas data of Ceperley and Alder, 

complementedd with a gradient correction for exchange and correlation proposed by Perdew 

andd Wang. If necessary, an excited triplet state was computed by doing an unrestricted 

calculationn on the intermediate in question. In this case, spin-a and spin-/? molecular orbitals 

mayy be spatially different and may have different occupation numbers. The molecular orbitals 

weree expanded in an uncontracted triple-£ Slater-type basis set, augmented with 2p and 3d 

polarisationn functions for hydrogen, and 3d and 4/for carbon and phosphorus. Cores were kept 

frozen.. Excitation energies were computed by time dependent DFT techniques implemented in 

thee ADF code.22 

Experimentss concerning the mechanism 

Thee experiments concerning the mechanism were performed in an NMR-tube. 

AA stock solution containing 0.2392 g tetraallylsilane (1.24 mmol) and 0.87 mL 

diphenylphosphinee (5.0 mmol) in 1.5 mL toluene was prepared (to give a total volume of -2.5 

mL).. Subsequently, 0.5 mL of this solution was added to either of the following additives: 

0.01533 g AIBN (0.093 mmol), 0.0412 g galvinoxyl (0.098 mmol) or 0.0148 g p-

methoxyacetophenonee (0.099 mmol). 

Thee NMR-samples were irradiated at 350 nm for the desired period of time and the conversion 

wass determined using 31P-{'H}-NM R spectroscopy. 
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%J%J Supramolecular anchoring of catalysts to a 

solublesoluble dendrimer support 

AA general strategy for the efficient reversible functionalisation of the periphery of 

dendrimerss using non-covalent interactions has been applied for the binding of phosphine 

ligandss to a poly(propylene imine) dendrimer. The resulting supramolecular complex has 

beenn used in the palladium catalysed allylic amination reaction in a batch process and in a 

continuouss set-up. 

D.. de Groot, B. F. M. de Waal, J. N. H. Reek, A. P. H. J. Schenning, P. C. J. Kamer, E. W. Meijer, 
P.. W. N. M. van Leeuwen, J. Am. Chem. Soc, in press. 
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Introductio n n 

Thee immobilisation of transition metal catalysts by anchoring them to organic or inorganic 

solidd supports combines the good catalytic performance of a tailor-made system with a 

facilee separation of the catalyst from the product phase.1 Disadvantages of these 

heterogenisedd systems include a decreased activity due to mass transfer limitations, 

loweredd selectivity and metal leaching. Metal leaching can be suppressed by using 

properlyy chosen ligands that coordinate strongly to the metal center. The use of soluble 

supportss such as small (hyperbranched) polymers,2 dendrimers,35 and hybride materials6 

resultt in homogeneous immobilised catalysts that do not suffer from mass transfer 

limitations.. A further improvement of this approach would be the non-covalent 

functionalisationn of the soluble support. The reversible nature of this type of catalyst 

anchoringg allows controlled de- and re-functionalisation of the support. Furthermore, using 

suchh an approach multicomponent assemblies can be envisaged that are interesting for 

tandemm reactions and combinatorial techniques. To achieve the supramolecular anchoring 

off  catalysts, a soluble support must contain well-defined binding sites to which the tailor-

madee transition metal catalysts with a complementary binding motive can be assembled 

(schemee 1). Another requirement of the support is a size that allows the use of 

nanofiltrationn techniques. Dendrimers are proposed to be an excellent support for this 

supramolecularr anchoring. 

Schemee 1. The concept of supramolecular anchoring of catalysts to a soluble support. 

Catt cat 

Recently,, a fifth generation poly(propylene imine) dendrimer functionalised with urea 

adamantyll  units at the periphery (3) has been reported.7 This dendrimer provided 

directionall  binding sites for the strong reversible binding of 32 guest molecules 
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functionalisedd with the complementary binding motive. The binding is based on ionic 

interactionss in combination with multiple hydrogen bonds. 

Heree we report for the first time the non-covalent anchoring of phosphine ligands and their 

transitionn metal complexes, which can be used as catalysts, to the periphery of a soluble 

dendrimericc support (figure 1). The resulting recyclable homogeneous supramolecular 

complexx is used in the palladium catalysed allylic amination reaction in a batch process 

andd in a continuous set-up. 

Figuree 1. Phosphine ligands assembled to the periphery of a urea-adamantyl-

functionalisedd poly(propylene imine) dendrimer. 

Resultss &  discussion 

Synthesis s 

Itt was previously found that both the urea and the carboxylic acid functionality must be 

presentt in the guest molecules to achieve the required strong binding in the dendrimeric 

hostt (3). ' We also anticipated that the introduction of the binding motive in a ligand 

systemm must be straightforward in order to have a general strategy that can also be used for 

moree complicated ligand systems. A reaction of /?-(diphenylphosphino)benzylamine with 

thee commercially available ethyl isocyanatoacetate yielded ester derivative 1 (scheme 2). 

Afterr hydrolysis of the ester and recrystallisation from chloroform pure 2 was isolated as a 

whitee powder. Phosphine guest 2 is thus prepared in two simple reaction steps. 
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Schemee 2. Synthesis of a phosphine containing guest molecule (2). The schematic 

structuree of the dendrimeric host (3). 

NH22 + 0 = C = N 

1)NaOH/H20 0 
2)) HCI/H20 
o o 

HH H 
0 0 

OH H 

Thee binding of the guest molecule into the periphery of 3 was studied by NMR 

spectroscopy.. In contrast to acid ligand 2, ester ligand 1 showed no affinity for the binding 

motivee of the dendrimer. Addition of 32 equivalents of acid(2) to 3 (in CDCI3), resulted in 

aa shift of the urea protons of the dendrimer from 6.20 and 5.43 ppm to 6.34 and 5.64 ppm, 

respectively.. This shift is similar to that previously reported for other guest molecules.7 

Additionn of an extra portion of dendrimer (1 equiv.) resulted in a distribution of the guest 

moleculess over the dendrimers and average signals for the urea protons were observed in 

thee 'H-NMR spectrum at 6.30 and 5.57 ppm, respectively. This clearly shows that the 

exchangee between the bound and unbound species is rapid on the NMR time scale. In a 'H-

NOE-NMRR experiment of the dendrimer with 32 equivalents of acid(2) the aromatic 

protonss of the guest were selectively irradiated and a NOE effect was observed for the 

adamantyll  protons. This confirms the interaction between the diphenylphosphine groups of 

thee guest and the adamantyl endgroups of the dendrimer. A 2D-NOESY-NMR spectrum 

alsoo shows the interaction of the aromatic protons of the guest molecule with the protons of 

thee adamantyl groups (figure 2). These experiments suggest that, as a result of the multiple 

hydrogenn bond interactions, the guest molecule is positioned in the periphery of the 

dendrimericdendrimeric host in a well-defined way, as is shown schematically in figure 1. 
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Figur ee 2. NOESY-NMR spectrum of guest ligand acid(2) assembled to the periphery of a 

poly(propylenee imine) dendrimer. 
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Schemee 3. Schematic presentation of the preparation of transition metal complexes using 

ligandss non-covalently anchored to the periphery of a dendrimer. 

Afterr binding the guest ligands into the periphery of the dendrimer they were complexed to 

palladiumm by addition of Pd(COD)MeCl or [(crotyl)PdCl]2 (scheme 3a). A second 

approachh towards the formation of metal functionalised systems involves the synthesis of 

thee metal complex of acid(2) prior to the non-covalent anchoring of the complex to the 

peripheryy of the dendrimer, leading to the same product (scheme 3b). Upon the addition of 

0.55 equivalents of (COD)PdMeCl with respect to the phosphine ligand, ftw«-complexes 

aree formed. In the 31P-{'H}-NM R spectrum a broad singlet at 30.4 ppm is observed, which 

iss comparable to the 30.7 ppm for the model compound ?ram-(PPh3)2PdMeCl. The PdMe 

signall  in the H-NMR spectrum is at -0.04 ppm, compared to -0.03 ppm for trans-

(PPh3)2PdMeCl.. The 'H-NMR spectrum shows that the guest molecules and the 

dendrimericc host are still assembled after metal complexation; the signals for the urea 

protonss of the dendrimer have broadened significantly and are shifted with respect to the 

freee dendrimeric host. 

AA third route towards Pd-functionalised dendrimers involves the mixing of all the reactants 

simultaneouslyy (scheme 3c). In this way we have prepared [{acid(2)}Pd(crotyl)Cl]32-

dendrimerr complex (giving a broad singlet in the 31P-{'H}-NM R spectrum at 24.4 ppm) 
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andd [{acid(2)}2Pd(crotyl)Cl]i6-dendrirner complex (broad singlet at 24.9 ppm), which were 

usedd for catalysis. 

Sizee exclusion chromatography (SEC) was used to check the stability of the acid(2)-Pd-

dendrimerr complex. NMR showed that the [{acid(2)}2Pd(allyl)Cl]i6-dendrimer complex 

remainedd intact after SEC, in contrast to the {ester(l)}2Pd-dendrimer mixture. This 

indicatess that the binding constant of the acid(2)-PdCl(allyl)-complex into the periphery of 

thee dendrimer8 as well as that of the Pd to the ligand is very high. 

Catalysis s 

Thee dendrimeric host containing 32 molecules of acid(2) was used as a multidentate ligand 

inn the Pd-catalysed allylic amination using crotyl acetate and piperidine as the substrate 

moleculess (scheme 4). 

Schemee 4. Allyli c amination of crotyl acetate and piperidine. 

>> 0 0 ^ 
linearlinear trans linear cis branched 

Thee reaction has been performed under various conditions using 

[{acid(2)} 2Pd(crotyl)Cl]i6-dendrimerr (P/Pd = 2) and [{acid(2)}Pd(crotyl)Cl]32-dendrimer 

(P/Pdd = 1) as a catalyst. The reaction was started by mixing the substrates and the catalyst 

solutionn and appeared to be fast; using the [{acid(2)}2Pd(crotyl)Cl]i6-dendrimer (P/Pd = 2) 

andd a substrate/palladium ratio of 100 the conversion was 91% after 5 minutes. 

Approximatelyy the same rate was observed for the Pd-complex of ester(l) in the absence of 

thee dendrimer (table 1). This indicates that every active site on the dendrimer acts as an 

independentt catalyst.10 These experiments show clearly that the supramolecular anchoring 

off  the catalysts does not decrease the activity, which in general is in contrast to 

immobilisationn to an insoluble support. Moreover, the product selectivity generated by the 

{acid(2)}2-Pd-dendrimerr complex is the same as that induced by the {ester(l)}2-Pd-

complex.. The non-covalently functionalised dendrimeric catalyst used in these batchwise 

reactionss was recycled using SEC. The conversion measured after one hour, however, was 
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lowerr in the second run, suggesting that the catalyst partly decomposed during the 

recyclingg procedure. 

Tablee 1. Results of the Pd-catalysed allylic amination of crotyl acetate and piperidine, 

usingg a catalyst containing two phosphine ligands per Pd (P/Pd = 2).a 

catalyst t 

{ester(l) ) 

!acid(2)| | 

2Pd(crotyl)Cl l 

2Pd(crotyl)Cl--dendrimer r 

conversion n 

(%) ) 

89 9 

91 1 

trans s 

(%) ) 

38 8 

37 7 

cis s 

(%) ) 

14 4 

15 5 

branched d 

(%) ) 

48 8 

48 8 

aRoomm temperature, solvent: CH2O2, volume: 5 mL, [crotyl acetate] = 0.2 M, [piperidine] 

-- 0.4 M, [Pd] - 0.002 M; Conversion after 5 min. 

Uponn using the [{acid(2)}Pd(crotyl)Cl]32-dendrimer complex (P/Pd - 1) as a catalyst, a 

similarlyy fast reaction was observed (table 2)." Again the results for the 

{acid(2)}Pd(crotyl)Cl-dendrimerr complex are similar to those for the 

{ester(1)}Pd(crotyl)Cll  complex. The selectivity is slightly different from that obtained 

withh a P/Pd ratio of 2.12 

Tablee 2. Results of the Pd-catalysed allylic amination of crotyl acetate and piperidine, 

usingg a catalyst containing one phosphine ligand per Pd (P/Pd = l).a 

catalyst t 

{ester(l)}Pd(crotyl)Cl l 

{acid(2)}}  Pd(crotyl)Cl-dendrimer 

conversion n 

(%) ) 

80 0 

72 2 

trans s 

(%) ) 

33 3 

33 3 

cis s 

(%) ) 

6 6 

6 6 

branched d 

(%) ) 

61 1 

61 1 

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

-- 0.24 M, [Pd] = 0.0040 M; Conversion after 5 min. 

Fulll  advantage of dendrimers as soluble supports for catalysts can be obtained when they 

aree applied in a continuous-flow membrane reactor.1111314 For this purpose we used a Koch 

MPF-600 NF membrane (molecular weight cut-off = 400 Dalton) that was placed in a 

home-madee reactor. The retention measured for the ester complex (l)Pd(crotyl)Cl (MW = 

617.44 Da) in the presence of the host-dendrimer is 97%, which is too low for practical 
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applicationn since one-third of the ligand wil l be washed out of the reactor after 13 reactor 

volumess of solvent have been pumped through. In contrast, the supramolecular acid-

dendrimerr complex [(2)Pd(crotyl)Cl]32-dendrimer has a retention as high as 99.4%. These 

resultss indicate that this type of supramolecular complexes can be used in a continuous-

floww membrane reactor where they wil l be efficiently separated from smaller compounds 

suchh as the reactants and products. The application was studied using the allylic amination 

reaction. . 

AA solution of crotyl acetate and piperidine in dichloromethane (including w-decane as an 

internall  standard) was pumped through the reactor. The Pd-complex of acid(2) assembled 

too the dendrimer was used as a catalyst and compared to the Pd-complex of ester(l) in 

presencee of the dendrimer.15 

Figur ee 3. Application of non-covalently functionalised dendrimers in a continuous-flow 

membranee reactor: (a) using acid(2) as a ligand, (b) using ester(l) as a ligand. 
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Inn figure 3 the conversion is plotted as a function of the substrate flow.16 In both 

experimentss the conversion has increased to its maximum (ca. 80%) after approximately 1 

hourr (which is equivalent to 1 -2 reactor volumes of substrate solution pumped through the 

reactor).. Upon using acid(2) the conversion remains fairly constant during the first 10 
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hourss of the experiment (figure 3a).17 The slight decrease observed is presumably a result 

off  slow deactivation of the catalyst, which has also been observed using covalently 

functionalisedd dendrimers.10,14 Upon using ester(l) the activity of the catalytic system 

dropss more rapidly, since ester(l), which is not bound to the dendrimer, is washed out of 

thee reactor (retention = 97%). In this experiment slow deactivation of the catalyst occurs as 

well.. Although these deactivation processes slightly obscure the results, the differences 

observedd between ligands ester(l) and acid(2) clearly demonstrate that the non-covalently 

functionalisedd dendrimers are suitable as soluble and recyclable supports for catalysts. 

Conclusions s 

Inn summary, we have introduced a new concept in homogeneous catalysis, i.e. 

supramolecularr anchoring of catalysts to a soluble support. The catalytic system is attached 

too the periphery of a poly(propylene imine) dendrimer using non-covalent interactions. 

Thee binding is based on an ionic interaction combined with multiple hydrogen bonds, 

whichh positions the guest ligand at the periphery of the dendrimer in a well-defined way. 

Thee supramolecular dendrimeric system shows the same activity and selectivity in the 

palladiumm catalysed allylic amination as its unbound monomeric analogue, which indicates 

thatt every active site on the dendrimer acts as an independent catalyst and is easily 

accessiblee to the substrate. Moreover, the catalyst is bound strongly allowing operation of 

suchh a system in a continuous set-up, resulting in efficient separation of the catalyst from 

thee reaction mixture. Employing the concept of non-covalent anchoring simplifies the route 

towardss sophisticated dendrimeric catalysts since ligand modification with the binding 

motivee is straightforward. This opens the way towards the use of multipurpose supports, 

varyingg from dendrimers to other soluble and solid supports, which can be functionalised 

andd refunctionalised with multiple complex catalytic systems containing a relatively simple 

bindingg motive. 

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,, hexane) or calcium hydride (dichloromethane) prior to use. Water and CDCI3 were 

degassedd and stored under nitrogen. Chemicals were purchased from Aldrich Chemical Co. 

andd Acros Chimica and were used without further purification. The piperidine was filtered 

overr neutral alumina prior to use. For the size exclusion chromatography Bio-Beads® S-Xl 
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Beadss (Gel Permeation Gel 200-400 mesh, Bio-Rad Laboratories, Hercules, USA) were used. 

p-(Diphenylphosphino)benzylamine,188 (COD)PdMeCl,19 [(allyl)PdCl]2
20 and [(crotyl)PdCl]2

20 

weree prepared according to literature procedures. 'H-, and 31P-{'H}-NM R spectra were 

recordedd on a Varian Mercury 300. 13C-{'H}-NM R spectra were recorded on a Varian Inova 

500.. The chemical shifts are given in ppm relative to TMS for 'H- and 13C-NMR and relative 

too H3PO4 for 31P-NMR. Fast atom bombardment (FAB) mass spectrometry was carried out 

usingg a JEOL SX/SX 102A (Tokyo, Japan) four-sector tandem mass spectrometer (BiEiB2E2 

geometry),, coupled to a JEOL MS/MP9021D/UPD data system. Gas chromatography was 

performedd 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). 

Synthesiss of the phosphine ligands. 

Ester(l).. To a solution of 0.4417 g (diphenylphosphino)benzylamine (1.516 mmol) in 5 mL 

dichloromethanee 0.17 mL ethyl isocyanatoacetate (1.515 mmol) was added. After stirring for 2 

hourss at room temperature the solvent was evaporated. The product was recrystallised from 

dichloromethane/hexanee and obtained as a white solid in 89% yield (0.5690 g, 1.353 mmol). 

Mp:: 100-lOrC. 'H-NMR (300 MHz, CDC13): 5 7.4-7.2 (m, 14H, ArH), 5.0 (s (br.), 2H, NH), 

4.366 (d, 2H, ArC//2N, VHH = 5.7 Hz), 4.15 (q, 2H, OC//2CH3, VHH = 7.2 Hz), 3.97 (d, 2H, 

NGtf2CO,, 3JHH = 5.1 Hz), 1.23 (t, 3H, OCH2C#3, VHH = 7.2 Hz). 3,P-{'H}-NM R (121.5 MHz, 

CDCI3):: 8 -5.59 (s). I3C-{'H}-NM R (125.8 MHz, CDC13): 8 171.4 (s, COOEt), 157.8 (s, 

NHCONH),, 140.0 (s, i/wo-PhCH2N), 137.4 (d, ipso-PhP, ]JCP = 10.6 Hz), 136.4 (d, ipso-?hP, 

'JCPP = 10.6 Hz), 134.3 (d, w-PhCH2N, 2JCP = 19.4 Hz), 133.9 (d, o-PhP, 2JCP = 19.4 Hz), 128.9 

(s,, p-PhP), 128.7 (d, m-PhP, 3JCp = 6.7 Hz), 127.7 (d, o-PhCH2N, VCP = 7.2 Hz), 61.6 (s, 

OCH2CH3),, 44.5 (s, ArCH2N), 42.5 (s, NCH2CO), 14.4 (s, CH3). IR (KBr) v (cm1) 3338 (NH), 

30522 (CH, arom.), 2982 (CH, alif.), 1748 (CO), 1630 (CO), 1576 (CO). FAB-MS m/z 437.2 

([M+0+H] +),, HRMS (FAB+) m/z calcd for C24H2604N2P [M+0+H]+: 437.1630. Found: 

437.1619.. Anal, calcd. for C24H25N203.25P (partly oxidised): C 67.92; H 5.94; N 6.60. Found: 

CC 67.85; H 5.82; N 6.45. 

Acid(2).. A solution of 0.0233 g NaOH (0.583 mmol) in 4 mL water was added to a solution of 

0.21977 g 1 (0.5225 mmol) in 5 mL THF. After stirring overnight the THF was evaporated and 

thee reaction mixture was neutralised by addition of 1 mL 0.58 M aqueous HC1. The solvent 

wass decanted and the crude product was washed with water. After recrystallisation from 

chloroformm a white powder was obtained in 40% yield (0.0824 g, 0.210 mmol). Mp: 129-

130°C.. 'H-NMR (300 MHz, DMSO-d6): 81.5-1.2 (m, 14H, ArH), 6.88 (t, 1H, NH, VHH = 6 
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Hz),, 6.20 (t, 1H, NH, VI1H = 6 Hz). 4.22 <d, 2H, ArC//2N, l/H„  = 5.7 Hz), 3.69 (d, 2H, 

NC//2CO,, VHM = 5.4 Hz). "P-^Hf-NMR (121.5 MHz, DMSO-d6): S -2.26 (s). nC-{ 'H} -

NMRR (125.8 MHz, DMSO-d6): 6 172.5 (s, COOH), 158.0 (s, N-CO-N), 142.0 (s, ipso-

PhCH2N),, 136.8 (d, ipso-PhP, ]JC? = 9.7 Hz), 134.4 (d, ipso-PhP, 'Jt-P = 10.2 Hz), 133.4 (d, m-

PhCH2N,, V C P - 2 1 .1 Hz), 133.1 (d, o-PhP, 2JCP = 19.4 Hz), 128.9 (s,p-PhP), 128.7 (d,/w-PhP, 

•Vci»» = 6.8 Hz), 127.4 (d. o-PhCH2N, VCP = 5.9 Hz), 42.6 (s, ArCH2N), 41.6 (s, NCH2CO). IR 

(KBr)) v (cm1) 3412 (OH), 3376 (NH), 3052 (CH), 2924 (CH), 1724 (CO), 1624 (CO), 1575 

(CO).. FAB-MS m/z 409.1 ([M+CMT]'), HRMS (FAB) m/z calcd for C22H2204N2P 

[M+O+H]] : 409.1317. Found: 409.1240. Anal, calcd. for C32H2iN2036P (partly oxidised): C 

65.73:: H 5.27; N 6.97. Found: C 65.63; H 5.52; N 7.04. 

Bindin gg of the guest into the periphery of the dendrimer. 

{Acid(2)} 32-dendrimer,, A solution of 0.0198 g 2 (50.5 u.mol) in 1 mL CDC'h was added to a 

solutionn of 0.0297 g fifth generation adamantyl-urea functionalised polypropylene imine) 

dendrimerr (1.60 umol) in 1 mL CDC13. The resulting mixture was analysed by ]H- and _,1P-

{1HJ-NMR.. 'H-NMR (500 MHz, CDC13): 8 7.6-7.2 (m, 448H, ArH of guest ligand), 6.5 

(broadd shoulder, NH of guest). 6.34 (s (br.), 64H, CH2N//CONH of dendrimer), 5.64 (s (br.), 

64H,, CH2NHCON//of dendrimer), 4.32 (s (br.), 64H, ArC//2N of guest), 3.73 (s (br.), 64H, 

NC//2COO of guest), 3.07 (s (br.), 128H, C//2NHCONH of dendrimer), 2.2-2.8 (br., 372H, 

NC//2CH2CH2NHCOO {128H} + NC//2CH2C//2N {240H} + NC//2CH2CH2C//2N {4H}), 1.93 

(ss (br.), 192H, adamantyl), 1.86 (s (br.). 384H, adamantyl), 1.56 (m, 636H, adamantyl {384H} 

++ NCH2C//2CH2NHCO {128H} + NCH2C//2CH2N {120HJ + NCH2C//2C//2CH2N {4H}). 
?1P-{'H}-NMRR (121.5 MHz, CDC13): 5-5.73 (s). 

{Acid(2)}i6-dendrimer.. Half of the {acid(2)}32-dendrimer solution (25.2 jamol 2, 0.802 |jmol 

dendrimer)) was added to 0.0147 g dendrimer (0.794 |amol). The mixture was analysed by !H~ 

NMR.. 'H-NMR (500 MHz, CDC13): 5 7.5-7.1 (m, 224H, ArH of guest ligand), 6.30 (s (br.), 

64H,, CH2N//CONH of dendrimer), 5.57 (s (br.), 64H. CH2NHCON/7 of dendrimer), 4.65 (s 

(br.),, 32H, ArC//2N of guest), 3.74 (s (br.), 32H, NO/2CO of guest), 3.08 (s (br.), 128H, 

C//2NHCONHH of dendrimer), 2.2-2.8 (br., 372H, NC//2CH2CH2NHCO {128H} + 

NC//2CH2C//2NN {240H} + NC//2CH2CH2C//2N {4H}), 1.98 (s (br.), 192H, adamantyl), 1.91 

(ss (br.), 384H, adamantyl), 1.60 (m, 636H. adamantyl {384H} + NCH2C//2CH2NHCO {128H} 

•+•• NCH2C//2CH2N {120H} + NCH2C//2C//2CH2N {4H}). 
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[{Acid(2)} 2-PdMeCl].. A solution of 3.371 mg (COD)PdMeCl (12.7 ftmol) in 0.7 mL CDC13 

wass added to a solution of 0.0098 g 2 (25 fimol) in 0.3 mL CDC13. After stirring for 3 hours the 

mixturee was analysed by 'H- and 3IP-{1H}-NMR. ' H-NMR (300 MHz, CDC13): 5 7.8-7.1 (m, 

8H,, ArH), 6.56 (s (br.), 1H, NH), 6.24 (s (br.), 1H, NH), 5.58 (s, 4H, COD), 4.18 (s (br.), 2H, 

ArC//2N),, 3.68 (s (br.), 2H, NC//2CO), 2.36 (s, 8H, COD). 31P-{!H}-NMR (121.5 MHz, 

CDC13):: 532.3 (s), 30.4 (s). 

[{Acid(2)} 2-PdMeCI] 32-dendrimer. . 

Methodd A. A solution of 3.352 mg (COD)PdMeCl (12.6 fimol) in 1 mL CDC13 was added to a 

solutionn of {acid(2)}32-dendrimer (25.2 fimol 2 + 0.802 ^mol dendrimer) in 1 mL CDC13. 

Afterr stirring overnight the mixture was analysed by 'H- and 3lP-{ 1H}-NMR. 

Methodd B. A solution of 0.0146 g dendrimer (0.789 fimol) in 0.5 mL CDC13 was added to a 

solutionn of [{acid(2)}2-PdMeCl] (12.7 fimol Pd, 25 fimol 2) in 1 mL CDC13. After stirring for 

155 minutes the mixture was analysed by 'H- and 31P-{1H}-NMR. 

'H-NMRR (500 MHz, CDC13): 5 7.8-7.0 (m, 448H, ArH of guest ligand), 6.34 (br., 64H, 

CH2N//CONHH of dendrimer), 5.69 (br., 64H, CH2NHCON// of dendrimer), 5.59 (s, 128H, 

COD),, 4.4 (br., 64H, ArGf72N of guest), 3.7 (br., 64H, NCtf2CO of guest), 3.08 (s (br.), 128H, 

C//2NHCONHH of dendrimer), 2.2-2.8 (br., 372H, NCtf2CH2CH2NHCO {128H} + 

NC//2CH2C//2NN {240H} + NC//2CH2CH2C//2N {4H}), 2.37 (s, 256H, COD), 1.96 (s (br.), 

192H,192H, adamantyl), 1.90 (s (br.), 384H, adamantyl), 1.59 (m, 636H, adamantyl {384H} + 

NCH2C#2CH2NHCOO {128H} + NCH2Ctf2CH2N {120H} + NCH2C//2C//2CH2N {4H}),-0.04 

(br.,, 192H, PdMe). 3IP-{'H}-NMR (121.5 MHz, CDC13): 530.5 (br.). 

Retentionn measurements. A solution of 0.0231 g fifth generation adamantyl-urea 

functionalisedd polypropylene imine) dendrimer (1.25 fimol), 15.692 mg 2 (40.0 fimol) or 

16.8122 mg 1 (40.0 fimol), and 7.879 mg [(crotyl)PdCl]2 (20.0 fimol) in 2 mL dichloromethane 

wass stirred overnight. The membrane was cut to the correct size for the reactor and stored in 

acetonee during one night before storing it in methanol (for at least one night). When it was 

adjustedd in the membrane reactor, the membrane was flushed overnight with dichloromethane. 

Thee ligand-Pd-dendrimer mixture was transferred into the reactor and the solvent was pumped 

throughh for 25 hours at a flow rate of 6 mL/h in order to flush the reactor 30 times. Of both the 

contentss of the reactor and the solution that had been pumped through the membrane the 

solventt was evaporated. The residue was weighed and analysed by NMR. 
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Catalysis.. The allylic amination experiments were performed under N2 atmosphere at room 

temperature. . 

Batchh process. The catalyst solution of the model compound was prepared by overnight 

stirringg of a mixture of the fifth generation adamantyl-urea functionalised poly(propylene 

imine)) dendrimer, the ligand and [(crotyl)PdCl]2 in 2 mL dichloromethane. To the catalyst 

solutionn 2.0 mL of CHiCL and 1.0 mL of substrate solution were added. The reaction was 

monitoredd in time by quenching samples in DBA/Et20 solution (DBA = 

dibenzylideneacetone).. Conversions and product distribution were determined using GC 

analysis. . 

Usingg P/Pd = 2. The following amounts were used for the various catalyst solutions. For 

<l):Pd(crotyl)Ct:: 8.41 mg 1 (20 (imol) and 1.97 mg [(crotyl)PdCl]; (5.0 |imol, 10 |amol Pd). 

Forr (2)2Pd(crotyI)Cl-dendrimer: 0.0116 g dendrimer (0.63 (imol), 7.857 mg 2 (20 (imol) and 

1.9677 mg [(crotyl)PdCl]2 (5.0 |imol, 10 [imol Pd). A substrate solution was prepared by mixing 

crotyll acetate (0.627 g, 5.50 mmol), pipcridine (0.864 g, 10.2 mmol) and «-decane (0.620 g, 

4.366 mmol, internal standard) in CH2C1: (total volume = 5.0 mL). 

Usingg P/Pd = 1. The following amounts were used for the various catalyst solutions. For 

(1)Pd(crotyl)Cl:: 8.407 mg 1 (20 u.mol) and 3.920 mg [(crotyl)PdCl]2 (10 (imol, 20 (imol Pd). 

Forr (2)Pd(crotyl)Cl-dendrimer: 0.0117 g dendrimer (0.63 (imol), 7.836 mg 2 (20 (imol) and 

3.9322 mg [(crotyl)PdCl]2 (10 (imol, 20 (imol Pd). A substrate solution was prepared by mixing 

crotyll acetate (0.211 g, 1.85 mmol), piperidine (0.316 g, 3.71 mmol) and n-decane (0.222 g, 

1.566 mmol, internal standard) in CFLCL (total volume = 5.0 mL). 

Continuouss process. The catalyst solutions were prepared similar to those for the batch 

reactions.. For the model reaction 0.0117 g dendrimer (0.632 |amol), 8.408 mg 1 (20.0 (imol) 

andd 3.915 mg [(crotyl)PdCl]2 (9.94 |imol, 19.9 (imol Pd) were stirred overnight in 2 mL 

dichloromethane.. For the dendrimeric catalyst solution 0.0116 g dendrimer (0.627 |Ltmol), 

7.8366 mg 2 (20.0 |imol) and 3.905 mg [(crotyl)PdCl]2 (9.91 (imol, 19.8 (imol Pd) were stirred 

overnightt in 2 mL dichloromethane. The membrane was cut to the correct size for the reactor, 

storedd in acetone for one night and then in methanol (for at least one night). After it was 

transferredd into the membrane reactor, the membrane was first flushed overnight with CFLCL 

andd then with substrate solution (approximately two reactor volumes). The substrate solution 

wass prepared by mixing 1.5 mL of crotyl acetate, 2.47 mL of piperidine and 2.44 mL of n-

decanee (as internal standard) in CFLCL (total volume = 100 mL) and was pumped through the 

reactorr with a flow rate of 9 mL/h. The catalyst solution was transferred into the membrane 
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reactor.. Samples of the solution coming out of the reactor were quenched in DBA/Et2Ü and 

analysedd by GC. 
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Summary Summary 

Duringg the last two decades the field of dendrimers has gone through a rapid development. 

Thee specific tree-like structure of these systems has inspired many chemists to synthesise 

neww dendrimeric molecules and a variety of applications has been envisaged. An important 

potentiall application of dendrimers is their use as catalyst support, as the size of the 

dendrimerss enables easy recycling of the homogeneous catalyst by means of nanofiltration. 

Thee research described in this thesis involves the development of transition metal based 

dendrimericc catalysts and their use in a continuous-flow membrane reactor. We 

concentratedd on periphery functionalised dendrimers and studied the influence of the 

dendrimerr on the catalytic activity and selectivity as well as the stability in a continuous-

floww reactor. 

Initially,, we focussed on carbosilane dendrimers as a catalyst support because of their 

inertnesss in catalysis and the easy modification of size and flexibility of these molecules. 

Thee optimised synthesis of carbosilane dendrimers containing a branch multiplicity of 

threee and branch lengths of two and three carbon atoms is described in chapter 1. The 

structuress have been studied using molecular modelling and for the second generation C2-

dendrimerr an X-ray crystal structure has been obtained. The membrane reactor set-up that 

hass been used for the continuous experiments is presented in chapter 1. The retentions of 

variouss dendrimers were measured using different solvents. The retentions of linear 

polystyrenee molecules were comparable to those of the dendrimers. We found a large 

solventt effect for the carbosilane dendrimers using the Koch/SelRO MPF-60 NF 

membranee in the continuous set-up. Dichloromethane is the best solvent tested so far and 

thee presence of substrates in the solvent lowers the retention of the dendrimers. It is clear 

thatt the application of the Koch/SelRo MPF-60 NF membrane is limited. 

Whenn this research was started, not much was known about the functionalisation of 

dendrimerss and dendrimeric catalysts. It was important to find synthetic procedures for the 

completee functionalisation of the dendrimers. In this thesis we describe several synthetic 

routess that lead to carbosilane dendrimers containing diphenylphosphine groups at the 

periphery.. A series of carbosilane dendrimers containing Si(CH3)2CH2PPh2, 

Si(CH3)(CH2PPh2)2,, Si(CH3)2CH2CH2PPh2 and Si(CH2CH2CH2PPh2)3 endgroups have 
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beenn synthesised (chapters 2, 3 and 4). The first three types were prepared by reaction of 

thee TMEDA complex of (diphenylphosphino)methyllithium with chlorosilane endgroups 

off the dendrimers or by reaction of potassium diphenylphosphide with chloromethylsilane 

endgroups.. The Si(CH2CH2CH2PPh2)3 functionalised dendrimers were prepared by a 

reactionn of diphenylphosphine with allylic endgroups of the dendrimers. 

PPh, , 

xx = 0 , 1 , 2 x = 0, 1 x = 0, 1 
nn = 0, 1 n = 0, 1 m = 4, 12 
m = 4 ,, 12, 36 m = 4, 12 

Thee SiCH2PPh2-functionalised carbosilane dendrimers with a branch length of two carbon 

atomss have been used in the palladium catalysed hydrovinylation reaction and allylic 

substitutionn reactions (chapter 2). The largest systems have been used in a continuous-flow 

membranee reactor. A major problem in the use of these systems in continuous processes is 

deactivationn of the catalyst. When using dendrimeric ligands with Si(CH2PPh2)2 

endgroups,, the yield for allylic substitution reactions dropped rapidly during continuous 

experimentss and became nearly zero (<0.1%) after the reactor was flushed with substrate 

solutionn approximately fifteen times. When a dendrimeric ligand with SiCH2CH?PPh2 

endgroupss was used, a much more stable catalyst was obtained. During the experiment the 

yieldd only decreased from -90% to -75% after fifteen reactor volumes were pumped 

throughh the reactor. This corresponds to a retention of 98.5-99%, as may be expected for 

thiss size of supported catalyst. Hence, changing the endgroups of the dendrimeric ligand 

hass a large impact on the catalyst stability. 

Thee SiCH2PPh2 and SiCH2CH2PPh2 functionalised carbosilane dendrimers with branch 

lengthss of two and three carbon atoms have been used as ligands in the rhodium catalysed 

hydroformylationn of 1-octene (chapter 3). The influence of the size and flexibility of the 

dendrimericc structure on the catalytic activity and selectivity has been investigated. The 

dendrimericc ligands with Si(CH3)2CH2PPh2 and Si(CH3)(CH2PPh2)2 endgroups induce the 

samee selectivity as their smaller analogues, (CH3)3SiCH2PPh2 and (CH3)2Si(CH2PPh2)2. 

Thee activity of the system does depend on the size and flexibility of the dendrimeric 

support.. The catalyst becomes less active when the phosphines are forced in closer 
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proximity,, i.e. for higher generation dendrimers and for the more compact C2-dendrimers. 

Thee dendrimeric ligands with Si(CH3)2CH2CH2PPb.2 endgroups give catalysts that are less 

activee than those of the dendrimeric ligands containing a methylene-spacer between the 

terminall silicon and phosphorus atom. The largest dendrimeric ligand with an ethylene-

spacerr between the terminal Si-atom and P-atom induces a slightly higher selectivity 

towardss the linear product (1/b = 4.9 compared to 2.3). Although this is a small effect, it is 

interestingg that the selectivity of the hydroformylation reaction can be improved by 

changingg the structure of the support. Detailed insight in this effect might provide a tool to 

preparee more selective catalysts. 

Thee Si(CH2CH2CH2PPli2)3 functionalised carbosilane dendrimers were prepared by a 

photochemicallyy activated addition reaction of diphenylphosphine to the olefinic 

endgroupss of the dendrimer (chapter 4). This reaction is believed to proceed via a radical 

mechanism,, in which the primary step is the formation of a PR2-radical. The possibility of 

aa photochemically activated [2+2] addition mechanism has been investigated 

experimentallyy and by using DFT calculations. DFT calculations show that the energy 

barrierr for a reaction proceeding via a cyclic transition state is very low, suggesting that 

thiss might be a likely pathway. Calculations also give low energy barriers for a radical 

mechanism.. Experimental results point towards a radical mechanism, but a [2+2] addition 

mechanismm cannot be excluded. 

Upp to now only covalently functionalised dendrimers have been discussed. A disadvantage 

off this approach is that functionalisation is irreversible. Non-covalent functionalisation of 

thee dendrimers would be an elegant solution for this drawback and would simplify the 

routee towards dendrimer supported catalysts. The reversible nature of non-covalent catalyst 

anchoringg allows controlled de- and re-functionalisation of the support. Such a non-

covalentt approach, using a combination of ionic interactions and hydrogen bonding, has 

beenn used for the functionalisation of poly(propylene imine) dendrimers (chapter 5). A 

fifthfifth generation dendrimer functionalised with urea-adamantyl endgroups is used as a host, 

andd urea-acid-functionalised triphenylphosphine guest molecules are assembled at its 

periphery.. Palladium complexes of the resulting supramolecular multidentate phosphine 

ligandd have been used as catalysts in the allylic amination of crotyl acetate and piperidine. 

Thee activity and selectivity of the dendrimeric catalyst are similar to those of the 

monomericc system, indicating that there is no decrease in activity as a result of the 
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immobilisation.. The retention of the supramolecular catalyst is high (99.4%) and the 

systemm can be applied in a continuous-flow membrane reactor. Similar to the covalently 

functionalisedd systems of chapter 2, the catalyst stability is an important issue that needs to 

bee addressed. 

Inn general, dendrimers appear to be quite suitable as a catalyst support. The dendrimeric 

catalystss described in this thesis are active in several catalytic reactions. For palladium 

catalysedd reactions both the activity and the selectivity of the different generations of the 

dendrimerss are similar to those of the monomeric compounds, indicating that the catalytic 

sitess are readily accessible to the substrate. For the rhodium catalysed hydroformylation 

reactionn there is an effect on the activity, but not on the selectivity of the system. When the 

phosphiness are forced in closer proximity inactive rhodium complexes are formed leading 

too a decrease in activity. 

Thesee dendrimeric catalysts can be used in a continuous-flow membrane reactor. However, 

forr industrial applications much higher retentions are required (>99.99%), so higher 

generationn dendrimers should be used. Catalyst stability is an important issue to avoid 

decompositionn and leaching of the transition metal. Furthermore, new membrane materials 

thatt are less dependent on the solution and temperature should be developed. 
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Inn de laatste twee decennia heeft het onderzoek naar dendrimeren een grote ontwikkeling 

doorgemaakt.. De specifieke boom-achtige structuur van deze systemen heeft veel chemici 

geïnspireerdd tot de synthese van nieuwe dendrimere moleculen waarbij verschillende 

toepassingenn in overweging zijn genomen. Een belangrijke potentiële toepassing van 

dendrimerenn is het gebruik als dragermateriaal voor katalysatoren. De homogene 

dendrimeree katalysator kan vanwege zijn grootte door middel van nanofiltratie 

gemakkelijkk worden hergebruikt. Het onderzoek dat in dit proefschrift beschreven wordt, 

omvatt de ontwikkeling van dendrimere katalysatoren gebaseerd op 

overgangsmetaalcomplexenn en hun gebruik in een doorstroom membraanreactor. Hierbij 

ligtt de nadruk op periferie-gefunctionaliseerde dendrimeren en wordt gekeken naar de 

invloedd van het dendrimeer op de katalytische activiteit en selectiviteit evenals de 

stabiliteitt in een doorstroom membraanreactor. 

Inn eerste instantie ging de aandacht uit naar carbosilaan dendrimeren als dragermateriaal, 

omdatt deze dendrimeren inert zijn tijdens de katalyse en bovendien de grootte en 

flexibiliteitt van deze moleculen gemakkelijk gevarieerd kan worden. De geoptimaliseerde 

synthesee van carbosilaan-dendrimeren met een vertakkingsgraad van drie en een 

ketenlengtee van twee en drie koolstof-atomen staat beschreven in hoofdstuk 1. Om meer 

inzichtt te krijgen in de structuur van deze verbindingen zijn ze bestudeerd met behulp van 

theoretischee berekeningen en een kristalstructuur opheldering is verkregen voor het tweede 

generatiee C2-dendrimeer. In hoofdstuk 1 staat ook een beschrijving van de opstelling van 

dee membraanreactor die is gebruikt voor de continue experimenten. De retentie van de 

verschillendee dendrimeren is gemeten in verscheidene oplosmiddelen. De retenties van 

lineairee polystyreen moleculen waren vergelijkbaar met die van de dendrimeren. Er is een 

groott oplosmiddeleffect gevonden voor de carbosilaan dendrimeren waarbij gebruik werd 

gemaaktt van het Koch/SelRO MPF-60 NF membraan in de continue opstelling. 

Dichloormethaann is het beste oplosmiddel tot nu toe getest is en zelfs de aanwezigheid van 

substratenn in het oplosmiddel verlaagt de retentie van de dendrimeren. Het is duidelijk dat 

hett toepassen van het Koch/SelRo MPF-60 NF membraan gelimiteerd is. 
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Bijj het begin van dit onderzoek was er nog niet veel bekend over het functionaliseren van 

dendrimerenn en over dendrimere katalysatoren. Het was belangrijk om goede synthetische 

methodenn te vinden voor de volledige functionalisering van dendrimeren. In dit 

proefschriftt worden verschillende synthetische routes voor carbosilaan-dendrimeren met 

difenylfosfine-groepenn aan de periferie beschreven. Een serie carbosilaan-dendrimeren met 

Si(CH3)2CH2PPh2,, Si(CH3)(CH2PPh2)2, Si(CH3)2CH2CH2PPh2 en Si(CH2CH2CH2PPh2)3 

eindgroepenn zijn gesynthetiseerd (hoofdstukken 2, 3 en 4). De eerste drie soorten zijn 

bereidd door middel van een reactie van het TMEDA complex van 

(difenylfosfino)methyllithiumm met de chloorsilaan eindgroepen van de dendrimeren of 

doorr een reactie van kaliumdifenylfosfide met chloormethylsilaan eindgroepen. De 

Si(CH2CH2CH2PPh2)3-gefunctionaliseerdee dendrimeren zijn verkregen door een reactie 

vann difenylfosfine met de allyl eindgroepen van de dendrimeren. 

xx = 0, 1,2 x = 0 , 1 x = o, 1 
nn = 0, 1 n = 0, 1 m =4, 12 
m = 4 ,, 12, 36 m = 4, 12 

Dee SiCH2PPh2-gefunctionaliseerde carbosilaan-dendrimeren met een ketenlengte van twee 

koolstof-atomenn zijn gebruikt in de palladium gekatalyseerde hydrovinylering en allylische 

substitutiee reacties (hoofdstuk 2). De grootste dendrimere katalysatoren zijn gebruikt in een 

doorstroomm membraanreactor. Een groot probleem bij het gebruik van deze systemen in 

eenn continu proces is deactivering van de katalysator. Bij gebruik van dendrimere liganden 

mett Si(CH2PPh2)2 eindgroepen, daalde de opbrengst voor allylische substitutiereacties snel 

tijdenss de continue experimenten en werd nihil (<0.1%) nadat de reactor circa vijftien keer 

wass gespoeld met substraatoplossing. Toen een dendrimeer ligand met SiCH2CH2PPh2 

eindgroepenn werd gebruikt, werd een veel stabielere katalysator verkregen. Tijdens het 

experimentt daalde de opbrengst slechts van -90% naar -75% nadat er vijftien 

reactorvolumess door de reactor gepompt waren. Dit komt overeen met een retentie van 

98.5-99%,, zoals verwacht mag worden voor een katalysator van dit formaat. Hieruit blijkt 

datt een verandering van de eindgroepen van het dendrimere ligand een enorme invloed 

heeftt op de stabiliteit van de katalysator. 
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Dee SiCH2PPh2- en SiCH2CH2PPh2-gefünctionaliseerde carbosilaan-dendrimeren met 

ketenlengtenn van twee en drie koolstof-atomen zijn gebruikt als liganden voor de rhodium 

gekatalyseerdee hydroformylering van 1-octeen (hoofdstuk 3). Hierbij werd de invloed van 

dee grootte en de flexibiliteit van de dendrimere structuur op de katalytische activiteit en 

selectiviteitt onderzocht. De dendrimere liganden met Si(CH3)2CH2PPh2 en 

Si(CH3)(CH2PPh2)22 eindgroepen geven dezelfde selectiviteit als de overeenkomstige 

modelverbindingen,, (CH3)3SiCH2PPh2 en (CH3)2Si(CH2PPh2)2. Daarentegen is de activiteit 

vann het systeem wel afhankelijk van de grootte en flexibiliteit van het dendrimere 

dragermateriaal.. Wanneer de fosfines dichter bij elkaar gedwongen worden, wordt de 

katalysatorr minder actief, dat wil zeggen voor hogere generaties van de dendrimeren en 

voorr de meer compacte C2-dendrimeren. De dendrimere liganden met 

Si(CH3)2CH2CH2PPh22 eindgroepen leveren katalysatoren op die minder actief zijn dan die 

vann de dendrimere liganden met een methyleen-brug tussen het terminale silicium- en 

fosfor-atoom.. Het grootste dendrimere ligand met een ethyleen-brug tussen het terminale 

Si-atoomm en P-atoom geeft een iets hogere selectiviteit voor het lineaire product 

(lineair/vertaktt = 4.9 vergeleken met 2.3). Dit is een klein effect, maar fundamenteel zeer 

interessant:: het laat zien dat de selectiviteit van de hydroformyleringsreactie verbeterd kan 

wordenn door de structuur van het dragermateriaal te veranderen. Gedetailleerd inzicht in 

ditt effect kan leiden tot de bereiding van selectievere katalysatoren. 

Si(CH2CH2CH2PPh2)3-gefunctionaliseerdee carbosilaan-dendrimeren zijn gesynthetiseerd 

doorr middel van een fotochemisch geactiveerde additiereactie van difenylfosfine aan de 

olefinischee eindgroepen van het dendrimeer (hoofdstuk 4). Deze reactie wordt 

verondersteldd te verlopen via een radicaal mechanisme, waarbij de eerste stap de vorming 

vann een PR.2-radicaal is. De mogelijkheid van een fotochemisch geactiveerd [2+2] 

additiemechanismee werd zowel experimenteel als met behulp van DFT-berekeningen 

onderzocht.. DFT-berekeningen laten zien dat de energiebarrière voor een reactie die via 

eenn cyclische tussentoestand verloopt, erg laag is, wat betekent dat dit een voor de hand 

liggendd reactiepad is. Uit de berekeningen blijkt dat de energiebarrières voor een radicaal 

mechanismee ook zeer laag zijn. Experimentele resultaten wijzen naar een radicaal 

mechanisme,, maar een [2+2] additiemechanisme kan niet worden uitgesloten. 

Tott nu toe zijn alleen covalent gefunctionaliseerde dendrimeren besproken. Deze 

benaderingg heeft als nadeel dat het volledig functionaliseren niet triviaal en bovendien 
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irreversibell is. Een niet-covalente manier van functionaliseren zou de synthese van 

katalysatorenn op een dendrimere drager aanzienlijk vereenvoudigen. Een niet-covalente 

wijzee van verankering van een katalysator is van nature reversibel en maakt het mogelijk 

hett dragermateriaal steeds opnieuw te functionaliseren met verschillende functionele 

groepen.. Zo'n niet-covalente benadering, waarbij gebruik gemaakt wordt van een 

combinatiee van ionogene interacties en waterstofbruggen, is beschreven in hoofdstuk 5. 

Hierbijj is een vijfde generatie poly(propyleen imine) dendrimeer gebruikt welke 

gefunctionaliseerdd is met ureum-adamantyl eindgroepen. Deze gastheer bindt op een goed 

gedefinieerdee manier ureum-zuur-gefunctionaliseerde trifenylfosfine-liganden in de 

periferiee van het dendrimeer. Palladium-complexen van het supramoleculaire multidentaat 

fosfïne-ligandd zijn gebruikt als katalysator in de allylische aminering van crotylacetaat en 

piperidine.. De activiteit en selectiviteit van de dendrimere katalysator zijn vergelijkbaar 

mett die van het monomere systeem, wat erop wijst dat er geen afname in activiteit is als 

gevolgg van de immobilisatie. De retentie van de supramoleculaire katalysator is hoog 

(99.4%)) en het systeem kan worden toegepast in een doorstroom membraanreactor. Net 

zoalss bij de covalent gefunctionaliseerde systemen van hoofdstuk 2 is de stabiliteit van de 

katalysatorr een belangrijk aspect. 

Inn het algemeen blijken dendrimeren geschikt als dragermateriaal voor katalysatoren. De 

dendrimerenn die in dit proefschrift worden beschreven, zijn actief in verscheidene 

katalytischee reacties. Voor palladium-gekatalyseerde reacties zijn zowel de activiteit als de 

selectiviteitt van de verschillende generaties dendrimeren vergelijkbaar met die van de 

monomeree verbindingen, wat erop wijst dat de katalytische centra goed toegankelijk zijn 

voorr het substraat. Voor de rhodium-gekatalyseerde hydroformyleringsreacties is er wel 

eenn effect op de activiteit maar niet op de selectiviteit van het systeem. Wanneer de 
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fosfiness dichter bij elkaar gedwongen worden, worden er inactieve rhodium-complexen 

gevormd,, wat leidt tot een afname in activiteit. 

Dezee dendrimere katalysatoren kunnen gebruikt worden in een doorstroom 

membraanreactor.. Voor industriële toepassingen zijn echter zeer hoge retenties 

noodzakelijkk (>99.99%) en zullen hogere generaties dendrimeren gebruikt moeten worden. 

Zoalss voor alle recyclebare katalysatoren is de stabiliteit van de katalysator een belangrijk 

aspect.. Bovendien zouden nieuwe membraanmaterialen ontwikkeld moeten worden die 

minderr afhankelijk zijn van het oplosmiddel en de temperatuur. 
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